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ABSTRACT 

Environmental pollution by polycyclic aromatic hydrocarbons (PAHs) poses a significant threat 

owing to their persistence and toxicity. This thesis investigates the potential of indigenous fungi 

isolated from wastewater-activated sludge to biodegrade PAHs fluoranthene and anthracene. This 

study also advances the understanding of the degradation mechanisms, enzymatic pathways, 

optimization strategies, and catalytic efficiency of purified Laccases as the predominant enzymes 

utilized by these fungi. Empirical information regarding the characterization, structures, catalytic 

efficiency, and biological process functions of the purified Laccases is also presented. Two 

indigenous ascomycete fungi, Trichoderma lixii strain FLU1 (TlFLU1) and Talaromyces 

pinophilus strain FLU12 (TpFLU12), were isolated from benzo(b)fluoranthene-enriched activated 

sludge and tested for their ability to degrade fluoranthene and anthracene as sole carbon sources. 

TlFLU1 and TpFLU12 degraded 98% and 99% of 400 mg/L fluoranthene, respectively, after 16 

and 12 d of incubation. This degradation was associated with the upregulation of ligninolytic 

enzymes (Laccase, Lignin peroxidase, and Manganese peroxidase). GC-MS and FTIR analyses of 

the degradation products indicated that degradation was initiated at the C1-C2 position via 

oxygenation and ring cleavage to form 9-oxo-9H-fluorene-1-carboxylic acid before progressing 

through the β-ketoadipate pathway via benzene-1,2,3-tricarboxylic acid. The degradation kinetics 

followed first order and zero-order models for TlFLU1 and TpFLU12. Metabolites from TlFLU1 

degradation media showed toxicity to Vibrio parahaemolyticus after 6 h of exposure, with 

effective concentration (EC50) and toxicity unit (TU) values of 14.25 mg/L and 7.018%, 

respectively. In contrast, TpFLU12 degradation media was non-toxic, with EC50 and TU values of 

197.1 mg/L and 0.507% respectively. For anthracene, both isolates tolerated exposure of up to 

1000 mg/L, with increased ligninolytic enzyme expression (Laccase, Lignin peroxidase, and 

Manganese peroxidase). The degradation of anthracene was growth-linked and mediated by 

ligninolytic and intracellular enzymes, resulting in 56% and 38% degradation of 400 mg/L by 

TlFLU1 and TpFLU12, respectively, after a 24 d incubation period, with pH changes from 5 to 4 

(TlFLU1) and 6.2 (TpFLU12). GC-MS and FTIR analyses indicated the formation of 9,10-

anthracenedione and benzoic acid as the metabolic products in the TlFLU1 medium and anthrone 

and 9,10-anthracenedione in the TpFLU12 medium. The degradation by TlFLU1 and TpFLU12 

followed a first order kinetic model, with both degradation media metabolites showing no toxicity 

to V. parahaemolyticus after 6 h of exposure, with EC50 and TU values of 266.1 mg/L and 0.4% 

respectively, for TlFLU1 and 262.3 mg/L and 0.4% for TpFLU12. Under optimized conditions 

using response surface methodology (RSM) for anthracene degradation, 100% degradation 

efficiency was achieved for TlFLU1 and TpFLU12 on days 8 and 12, respectively, at pH 4 and 5 

and temperatures of 30°C and 25°C, with 20 mm biomass and 200 mg/L anthracene. Acute toxicity 

tests revealed reduced media toxicity, as evidenced by the increased survival rate (log CFU/mL) 

of V. parahaemolyticus after 6 h of exposure. Despite reduced toxicity, both strains degradation 
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media were classified as harmful based on EC50 and TU values of 20.92 ± 1.32 mg/L and 4.78% 

for TlFLU1, and 35.29 ± 1.55 mg/L and 2.83% for TpFLU12. However, the biocatalytic potential 

of purified laccases from TlFLU1 and TpFLU12 revealed a reduction in residual fluoranthene 

concentrations by 46.1% and 38.6% respectively, at 3 U/mL after 96 h. Higher enzyme 

concentrations (8 U/mL) further reduced the fluoranthene levels to 33.1% and 37.4%, with 

complete degradation observed at 10 U/mL of either enzyme. The addition of a mediator ABTS 

(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) significantly enhanced the degradation 

with a degradation kinetics of vmax values, 7.73 ± 0.23 mg/L/h and 7.97 ± 0.18 mg/L/h and Km 

value of 54.8 ± 0.27 mg/L and 26.6 ± 0.21 mg/L for TlFLU1 and TpFLU12 respectively. Without 

ABTS, vmax values of 1.35 ± 0.02 mg/L/h and 1.29 ± 0.02 mg/L/h with higher Km values of 119.2 

± 0.02 mg/L and 170.8 ± 0.03 mg/L for TlFLU-1 and TpFLU-12. GC-MS analysis of the 

degradation products identified a distinct degradation pathway different from that of whole fungal 

cell with TlFLU1 generated products such as 9-oxo-fluorene-1-carboxylic acid, 9H-fluoren-9-one, 

and phthalic acid through dioxygenation at the C1-C2 bond. In contrast, TpFLU12 produces 9,10-

phenanthrenedione and benzene-1,2,3-tricarboxylic acid via C2-C3 bond cleavage. Ecotoxicity 

assessments of the degradation products using V. parahaemolyticus and cytotoxicity using the HT-

22 cell line indicated potential toxicity of TlFLU1 products to V. parahaemolyticus, whereas 

TpFLU12 products were primarily non-toxic. However, complete detoxification was achieved 

with the degradation products containing ABTS. Also, for anthracene, purified Laccases from 

TlFLU1 and TpFLU12 degrade anthracene with vmax values of 3.51 ± 0.06 mg/L/h and 3.44 ± 0.06 

mg/L/h respectively, and Km values of 173.2 ± 0.06 mg/L and 73.3 ± 0.07 mg/L respectively. The 

addition of ABTS as a mediator increased degradation by up to 2.9-fold in vmax values and reduced 

Km values by up to threefold. GC-MS analysis suggested a unique pathway involving 

hydroxylation and carboxylation at C-1 and C-2 to form 3-hydroxy-2-naphthoic acid, leading to 

the formation of chromone and subsequent benzoic acid and CO2. This pathway is in contrast with 

the dioxygenation route observed in whole fungal cells. Furthermore, toxicity tests using V. 

parahaemolyticus and HT-22 cells demonstrated the nontoxic nature of laccase-ABTS-mediated 

metabolites. Intriguingly, analysis of the expression level of Alzheimer’s-related genes in HT-22 

cells exposed to degradation products revealed no induction of neurotoxicity, unlike untreated 

cells. Furthermore, characterization of TlFLU1 and TpFLU12 laccases revealed that they have 

molecular masses of 44 kDa and 68.7 kDa, respectively. These enzymes differ in their optimum 

pH and temperature, with one laccase being more active at a lower pH (TlFLU1) and the other 

being more active at a higher pH (TpFLU12). Their activity was enhanced by a broad range of 

metal ions and organic solvents, and sodium azide was a potent inhibitor of its activity. Both 

laccases have similar kinetic properties, with a better affinity for ABTS as a substrate compared 

to other phenolic substrates. Based on structural predictions, the difference in the optimum pH is 

likely due to the different arrangements of copper atoms in the active site. In addition, oxidation-
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reduction, lignin metabolism, phenylpropanoid catabolism, biological adhesion, cellular 

metabolism, cellular metal ion homeostasis, aromatic compound metabolism, and cellulose 

metabolism have been linked to laccase biological functions. The catalytic efficiency of laccases 

has been observed to depend primarily on their structural conformation and stability. The Laccase-

amino acid conjugates were predicted to be stable, with an instability index ranging from 33.43 to 

39.45, thermophilic, with an aliphatic index of 76.58 to 77.50, and hydrophilic, with a grand 

average of hydropathicity between -0.508 and -0.578. The predicted biological functions of the 

protein include oxidation-reduction, lignin metabolism, cellular metal ion homeostasis, 

phenylpropanoid catabolism, aromatic compound metabolism, cellulose metabolism, and 

biological adhesion. These insights into the enzyme structure-function relationship enhance our 

understanding of its catalytic mechanism, paving the way for improved bioremediation strategies. 
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1.0: General introduction 

Our ecosystem has become a reservoir of xenobiotic pollution due to the  rapid industrialization 

and urbanization, worldwide (Hubeny et al., 2021). Among the ubiquitous group of organic 

xenobiotics found in various matrices of the ecosystem, polycyclic aromatic 

hydrocarbons (PAHs) are of major environmental priority owing to their carcinogenicity, 

genotoxicity, cytotoxicity and mutagenic effects which are characterized by low 

solubility and high lipophilicity to biological functions (Srogi, 2007; Zafra et al., 2015; Ping 

et al., 2017; Monteiro et al., 2024; Nilén et al., 2024). The increase in bioaccumulation, 

biomagnification and persistent toxicity of this pollutant made the United States 

Environmental Protection Agency (USEPA), the United Nations Environmental Programme 

(UNEP) and the Canadian Council of Ministers of the Environment to create a list of sixteen 

priority PAH compounds needed to be eradicated from the environment (Ping et al., 2017; 

Kottuparambil and Park, 2019). Sources of PAHs include incomplete fossil fuel 

combustion, ship traffic, oil spilling/leakages from corroded tanks at petrol stations, urban 

runoff and industrial activities (Moghadam et al., 2014; Aranda et al., 2017). Anthracene 

and Fluoranthene are considered as model compounds for PAHs remediation study owing 

to their relative abundance in contaminated sites (He et al., 2018; Bankole et al., 2020; 

2022). 

Although PAHs can naturally be disintegrated from the environment via chemical oxidation, 

photolysis, volatilization and adsorption, chemical stabilities of PAHs make these methods 

inefficient for their total removal coupled with formation of many derivatives which are more 

toxic than their parent compounds (Zeng et al., 2010; Zafra et al., 2014; Mohd Radzi et al., 

2015; de Lima Souza et al., 2016; Smol and Włodarczyk-Makuła, 2017). Physical, chemical 

and biological techniques have been established, optimized and utilized in the amelioration 

PAH contaminated sites but momentous hitches such as technological complexity, high cost 

and a general lack of acceptance are some of the drawbacks encountered with these treatment 

techniques (Alegbeleye et al., 2017; Sakshi et al., 2019). Biological treatment techniques 

(bioremediation) has recently been of interest for the clean-up of sites contaminated with 

PAHs because it is considered as safe, least disruptive and cost-effective, compared 

to the conventional physico-chemical method (Tiso et al., 2016; Elshafie et al., 2020). The 

role of native microbes isolated from a PAH-contaminated environment during PAHs 

degradation has been well documented, but degradation rates in microbes like bacteria 

are often not proportional to the contaminant released into an environment thus leading to 

accumulation of 



  
 

3 

PAHs in the contaminated sites that can remain for decades (Aranda et al., 2017; Premnath et 

al., 2021). Fungi have been appraised as one of the predominant biodegrading agents found in 

the environment, which are free-living and ubiquitous (Nasrawi, 2012; Ipeaiyeda et al., 2015; 

Bankole et al., 2021). They employ their metabolic versatility through the induction of non-

specific, non-selective extracellular enzymes such as laccases, manganese peroxidases and 

lignin peroxidases and resilience to utilize PAHs as  a carbon and energy source, and thereby 

mineralize them to simpler compounds, carbon dioxide and water, or transformed them to other 

non-toxic molecules under harsh environmental conditions like low moisture and high 

concentrations of PAHs (Ye et al., 2011; Deshmukh et al., 2016). Many non-basidomycetes 

(non-mushroom forming fungi) like Aspergillus sp. strain HJ1, Aspergillus terricolavar 

Americanus (MTCC 2739), Trichoderma reesei FS10-C, Aspergillus ochraceus, 

Cunninghamella elegans, and Cunninghamella echinulata indigenous to contaminated sites 

has been reported for efficient degradation of anthracene, benzo (k) fluoranthene, 

benzo(a)anthracene and fluoranthene (Kilikian et al., 2014; Yao et al., 2015; Sharma et al., 

2016; Lahkar and Deka, 2017). Conversely, Basidiomycetes (mushroom-forming fungi) like 

Phanerochaete chrysosporium, Pleurotus ostreatus, Armillaria sp., Bjerkandere adusta, 

Trametes versicolor and Coriolopsis byrsina strain APC 5 have been well documented for their 

effective degradation of PAHs (Sack et al., 1997); (Rigas et al., 2009); (Hadibarata et al., 2013); 

(Balesteros et al., 2014); (Agrawal and Shahi, 2017). 

The remarkable progress in the ongoing regulation concerning PAH residues with its 

derivatives was necessitated by an increasing ecotoxicological risks preoccupation (Adekunle 

et al., 2018). A few of the risk includes alteration in the taxonomic composition of the 

macroinvertebrate communities such as DNA integrity reduction, infection prevalence 

increments and calcification impairment (Gan et al., 2021). Similarly, in in vitro study, PAHs 

derivatives have been linked with more potent mortalities and developmental toxicities in 

zebrafish embryos (Kim et al., 2020). Also, the effect of PAHs on plants includes 

photosynthetic activities reduction, lipid peroxidation reduction, DNA damage and plant 

growth reduction (Urana et al., 2019). Since PAHs’ toxicity comes from the intermediates 

formed during their breakdown process, the European Union legislation recommends acute 

toxicity for registering, evaluating, authorizing, and restricting chemicals/products before 

under-studying the long-term effects (Barrantes et al., 2018). 
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1.1: Justification for the study 

The persistence and toxicity of polycyclic aromatic hydrocarbons (PAHs) in the environment 

demand the development of effective remediation strategies (Venkatraman et al., 2024). While 

traditional methods have been shown to be effective, they often come with drawbacks such as 

high costs, significant energy consumption, and the risk of secondary pollution (Patel et al., 

2020)). In contrast, bioremediation presents an eco-friendly and potentially more cost-efficient 

alternative (Akhtar and Mannan, 2020; Gupta and Pathak, 2020). Nonetheless, several 

challenges must be addressed to fully harness its potential. The primary obstacle lies in the 

slow degradation rates of PAHs by fungi, attributed to the hydrophobic and recalcitrant nature 

of these compounds (Shankhwar and Paliwal, 2021). This study seeks to overcome this hurdle 

by selecting highly tolerant fungal strains and optimizing degradation conditions to boost 

efficiency. Another critical consideration is the evaluation of potential risks posed by fungal-

PAH metabolites to ensure the safety of the remediation process (Bokade and Bajaj, 2023). To 

this end, a comprehensive toxicity assessment is integrated into the study. Moreover, the 

diversity of fungi present in activated sludge is an underexplored reservoir for biodegradation 

efforts (Alao and Adebayo, 2022). By isolating and characterizing these fungi, this study aims 

to identify novel fungal strains with enhanced degradative capabilities. Additionally, gaining 

insights into the metabolic pathways and enzymatic mechanisms involved in PAH degradation 

will provide valuable information for refining and expanding the applicability of the 

bioremediation techniques. 

 

1.2: Scope of the study 

The scope of this research includes the isolation, identification, and characterization of fungal 

strains from activated sludge that exhibit high tolerance and degradative capabilities for PAHs. 

The study encompasses several key areas: 

i. Fungal isolation and characterization: Using PAH-enrichment techniques to isolate 

fungi from activated sludge, followed by morphological and molecular identification 

techniques to characterize the isolated strains. 

ii. Metabolic pathway analysis: Investigating the metabolic pathways employed by the 

fungi in the degradation of LMW and HMW PAHs, comparing these pathways to those 

used by other organisms such as bacteria and mushroom-forming fungi. 

iii. Optimization of degradation conditions: Utilizing response surface methodology 

(RSM) to optimize the conditions (pH, temperature, biomass size, and PAH 

concentration) for maximum degradation efficiency. 
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iv. Enzymatic degradation study: Assessing the role of ligninolytic enzymes, 

particularly laccases, in the degradation of PAHs and characterizing their catalytic 

properties through purification, enzyme kinetics and in vitro studies. 

v. Toxicity assessment: Evaluating the acute toxicity of PAH degradation metabolites on 

marine bacterium and mammalian cell lines to understand the potential environmental 

and health impacts of the degradation process. 

 

1.3: Hypotheses 

 It is hypothesized that activated sludges from wastewater treatment plants in 

 Durban, KwaZulu-Natal Province of South Africa, contain indigenous fungi with 

 potential to biodegrade PAHs, such as fluoranthene and anthracene and use the   

compounds as sole carbon and energy sources.  

 

1.4: Research questions 

i. What are the degradation capabilities of indigenous fungi strains isolated from activated 

sludge for PAHs? 

ii. How do the metabolic pathways of these fungi differ when degrading low molecular 

weight (anthracene) and high molecular weight (fluoranthene) PAHs? 

iii. What are the optimum environmental conditions (pH, temperature, biomass size, and 

PAH concentration) for maximizing PAH degradation by these fungi? 

iv. How do ligninolytic enzymes (Laccase, Lignin peroxidase, and Manganese peroxidase) 

contribute to the degradation process? 

v. What are the major characteristics and molecular structures of the ligninolytic enzymes 

from the isolated fungi? Are they different from the previously reported enzymes from 

other habitats? Can these enzymes be used for in vitro cell-free degradation of PAHs?  

vi. What is the ecotoxicological impact of the PAH degradation products on marine 

bacterium Vibrio parahaemolyticus and mouse hippocampal neuronal (HT-22) cell 

lines? 

 

 

 

 

 





7 

degrading PAHs, their biodegradation efficiency, metabolic pathways, enzyme 

profiles, and acute toxicity associated with the degradation process.  
4. Chapter 4: Provides an insight into the myco-transformation of anthracene and its 

transformation mechanisms by Trichoderma lixii FLU1 and Talaromyces pinophilus 

isolates FLU12. Metabolic pathways, myco-transformation kinetics and 

transformation-related enzymes production during the myco-transformation process of 

anthracene was also investigated. Further, the acute toxicity of the degradation 

products was assessed using bacterial survival, EC50 (effective concentration) and 

toxicity unit (TU) determination.

5. Chapter 5: Explores the optimization of physico-chemical parameters and culture 

constituents using Response Surface Methodology for anthracene biodegradation. It 

delves into the influence of optimized conditions on extracellular enzyme activities 

during the degradation process, offering insights into sustainable remediation 

strategies.

6. Chapter 6: This chapter examines the detoxification of anthracene by laccases from 

indigenous fungal strains; Trichoderma lixii FLU1 and Talaromyces pinophilus 

FLU12. It evaluates the influence of laccase-mediators on anthracene 

biotransformation and the ecotoxicity of degradation products on marine bacterium 

survival, HT-22 cell line viability and analysis of the expression level of Alzheimer’s 

related genes in HT-22 with an insight to neurotoxicity of these degradation products. 

This approach addresses the overall toxicological issues caused by anthracene and its 

metabolites in the environment, providing insight into the novel properties of laccases 

for bioremediation and their broader biotechnological applications.

7. Chapter 7: Reports on the investigation of the synergistic biotransformation of 

fluoranthene by fungal laccases from indigenous fungal strains, Trichoderma lixii 

FLU1 and Talaromyces pinophilus FLU12 and ABTS Mediator. The toxicity of the 

resulting degradation products was evaluated through bacterial survival assays and 

HT-22 cell line viability tests. This investigation offers a thorough understanding of 

the environmental effects of fluoranthene and its breakdown products by emphasizing 

the potential of these fungal laccases in myco-remediation and their 

broader biotechnological applications.

8. Chapters 8: Focus on the purification, characterization, and utilization of multicopper 

oxidase laccases from the indigenous fungal strains. It provides extensive information 

about the structural and dynamic of the purified laccase through bioinformatics
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analysis. The binding mode and biological functions of the purified laccase were 

equally elucidated.  

9. Finally, Chapter 9 synthesizes the findings from previous chapters, drawing 

overarching conclusions and proposing suggestions for future research endeavours. 

This provides significant advancements in understanding the potential of indigenous 

fungi for PAH remediation and highlights the novel properties of ligninolytic proteins 

for myco-remediation and broader biotechnological applications. 
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2.0:  Summary 

Polycyclic aromatic hydrocarbons (PAHs) are toxic compounds that are widely present in the 

environment due to human activities such as industrial processes and combustion. 

Bioremediation, the use of microorganisms to break down pollutants in the environment, has 

been identified as a promising approach for removing PAHs. Micro-fungi, a diverse group of 

organisms that includes yeasts and moulds, have been shown to have the potential to degrade 

PAHs through a range of metabolic pathways effectively. Despite this potential, micro-fungi 

use in the bioremediation of PAHs is still in its infancy. More research is needed to understand 

and harness these organisms' capabilities fully. This review provides an overview of the current 

state of research on using micro-fungi in the bioremediation of PAHs, focusing on their 

properties, metabolic pathways, and ability to degrade a wide range of pollutants. Current 

research on using micro-fungi for the bioremediation of PAHs and the limitations of current 

studies are also discussed. The future perspectives on the potential of micro-fungi for the 

bioremediation of PAHs, including the potential for the use of mixed cultures and the potential 

for commercialization of this approach, are highlighted. However, several challenges must be 

addressed before micro-fungi can be used for this purpose. These challenges include: (1) the 

lack of knowledge about the diversity of micro-fungi that can degrade PAHs; (2) the need for 

more effective methods for isolating and culturing these microorganisms; and (3) the need for 

more information about the mechanisms by which micro-fungi degrade PAHs. With more 

research, the potential of micro-fungi in the bioremediation of PAHs could be fully realized. 

2.1:  Introduction 

Contamination of soils, groundwater, sediments, surface water and air with a massive amount 

of toxic xenobiotics is a critical issue confronting today's world (Li et al., 2021). The release 

of toxic substances from manufacturing industries, mine tailings, dumping of large metallic 

wastes, paints, electronic waste, use of natural composts, organic fertilizers, municipal solid 

waste, sewage spill, pesticides, wastewater irrigation, coal-burning build-ups and 

petrochemicals spillage remains the significant source of environmental contaminations 

(Sampaio et al., 2021). Over time, the organic and inorganic contaminants resulting from such 

activities accumulate, posing a significant hazard to public health, imperils drinking water, 

devastates natural resources, and disrupts the economy (Rani et al., 2021). Of noteworthy, 

approximately 10% of the enormous quantities of harmful organo-pollutants produced during 

the aforementioned human and industrial activities are incessantly disposed (Dhruv Patel and 

Bhatt, 2022), raising the need for regulation of toxic pollutants including PAHs as their 
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environmental persistence has been credited to the deleterious, mutagenic and carcinogenic 

effects on the environment by the United States Environmental Protection Agency (USEPA) 

(Gaur et al., 2018). 

Polycyclic aromatic compounds have become a significant environmental concern globally in 

the last three decades owing to their chemical stability, low volatility, low solubility in water 

and low bioavailability coupled with their deleterious effect and environmental ubiquity 

(Sharma et al., 2022). PAHs originate mainly from incomplete combustion of fossil fuels, 

volcanic eruptions, and forest fires and are released into the environment through exhausts and 

solid residues (Kumar et al., 2021). In nature, PAHs cause adverse health and ecological 

consequences. Health damage associated with PAH exposure has been evaluated repeatedly by 

different health and environmental protection agencies, such as the International Agency for 

Research on Cancer (IARC) (Moazzen et al., 2022), the USEPA (ben Ameur et al., 2021), the 

Scientific Committee on Food (SCF), the International Programme on Chemical Safety (IPCS) 

(Taghizadeh et al., 2021), the Joint FAO/WHO Expert Committee on Food Additives (JECFA) 

(Shariatifar et al., 2022), the European Food Safety Authority (EFSA) (Nougadère et al., 2020), 

the National Toxicology Program (NTP) (Dach et al., 2019) and the Agency for Toxic 

Substances and Disease Registry (Rohlman et al., 2019). Seven high molecular weight PAHs 

compounds namely benzo(a)anthracene, benzo(b)fluoranthene, benzo(j)fluoranthene, 

benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, and indeno(1,2,3-c,d)pyrene, 

are considered by several agencies as human carcinogens (Adeyeye, 2020), While,  low 

molecular weight-polycyclic aromatic hydrocarbons has been linked with the induction of 

oxidative damage and inflammation (Guo et al., 2021).  

Remediating PAH-contaminated sites is challenging and requires a sustainable and effective 

approach. Researchers have recently employed different treatment techniques, such as 

conventional, physical, chemical and biological, during the clean-up of PAHs contaminated 

sites to an innocuous state (Zhang et al., 2020). Among these techniques, only the biological 

approach (bioremediation) has witnessed great enthusiasm in the past few decades owing to its 

contribution to an eco-friendly and low-cost remediation technique which is a natural process 

that does not produce toxic by-products and provides a permanent solution as a result of 

complete mineralization of the contaminants in the environment compared with other 

environmental clean-up techniques (Sharma et al., 2021). While bacteria are typically the 

primary focus in bioremediation efforts, there is increasing interest in the potential of micro-
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fungi for PAHs bioremediation due to their ability to degrade these compounds through 

enzymatic processes (Bankole et al., 2022). Micro-fungi, besides the extracellular enzymes 

mediated degradation, displays stronger degradative capabilities than other microorganisms 

due to their ability to form a hyphal network which facilitates easy penetration of PAHs 

contaminated sediments (Dell’ Anno et al., 2021; Ma et al., 2022). Micro-fungi are ubiquitous 

and diverse groups of fungi in the environment whose wide range of metabolic capabilities 

makes them ideal candidates for bioremediation (Álvarez-Barragán et al., 2021). Several 

studies have investigated their potential in the bioremediation of PAHs, and the results have 

been promising. One of the major advantages of micro-fungi is their ability to degrade a broad 

range of PAHs, including high molecular weight compounds (Cao et al., 2020). They achieve 

this by producing a range of enzymes, including ligninolytic enzymes (peroxidases and 

laccases), Catechol 1,2-dioxygenase and Catechol 2,3-dioxygenase which can oxidize, 

hydroxylate, and cleave PAHs into less toxic forms (Vasconcelos et al., 2019; Cao et al., 2020). 

Another advantage of micro-fungi is their ability to thrive in diverse environments, including 

harsh and contaminated sites (Stoyanova et al., 2022). They can colonize contaminated soil 

and water, and the presence of other contaminants does not limit their growth (Álvarez-

Barragán et al., 2021). Micro-fungi have also been shown to adapt to PAH-contaminated sites 

by developing mechanisms to cope with the toxic effects of these compounds (Bankole et al., 

2022). 

Several studies on PAH degradation in vitro and in vivo have shown the efficiency of 

microfungi such as Aspergillus ochraceus, Bjerkandera sp., Cunninghamella echinulata, 

Cunninghamella elegans, Phanerochaete chrysosporium and Saccharomyces cerevisiae in the 

complete degradation of PAHs compounds (Rathore et al., 2021). Yet a major challenge in 

using micro-fungi for bioremediation is optimizing environmental conditions for fungal growth 

and activity, including factors like temperature, pH, oxygen availability, and nutrient 

availability (Agrawal et al., 2021). Another challenge is identifying and isolating micro-fungi 

with specific PAH degradation capabilities. While many micro-fungi have been shown to have 

the potential for PAH degradation, there is still a need to identify those with the most efficient 

degradation capabilities. Also, the ability of fungi to grow and degrade PAHs may vary 

depending on the type, and chemical structure of PAH compounds needs to be understand 

(Bankole et al., 2021). Despite these challenges, micro-fungi have the potential for significant 

ecological roles in PAH bioremediation, especially in harsh environments. Again, their 

adaptability to different conditions may open up possibilities for use in situ. Thus, this review 
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describes the untapped potential of micro-fungi in PAHs bioremediation and the different 

enzymes involved in bioremediation processes. Further, we discussed the new findings on the 

bioremediation kinetics, focusing on this little-studied group of fungi (micro-fungi) to provide 

new insights into their use for PAH bioremediation. 

2.2:  Polycyclic Aromatic Hydrocarbons (PAHs) and their fate in the environment 

Polycyclic aromatic hydrocarbons are a group of complex environmental pollutants composed 

of carbon and hydrogen with fused aromatic rings in linear, angular, and clustered 

arrangements (Hesham et al., 2017). They are classified according to their molecular weight 

as low molecular weight PAHs (LMW PAHs), which consist of two or three aromatic rings 

and high molecular weight PAHs (HMW PAHs), which consist of more than three aromatic 

rings (Table 1). The Low-molecular-weight (LMW) PAHs are relatively soluble, volatile, 

and more degradable than the high molecular-weight compounds which are hydrophobic, 

highly resistant to microbial degradation and relatively sorb strongly to soils and sediments 

(Hoang et al., 2021). Many PAHs contain bay- and K-region epoxides, which often formed 

metabolically and a r e  reactive both chemically and biologically (Schut, 2020).  

PAHs are ubiquitous environmental pollutants which are often generated primarily during the 

incomplete combustion of organic materials such as coal, petroleum products, fossil fuels and 

wood (Szatyłowicz and Hawrylik, 2022). The natural sources of PAHs include open burning, 

petroleum seeps, coal deposits, volcanic activities and municipal seeps while anthropogenic 

activities such as residential heating, coal gasification, coal-tar pitch and asphalt production, 

coke and aluminium manufacturing, catalytic cracking towers and other related activities in 

petroleum refineries (Gaurav et al., 2021). However, some PAHs are commonly used as 

intermediaries in pharmaceutical products, agricultural products, photographic products, 

thermosetting plastics, lubricating substances, and different chemical products (Abdel-shafy 

and Mansour, 2016).  

The fate of PAHs in the environment includes volatilization, photo-oxidation, chemical 

oxidation, adsorption on soil particles and leaching with consequent release into the food chain 

(Li et al., 2020). Once exposed to the environment, they do not degrade quickly due to their 

antagonistic effects on native microbes in contaminated sites and may thus reside in the soil 

for a prolonged period of time (Espinosa-Ortiz et al., 2022). Also, the persistence of PAHs in 

the environment could be linked with their low water solubility, coupled with an increased 
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hydrophobicity (Ding et al., 2021). PAHs persistence and distribution in soils have been 

extensively detected at a progressive depth of 10 - 15 cm up to distances 10 to 150 m from its 

contamination source (Revitt et al., 2014; Ding et al., 2021). Half-life in soil ranged from 152 

to 313 days for 3 rings PAHs and from 117 to 492 days for 4 and 5ring PAHs respectively 

(Oleszczuk and Baran, 2003; Li et al., 2009).  

2.3:  Ecotoxicity of PAHs 

The ubiquitous nature of PAHs has become a serious environmental concern owing to their 

resistance to biodegradation, their potential to be bio-accumulated coupled with their 

mutagenic and carcinogenic effects which occur through breathing air containing PAHs in the 

workplace, or by encountering air, water, or soil near hazardous waste sites (Kaushal et al., 

2021). Reports have shown that a large percentage of PAHs and their metabolite contamination 

in the human body is via the oral route, while just a little percentage is absorbed through the 

skin (Sousa et al., 2022). PAHs metabolites (epoxides and dihydrodiols) can interact with 

cellular proteins and DNA to produce further biochemical alterations and cell damage, which 

may lead to mutations, tumours, and cancer (Soni et al., 2018; Zhang et al., 2021). However, 

in humans, exposure to PAHs can be acute or chronic (Shen et al., 2018; Wu et al., 2022). 

Acute effects of excessive human exposure to PAHs are short-term and could result in skin 

irritation, nausea, diarrhoea, vomiting, inflammation, convulsion and eye irritation whereas, 

the chronic health effects of PAHs include cancer of different degrees, cataracts, asthma-like 

symptoms, decreased immune function, and kidney and liver damage (Soni et al., 2018; Singh 

et al., 2019; Kuppusamy et al., 2020; Cong et al., 2021; Turaki Usman et al., 2021).  

In plants, PAHs induce oxidative stress, cause direct damage of photosynthetic pigments, 

disruption of proteins and lipids synthesis, chloroplasts, microtubules, cell walls, membranes, 

and nucleic acid damage leading to cell death (Ahammed et al., 2015; Mo et al., 2021). In the 

rat, the effect of exposure to PAHs has been linked to induced anxiety, birth defect, 

neurotoxicity and neurodegeneration while in worms, exposure to PAHs has been attributed to 

decreasing in alkaline phosphatase activity and increasing in mortality (Shi et al., 2020; Zeb et 

al., 2020; Calderón-Garcidueñas and Ayala, 2022; Olasehinde and Olaniran, 2022). In aquatic 

species, exposure to PAHs has been linked to changes in morphological features, defence 

ability reduction and inhibitory effects on hatching rates and developmental processes such as 

yolk sac and spinal deformities (Cherr et al., 2017; Kim et al., 2020). 
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Table 2.1. Physiochemical properties of the sixteen priority PAHs by USEPA

PAHs Structure 

Number of 
Molecular 

Formula 

Molecular Boiling Melting Solubility B. Half- USEPA

Aromatic weight Point Point mg/L at Life in Toxicology 

of Rings (g/mol) (0C) (0C) 25 0C  (Days) Profile 

Naphthalene  2 C10H8 128.174 218 80.2 31 28.7 

Haematoxicity 

(effects on the 

blood), 

reproductive, 

developmental 

toxicity 

immunotoxic 

Acenaphthene 3 C12H10 154.212 279 93 3.90 10-102 

Acenaphthylene  3 C12H8 152.196 280 89.4 3.93 12-121

Anthracene 3 C14H10 178.234 341.3 216 1.29 108-139 

Phenanthrene 3 C14H10 
178.234 

340 100 1.15 128 

Fluorene 3 C13H10 166.223 294 114.76 1.69 2-64 

Fluoranthene 3 C16H10 202.256 384 110.2 0.20 - 0.26 152-730

Benzo(a)anthracene 4 C18H12 228.294 437.6 155-157 9.4X10-3 365 
Human carcinogen 

Chrysene 4 C18H12 228.294 448 255 2.0X10-3 343.8 

Pyrene 
4 C16H10 202.256 394 150.62 0.135 283.4 

Not Human 

carcinogen 
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Table 2.1. Physiochemical properties of the sixteen priority PAHs by USEPA contd’s 

The table was formed from the PubChem database which was assessed 19/11,2022. The structures were drawn with ChemDraw ultra 12.0 while 

the data with an asterisk(*)indicate that the temperature was not recorded. B= Biodegradation half-lives in soil

PAHs 
Structure 

Number of  

Aromatic 

Molecular 

Formula 

Molecular  

weight 

Boiling 

Point 

Melting  

Point 

Solubility  

mg/L at 

B. Half-

Life in

USEPA 

Toxicology 

 of Rings  (g/mol) (0C) (0C) 25 0C  (Days) Profile

Benzo(a)pyrene 5 C20H12 252.316 496 179 1.62X10-3 2-693.5

Human 

carcinogen 

Benzo(b)fluoranthene 5 C20H12 252.316 481 168.4 0.0015 * 1280

Benzo(k)fluoranthene 5 C20H12 252.316 480 217 8.0X10-4 1277.5 

Dibenzo(a,h)anthracene 
5 C22H14 278.354 524 269 2.49X10-3 18-21

Benzo(ghi)perylene 6 C22H12 276.338 550 278.3 2.6X10-4 600-650

Indeno(1,2,3‐cd)pyrene 
 

6 C22H12 276.338 536 164 1.9X10-4 349.2 
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2.4:  The Untapped Potential of Microfungi in the Bioremediation of Polycyclic Aromatic 

Hydrocarbons 

Fungi belong to the kingdom of eukaryotes which come in various sizes and shapes. Some are 

single cells, like yeast, while others are long chains of cells that can stretch for miles (St. Leger 

and Wang, 2020; Nuñez Otaño et al., 2021). Typically, fungal cells are oblong, with trichomes 

that contain organelles and large intracellular granules and structures (Park et al., 2020). They 

are primary decomposers, meaning they break down dead organic matter into simpler 

compounds that can be reused by other organisms (López-Mondéjar et al., 2018). In doing so, 

fungi help to recycle nutrients and contribute to the global carbon cycle (Finlay and Thorn, 

2019; Naylor et al., 2020). Fungi are broadly classified into macro-fungi (mushroom-forming 

fungi) and micro-fungi (non-mushroom-forming fungi) owing to the varying sizes of their 

fruiting bodies (Karaman et al., 2012). Mushroom-forming fungi have fruiting bodies that are 

readily visible to the naked eye, with a diameter which is always less than 2mm while non-

mushroom-forming fungi are microscopic whose spores range from 2 to 20 µm in size and are 

of different shapes and colours (Dayarathne et al., 2020; Senanayake et al., 2020).  

Fungi play an important role in the bioremediation of organo-pollution, such as PAHs into non-

harmful molecules (CO2 and H2O) through the secretion of ligninolytic enzymes (laccase, 

lignin peroxidase and manganese peroxidase) (Agrawal et al., 2019; Chattopadhyay et al., 

2020). Unlike bacteria that undergo co-metabolism before metabolising PAHs, fungi can 

utilize PAHs as a sole source of carbon and energy (Aziz et al., 2018). Also, the advantages of 

myco-remediation (fungi bioremediation) over other PAHs treatment methods (Physico-

chemical treatments) include tolerance to harsh operating conditions such as high contaminant 

concentrations and extreme pH, temperature, and salinity (Meer et al., 2020). The significant 

increase in the reports on the bioremediation of PAHs by fungi in the last decades has always 

focused on macro-fungi compared with micro-fungi with the potential to be very effective at 

degrading PAHs at the different environmental matrices (Figure 2).  

Reports have shown the efficiency of micro-fungi from several habitats in the bioremediation 

of PAHs (Yakop et al., 2019). In one study, two micro-fungi, namely, Aspergillus sydowii and 

Aspergillus destruens were able to degrade over 90% of benzo-α-pyrene and phenanthrene in 

8 days (González-Abradelo et al., 2019), while macro-fungus, Ganoderma lucidum strain 

CCG1 could degrade 20 mg/L of phenanthrene (99.65%) and pyrene (99.58%) respectively 
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Table 2.2. Characteristics of fungal Phyla 

Phyla  Characteristics  References 

Chytridiomycota They are characterized by the possession of motile spores (called zoospores) that are propelled by  Money, (2016) 

Flagella. This group also includes the myxomycetes, or slime molds, which are characterized by their  

acellular (lacking cells) stage in their life cycle. 

Zygomycota They are characterized by having zygospores, which are thick-walled sexual spores that are produced  

Naranjo‐Ortiz and 

Gabaldón, (2019) 

by the fusion of two different gametangia. Also, these fungi are also characterized by a lack of septa 

between their cells. 

Ascomycota Fungi come in many shapes and sizes, from single-celled yeasts to complex multicellular organisms. 

Wijayawardene et al. 

(2021) 

More than 110,000 species have been identified in this Phyla. This phyla is characterized by the  

production of ascocarps, which are fruiting bodies that contain the spores of the fungi during sexual  

reproduction. Also, they are capable of asexual reproduction by producing conidiophores, 

which are specialized structures that produce spores 
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Table 2.2. Characteristics of fungal Phyla Cont’d 

 

Basidiomycota They are a large group of fungi that includes mushrooms, stinkhorns, toadstools and puffballs. These  Kamil, (2020) 

fungi are characterized by the presence of basidia, club-shaped cells on which basidiospores are  

produced. They undergo sexual reproduction by the formation of basidiospores on basidia. 

Most basidiomycetes are terrestrial, and many are wood-rotting fungi. 

Deuteromycota A class of fungi that lack a known sexual stage. Many of the fungi in this group are plant pathogens. 
Nieuwenhuis and 

James, (2016); Dyer 

and Kueck, (2017) 

They are often referred to as "imperfect" fungi because of their lack of a sexual stage. Some of the more  

well-known fungi in this group include the bread mold (Rhizopus stolonifera) and the plant pathogen 

Verticillium alboatrum 

Phyla  Characteristics  References 
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Table 2.3. Summary of recent studies on the biodegradation of different low and high-molecular-weight PAHs by non - mushroom-forming fungi. 

Organism Culture PAHs Initial Concentration Incubation  Degradation References 

Type (mg/L) Period (Days) (%)

Aspergillus glaucus Pure Naphthalene 300 15 66 Stoyanova et al. (2022) 

Anthracene 44

A. sydowii strain bpo1 Pure Anthracene 100 3 98.7 Bankole et al. (2020) 

Mucor irregularis strain bpo1 Fluorene 100 5 81.5 Bankole et al (2021) 

A. aculeatus and M. irregularis Consortium Fluoranthene 50 7 98.4 Bankole et al. (2022) 

Lasiodiplodia theobromae Pure Benzo(a)pyrene             100       10 53 Cao et al. (2020) 

A. niger Pure Naphthalene 100 21 100 Obire et al. (2020) 

Chrysene 100

A. sydowii Pure Acenaphthylene 73.4

Fusarium lichenicola Acenaphthene 73.1

A. niger, A. sydowii and Consortium All 16 priority 85.2 

F. lichenicola PAHs
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Table 2.3. Summary of recent studies on the biodegradation of different low and high-molecular-weight PAHs by non - mushroom-forming 

fungi Cont’d. 

Organism Culture PAHs Initial Concentration Incubation  Degradation References 

Type (mg/L) Period (Days) (%) 

Tolypocladium sp. (CBMAI 1346)  
Pure 

Pyrene  
21 7 95 Vasconcelos et al. (2019) 

Xylaria sp. (CBMAI 1464) Benzo(a)pyrene 

Aspergillus sp.  RFC1 Pure 

Naphthalene 50

7 

97.4 

Al-Hawash et al. (2019) Phenanthrene 20 84.9 

Pyrene 20 90.7

A. niger (ATC 16404) Pure Phenanthrene           100        5    97 Hamzah et al. (2018) 

Cadophora sp. TS2 
Pure 

Phanenthrene  10 7 74.3 
Batista-garcía et al. 

(2017) 

 Anthracene 99.4 

A. caesiellus H1  Phanenthrene 80.5 

 Anthracene 99.8 

Candida sp. S1 Pure Pyrene 20 15 75 Hadibarata et al. (2017) 
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Table 2.3. Summary of recent studies on the biodegradation of different low and high-molecular-weight PAHs by non - mushroom-forming fungi Cont’d. 

Organism 
Culture 

PAHs 
Initial Incubation Degradation References

Type Concentration (mg/L) Period (Days) (%) 

Penicillium sp. Pure 

Naphthalene 

100 28 

15 
Govarthanan and 

Fuzisawa, (2017) 
Acenaphthene 10

Benzo(a)pyrene 2

Paecilomyces sp. (SF-8) Pure 

Anthracene 

50 

7 88

Velmurugan et al. (2017) 
Phenanthrene 7 75

Benz(a)anthracene 15 67.5

Benzo(b)fluoranthene 15 99.3

Aspergillus sp. strain HJ1 Pure Anthracene 20 18 55 Lahkar and Deka, (2017) 

Scopulariopsis  brevicaulis Pure 

Phenanthrene 

100 
30 

60 

Mao and Guan, (2016) 
Fluoranthene 62

Pyrene 64

Benzo[a]pyrene 20 82

Trichoderma reesei FS10-C Pure Benzo(a)pyrene 20 12 54 Yao et al. (2015) 

Candida albicans, A. flavus, 

Consortium Benzo(a)pyrene 3.74 mg/kg 42 65.5 Waszak et al. (2015) Fusarium sp., and 

Pseudomonas aeruginosa 
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2.5:  Current Status of Micro-fungi-Based Bioremediation of PAHs 

The primary goal of bioremediation is to break down organic pollutants like PAHs into 

harmless substances (CO2 and H2O) (Agrawal and Shahi, 2017). However, some intermediate 

metabolites such as dihydrodiols, phenolic compounds, and arena oxides produced during the 

process, especially in bacteria and some macro-fungi, can be deleterious to the ecosystem with 

some carcinogenic, mutagenic, and teratogenic effects if not properly managed (Sakshi and 

Haritash, 2020). Hence, it becomes imperative to track the metabolic pathways employed by 

microbes to identify any potential obstacles that could arise in the future. 

PAHs metabolism by non - mushroom-forming fungi is quite similar to other well-established 

metabolic pathways by bacteria with a competitive advantage of no toxic end-product and their 

capability of utilizing PAHs as their carbon and energy sources (Al Farraj et al., 2020). It 

metabolises PAHs through the oxidation by an enzyme known as cytochrome P450 

monooxygenase, which causes ring epoxidation leading to an unstable arene oxide which is 

further converted into trans-dihydrodiol by another enzyme called epoxide-hydrolase or 

rearranges itself non-enzymatically to produce phenol which forms conjugates as glucuronides, 

sulfates,  methylated, xylosides and glucosides (Figure 3) (Sakshi and Haritash, 2020). This 

metabolism pathway has been reported in indigenous non-mushroom-forming fungi 

(Aspergillus glaucus), which were able to metabolise Naphthalene through salicylic acid, 

catechol, and ketoadipic acid as an intermediate while anthracene metabolism by the same 

fungal strain proceeded with catabolism into 2-hydroxy-1-naphthoic acid, o-phthalic acid, and 

protocatechuic acid as intermediate (Stoyanova et al., 2022). Similarly, a result study has 

shown that Trametes polyzona PBURU 12 could metabolise Phenanthrene through 

hydroxylation into 9,10-Dihydroxyphenanthrene which further undergo ring cleavage with the 

formation of protocatechuic acid products like pentadecane, hexadecanoic acid, octadecanoic 

acid, hexadecane, and nonacosane as an intermediate (Wulandari et al., 2021).  

Recently, studies have shown that micro-fungi (non-mushroom forming fungi) could degrade 

PAHs through a second metabolic pathway used by the mushroom-forming fungi. The 

metabolic pathway is imitated through oxidation/ring cleavage of the parent PAHs leading to 

the formation of quinone compounds as their primary intermediate before further conversion 

into water and CO2  as the dead-end metabolic product (Figure 3). The report of Aranda et al. 

(Aranda et al., 2017), lends credence to this metabolic route where the metabolism of 

anthracene by Penicillium oxalicum was initiated through the oxidation of the compounds 

leading to the formation of quinone product (anthraquinone) before undergoing another 
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2.7:  Metabolism of high Molecular weight PAHs by micro-fungi 

PAHs having greater than three aromatic rings are known as high Molecular weight HMW 

PAHs. The available report showed that HMW PAHs such as pyrene, fluoranthene and 

benzo[a] pyrene  (Bap)  are the main compound used in assessing the metabolism of HMW 

PAHs by micro-fungi in the past five years.  Hadibarata et al. (2017) demonstrated the potential 

of a micro-fungus (Candida sp. S1) isolated from the tropical rainforest in metabolising pyrene 

through a cascade of reactions involving hydroxylation to 4,5- dihydroxyphenanthrene, 

decarboxylation to 1-hydroxy-2-naphthoic acid, and finally to benzoic acid as the dead-

end metabolic product (Figure 2.6). The report of Al Farraj et al. (2020) further showed that 

micro-fungus Trichoderma sp. F03 could metabolise pyrene through another route via 

oxygenation to form pyrene-1,6-quinone, oxidative cleavage and decarboxylation to 

phenanthrene 4,5-dicarboxylic acid and phenanthrene-4-carboxylic acid before 

subsequent conversion into benzoic acid, 3-hydroxybenzoic acid, and acetic acid in a 

chronological manner (Figure 2.6). A recent study by Bankole et al. (2022) showed the 

potential of micro-fungi (Aspergillus aculeatus and Mucor irregularis) in the degradation 

of fluoranthene into an innocuous state. 

However, this study provides empirical information about the three possible metabolic 

pathways employed by these fungi during compound metabolism. Fluoranthene 

metabolism by A. aculeatus was observed to be initiated through the compound’s ring 

cleavage leading to the formation of  2-formylacenaphthylene-1-carboxylic  acid, which was 

further converted into 1,2-dihydroacenaphthylen-1-ol through hydroxylating dioxygenase 

reactions to form 1,2- dihydroacenaphthylene as the dead-end product. Also, under M. 

irregularis inoculation, the metabolic pathway of fluoranthene was initiated through the 

extra-diol ring cleavage to form 1,2-dihydroacenaphthylen-1-ol, which was further 

broken down into 1,2-dihydroacenaphthylene which is similar to the final 

metabolite (1,2- dihydroacenaphthylene) obtained after degradation by A. aculeatus.  

Conversely, the co-biomass of the two micro-fungi suggests that fluoranthene could be 

degraded through hydroxylation and ring cleavage to form 1,2- dihydroxyfluoranthene which 

is further broken down into 9H-fluorene-1,9-dicarboxylic acid, benzene-1,2,4-

tricarboxylic acid, benzene-1,3-dicarboxylic acid and benzoic consecutively 

(Figure 2.7).  
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2.8:  Mechanism of PAHs metabolism by micro-fungi 

In the last decades, several studies on the mechanisms used by fungi during PAHs degradation 

have continuously been focused on laccase (Lac), lignin peroxidase (LiP), and manganese 

peroxidase (MnP) produced by macro-fungi (white-rot fungi) owing to their degradation 

efficiency (Hadibarata et al., 2022). Yet, the mechanisms of PAH degradation by fungi are not 

well understood, though several different pathways have been proposed. One possibility is that 

PAHs are first converted to more water-soluble compounds by intracellular enzymes produced 

in the case of micro-fungi. These water-soluble compounds are transported across the cell 

membrane and degraded within the fungal cells using the intracellular enzymes (cytochrome 

P450 oxidoreductases, Phenol 2-monooxygenase, Catechol 1,2-dioxygenase, and Catechol 2,3-

dioxygenase) (Peidro-Guzmán et al., 2021). Another possibility is that PAHs are first converted 

to other organic compounds, such as benzoic acid, by extracellular enzymes Lac, LiP, and 

MnP, which can be transported across the cell membrane and degraded within the fungal cells 

(Agrawal et al., 2021). It is also possible that PAHs are not degraded by fungi but are instead 

adsorbed to the surface of the fungal cells and then secreted into the environment (Al-Hawash 

et al., 2019b). A summary of the activities of the intracellular and extracellular enzymes 

during PAHs metabolisms is shown in Table 2.4.   

2.8.1:  Intracellular enzymes  

Intracellular fungal enzymes are a type of enzymes produced by micro-fungi which can break 

down organic compounds, such as benzoic acid, which are transported across the cell 

membrane and degraded within the fungal cells (Abo Nouh et al., 2021). The intracellular 

enzymes employed by microfungi includes Cytochrome P450 monooxygenase, Phenol 2-

monooxygenase, Catechol 1,2-dioxygenase and Catechol 2,3-dioxygenase. 

2.8.1.1:  Cytochrome P450 monooxygenase, an intracellular enzyme, has been implicated in 

the primary initiation of PAHs oxidation into an unstable arene-oxide form which is further 

converted to trans-dihydrodiol through epoxide hydrolase catalyzed reaction (Al-Hawash et 

al., 2018) (Figure 2.3). These intermediates then undergo non-enzymatic rearrangement to 

form derivatives such as dihydroxy, hydroxy, dihydrodiol and quinone, which could 

possibly conjugate to form glucosides, sulfate, xylosides and glucuronides metabolites 

(Figure 2.3) as 
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observed in Trichoderma species such as T. atroviride, T. harzianum, and T. asperellum (Zafra 

et al., 2014b).  

2.8.1.2: Phenol 2-monooxygenase (EC 1.14.13.7) belongs to a member of the 

monooxygenase family, which contains enzymes that use oxygen to oxidize substrates (Wang 

et al., 2018). The phenol 2-monooxygenase enzyme contains a heme prosthetic group, which 

is necessary for its function and its responsible for oxidizing phenol to catechol during PAHs 

metabolic pathway in micro-fungi (Stoyanova et al., 2022).  

2.8.1.3:  Catechol 1,2-dioxygenase (EC 1.13.11.1) is an intradiol dioxygenase that cleaves the 

bond between the phenolic hydroxyl groups of catechol using a Fe³⁺ cofactor (Kałduńska et al., 

2021). This enzyme catalyzes the oxidative ring cleavage of catechol to form cis,cis-muconic 

acid (Soal et al., 2022). For example, catechol 1,2-dioxygenase activity in a micro-fungus, 

Aspergillus glaucus has been reported in the breakdown of naphthalene with the formation of 

catechol and cis,cis-muconic acid in the naphthalene metabolic pathway (Stoyanova et al., 

2022).  

2.8.1.4:  Catechol 2,3-dioxygenase (EC 1.13.11.2), an intracellular enzyme which belongs to 

the family dioxygenase (Agrawal and Shahi, 2017). Its role in the early stages of PAHs 

metabolism by microfungi has been well documented. It aids in the catalytic conversion of 

catechol to 3-keto-catechol (Zafra et al., 2014b). 

2.8.2:  Extracellular enzymes 

Extracellular enzyme activities from the macro-fungi have been significantly studied in the last 

decade due to their arsenal of mass destruction of different groups of PAHs leading to 

mineralization (Ferreira-Silva et al., 2022). PAHs metabolism are being catalyzed by the 

extracellular enzymes (peroxidases and laccase) through aromatic ring oxidation to form PAHs 

quinone whose rings undergo fission and produce carbon dioxide as end products in the 

absence of cis-trans dihydrodiol (Bankole et al., 2021, 2022). However, contrary to the popular 

hypothesis that extracellular enzyme activities during PAHs metabolism are limited to the 

mushroom-forming fungi (macro-fungi), recent studies on PAHs metabolism have shown that 

micro-fungi, especially from genera Ascomycetes also employ extracellular enzyme which 

they use in complementing intracellular enzymes after ring oxidation to complete PAHs 

metabolism into an innocuous state (Bankole et al., 2020). Few studies have shown that the 
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purified extracellular enzymes (peroxidases and laccase) from micro-fungi are capable of 

degrading PAHs individually at extreme conditions by implementing an electron radical 

oxidation to produce cation radicals from PAHs through the formation of quinones which is 

further reduced into H2O and CO2 (Wu et al., 2010; Vipotnik et al., 2019). 

2.8.2.1: Peroxidases 

Peroxidases (oxidoreductases, EC 1.11.1.x) are a diverse group of versatile heme-containing 

enzymes, which use hydrogen peroxide (R-OOH) an electron acceptor, to catalyze the 

oxidation of numerous substrates like PAHs (Yang et al., 2017). The peroxidase superfamily 

consists of three classes of peroxidase families. Class I includes intracellular prokaryotic 

peroxidases; class II secretory fungal peroxidases, that is, lignin peroxidase (LiP), manganese 

peroxidase (MnP) and versatile peroxidases (VPs) (Riley et al., 2014) while class III includes 

secretory plant peroxidases (Lüthje and Martinez-Cortes, 2018). Of all, peroxidase families, 

the class II secretory fungal peroxidases have been of interest to scientists over the past decades 

owing to their environmental applications in context to this review (Wong, 2009; Simarro et 

al., 2013; Torres-Farradá et al., 2019). Peroxidases from micro-fungi have been reported to 

catalyze the oxidation process and can break down the aromatic ring of PAHs, making them 

more water-soluble and easier to degrade by hydrogen peroxide (Veignie et al., 2004).  

2.8.2.2:  Laccase 

Laccases (E.C. 1.10.3.2 benzenediol: oxygen oxidoreductase) are metalloenzymes that belong 

to the diverse superfamily of multi-copper oxidases which catalyze the one-electron oxidation 

of diphenols, polyphenols, diamines, aromatic amines and other electron-rich compound using 

molecular O2 (Shrestha et al., 2016). Laccases have been continuously studied over the past 

decades due to their broad substrate specificity. They use molecular oxygen as the final electron 

acceptor instead of hydrogen peroxide compared to peroxidases (Shrestha et al., 2016). Their 

broad substrate specificity has made them an enzyme of high interest in polycyclic aromatic 

hydrocarbon degradation (Liu and Hua, 2014). However, the production of laccases and other 

phenol oxidases is also widely distributed among Ascomycota and Basidiomycota fields(Liu 

and Hua, 2014; Aranda, 2016). The main mechanism of PAHs bioremediation by laccase is 

through the oxidation of its aromatic ring into quinone compounds whose rings undergo fission 

and produce carbon dioxide as end products in the absence of cis-trans dihydrodiol (Agrawal 
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and Shahi, 2017). Thus the efficiency of laccase from microfungi in the oxidation of wide 

range of PAHs are summarized in Table 2.4.  
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Table 2.4. Summary of the activities of the intracellular and extracellular enzymes during PAHs metabolisms 

PAHs Enzyme Source Metabolites References

Naphthalene  
C12O  and Phenol- 

2-mono

Aspergillus glaucus AL1 

Salicylic acid 

Stoyanova et al. 

(2022)  

Ketoadipic 

Catechol 

Anthracene 
C12O  and Phenol 

2-mono

2-hydroxy-1naphtoic acid

o-phtalic acid

protocatechuic acid

Anthracene 
Lac, LiP, MnP and 

CAT 
Aspergillus sydowii BPOI 

Anthracene-1,8,9 (2H,8aH,9aH)-trione 

Bankole et al. (2020)  2,4a-Dihydronaphthalene-1,5-dione,  

1,3,3a,7a-Tetrahydro-2-benzofuran-4,7-dione 

Phenanthrene 

C23O,P450 mono, 

Epoxide H and 

Dehyd 

Phomopsis liquidambari  

Phenanthrene 9,10-oxide  

Fu et al. (2018)  

Phenanthrol  

9,10-Dihydroxyphenanthrene  

Phenanthrene trans-9,10-dihydrodiol 

9,10-Phenanthrenequinone  

Key. ND: Not determined, Lac: Laccase, LiP: Lignin Peroxidase, MnP: Manganese Peroxidase, CAT: Catalase, C12O: P450 mono: Cytochrome P450 
monooxygenase, C23O: Catechol 2,3-dioxygenase,Phenol-2-mono: Phenol 2-monooxygenase, Epoxide H: Epoxide Hydrolase, Dehyd: Dehydrogenase, 
Intradiol DO: Intradiol dioxygenase and Extradiol DO: Extradiol dioxygenase 
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Table 2.4. Summary of the activities of the intracellular and extracellular enzymes during PAHs metabolisms Cont’d 

PAHs Enzyme Source Metabolites References

Fluorene Lac, LiP and MnP Mucor irregularis 

9H-fluoren-9-one 

Bankole et al. (2021)   
Benzene-1,2- dicarboxylic acid 

2-hydrox-ybenzoic acid

Phenol

Fluorene Lac, LiP and MnP Trichoderma viride 

ND 
Vipotnik et al. (2021)  Chrysene Lac and LiP  Penicillium chrysogenum 

Pyrene Lac, LiP and MnP T. viride + P. chrysogenum

Pyrene 

Lac, C12O, 

Epoxide H, 

Phenol- 2-mono, 

Intradiol DO and 

Extradiol DO 

Tolypocladium sp. 

Pyrene dihydrodiol  

Vasconcelos et al. (2019)  

4,5-Trans-dihydroxy-pyrene  

4-Hydroxyphenenthrene

Hexadecane

Behenic alcohol

5-Eicosane

Cetene

Lactone

Benzo(a)pyrene Lac, LiP and MnP Lasiodiplodia theobromae  ND Cao et al. (2020)  
Key. ND: Not determined, Lac: Laccase, LiP: Lignin Peroxidase, MnP: Manganese Peroxidase, CAT: Catalase, C12O: P450 mono: Cytochrome P450 
monooxygenase, C23O: Catechol 2,3-dioxygenase,Phenol-2-mono: Phenol 2-monooxygenase, Epoxide H: Epoxide Hydrolase, Dehyd: Dehydrogenase, 
Intradiol DO: Intradiol dioxygenase and Extradiol DO: Extradiol dioxygenase 
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Table 2.4. Summary of the activities of the intracellular and extracellular enzymes during PAHs metabolisms Cont’d 

PAHs Enzyme Source Metabolites References

Benzo(a)pyrene 
P450 mono and  

Peroxidase 

Aspergillus fumigatus 

ND 
Ostrem Loss et al. 

(2018)  

Aspergillus oryzae 

Aspergillus flavus 

Aspergillus nidulans 

Fluoranthene Lac, LiP and MnP 

Aspergillus aculeatus 

2-formylacenaphthylene-1-carboxylic acid

Bankole et al. (2022)  

9H-fluoren-9-ol

1,2-dihydroacenaphthylen-1-ol

1,2-dihydroacenaphthylene

Mucor irregularis 

1,2-dihydroacenaphthylene 

1,2-dihydroacenaphthylen-1-ol 

9H-fluoren-9-one 

A. aculeatus + M. irregularis

1,2- dihydroxyfluoranthene 

9H-fluorene-1,9-dicarboxylic acid 

Benzene-1,2,4-tricarboxylic acid 

Benzene-1,3-dicarboxylic acid 

Benzoic acid 

Key. ND: Not determined, Lac: Laccase, LiP: Lignin Peroxidase, MnP: Manganese Peroxidase, CAT: Catalase, C12O: P450 mono: Cytochrome P450 
monooxygenase, C23O: Catechol 2,3-dioxygenase,Phenol-2-mono: Phenol 2-monooxygenase, Epoxide H: Epoxide Hydrolase, Dehyd: Dehydrogenase, 
Intradiol DO: Intradiol dioxygenase and Extradiol DO: Extradiol dioxygenase 
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2.9:  Kinetics and modelling of PAHs bioremediation by micro-fungi  

kinetics and modelling of PAHs bioremediation by microfungi is vital in understanding the 

effects of different environmental factors on the rate of bioremediation and the efficiency of 

the process so that more efficient bioremediation strategies can be developed (Wang et 

al., 2010). The bioremediation kinetics thus specifically focuses on understanding the 

underlying physical and chemical processes that govern the rate of chemical degradation. 

In contrast, bioremediation modelling uses mathematical models to represent the 

degradation data and predict future degradation behaviour (Ayub et al., 2020). Three 

orders of bioremediation kinetics are commonly used to describe the bioremediation 

process of PAHs, including Zero order, first order and second order (Mandal and Das, 

2018), while the Langmuir, Temkin and Freundlich models are often used to describe the 

bioremediation of polycyclic aromatic hydrocarbons (PAHs) by microfungi (Bankole et al., 

2020).  

2.9.1:  Zero-order bioremediation kinetics

Zero-order degradation kinetics is a valuable tool for evaluating the fate of contaminants 

such as PAHs, analyzing the effects of pollutants such as PAHs on ecosystems, and 

formulating strategies to mitigate them (Muthukumaran, 2022). It describes a constant rate at 

which PAHs are broken down independent of its concentration, which implies that increasing 

or decreasing the reactant concentration does not affect the rate of the reaction, which is 

constant and equals the rate coefficient (Reddy et al., 2020). This process is typically 

observed in reactions involving multiple steps, such as the oxidation of PAHs by laccase and 

reduction by lignin and manganese (Mandal and Das, 2018). 
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2.9.2:  First-order bioremediation kinetics  

This assumes that the degradation rate of PAHs is proportional to the concentration of the 

parent compound (Abd Manan et al., 2019). In other words, the PAH concentration change rate 

over time is constant and directly proportional to the concentration. In a study by Mandal et al. 

(Mandal and Das, 2018), First-order kinetics revealed how the removal of perylene and 

benzo[ghi]perylene by yeast consortia was time-dependent process and degradation rate was 

directly proportional to substrate (PAHs) concentration. 

2.9.3:  Second-order bioremediation kinetics  

In the context of PAH degradation by micro-fungi, the concept of second-order bioremediation 

kinetics involves the interaction between the concentration of PAHs and the biomass of micro-

fungi to determine the rate of PAH degradation (Dutta and Laha, 2022; Pozdnyakova et al., 

2023). While the Langmuir, Temkin, and Freundlich models are commonly used to describe 

second order kinetics of PAH degradation, they focus is on the synergistic, binding and 

adsorption capacity fungi biomass, PAHs concentration and environmental factors (Bankole et 

al., 2020). 

2.9.3.1:  Langmuir model 

The Langmuir model describes the binding of PAHs to the fungal biomass as a process that 

follows a simple, reversible, and saturable binding mechanism (Aryal, 2020). The model 

assumes a maximum binding capacity for PAHs on the fungal biomass and that PAHs' binding 

affinity decreases as the PAHs concentration in the environment increases (Bankole et al., 

2020). 

2.9.3.2:  Temkin model 

The Temkin model describes the biodegradation of PAHs by microfungi as a process that 

follows a multi-step mechanism. The biodegradation rate is affected by temperature and other 

environmental factors. The model considers that PAHs are often present in complex mixtures 

and that the biodegradation rate can be affected by the presence of other compounds in the 

environment (Bankole et al., 2020). 
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2.9.3.3:  Freundlich model 

The Freundlich model is commonly used to describe the bioremediation of PAHs by 

microfungi, as it can predict the efficiency of bioremediation treatments under different 

conditions (De-Wet and Brink, 2021). The model can determine fungal biomass's maximum 

adsorption capacity and pollutants' adsorption intensity on fungal biomass (Bankole et al., 

2020). It is important to note that the applicability of this model is limited, as it assumes that 

adsorption is a reversible process. It does not consider that the biodegradation rate can be 

affected by other environmental factors or the presence of other compounds in the environment 

(Oberoi et al., 2019). Also, the Freundlich model is unsuitable for the adsorption of pollutants 

(PAHs) in high concentrations and is not valid for all fungal species and specific PAH 

compounds (Bankole et al., 2020). Therefore, it's recommended to use this model with caution 

and to consider other models, such as Langmuir and Temkin. 

2.10:  Limitations and challenges of micro-fungi bioremediation PAHs 

Although, micro-fungi are more efficient in the bioremediation of PAHs into an innocuous 

state. Yet, there are several limitations and challenges facing this bioremediation method, 

including many environmental and biological factors such as the PAHs molecular weight and 

concentration, type and structure of the soil, biomass concentration, growth medium 

composition and the survival of PAHs-degrading microorganisms (Magan et al., 2010). 

Environmental conditions such as the pH of the soil, oxygen availability and nutrient content 

that affect the growth of microorganisms can restrict PAHs degradation process and further 

reduce the bioavailability of pollutants to microbial attack (Maiti et al., 2012). It is noteworthy 

that soil organic matter is a major dominating factor determining the relationship between soil 

and the organic pollutant because the ratio of soil organic matter controls the partitioning of 

PAHs into the organic fraction of soil and the extent to which it is determined could affect 

degradation rate (Datta et al., 2017).  

2.10.1:  Bioavailability 

The bioavailability of PAHs during bioremediation by micro-fungi is limited due to their low 

biodegradability, adsorption onto soil particles, and ability to form stable complexes with soil 

organic matter (Chowdhury et al., 2023). Moreover, optimal environmental conditions are 

needed for the micro-fungi to grow and access the PAHs (Sharma, 2022). Additionally, the 

presence of other contaminants, high levels of organic matter, inorganic contaminants, and 

microbial activity in the soil can all reduce the effectiveness of the fungi in degrading PAHs 
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(Ceci et al., 2018). Optimizing environmental conditions and reducing the presence of other 

contaminants can improve the effectiveness of micro-fungi in degrading PAHs (Bankole et al., 

2021). Ultimately, environmental, chemical, and microbial factors all play a role in determining 

the bioavailability of PAHs in bioremediation by micro-fungi (Sachaniya et al., 2020). 

2.10.2. pH 

Micro-fungi have been extensively studied for reducing PAHs through bioremediation. 

However, there are still some limitations and challenges that must be overcome. The primary 

challenge is the optimal pH range for bioremediation. The ideal pH range for the 

bioremediation of PAHs is 6-7, which is slightly acidic (Bankole et al., 2022). However, this 

range may be too narrow for some micro-fungi, as they may not be able to survive or function 

in such an acidic environment (González-Abradelo et al., 2019). Also, other environmental 

pollutants, such as metals, can affect the pH level, making it difficult to maintain the optimal 

pH range (El-Bondkly and El-Gendy, 2022). Another challenge is that some species of micro-

fungi may be more efficient at degrading one type of PAHs over another, limiting their 

effectiveness at bioremediation (Álvarez-Barragán et al., 2021). Also, some species may be 

more efficient at degrading a specific PAHs group at a specific pH range but inefficient at 

degrading other types of PAHs (Álvarez-Barragán et al., 2021). This can make it difficult to 

achieve effective bioremediation of all types of PAHs in a single environment. 

2.10.3:  Temperature 

Temperature plays a key role in the bioremediation of polycyclic aromatic hydrocarbons 

(PAHs) using micro-fungi, as it affects the growth, diversity and metabolism of the microbial 

community (Bankole et al., 2022). Low temperatures can reduce the micro-fungi's metabolic 

activity and the target PAHs' degradation (Bankole et al., 2020). High temperatures can cause 

thermotolerance of the micro-fungi and decreased metabolic activity, leading to a decrease in 

the effectiveness of the bioremediation process (Mandal and Das, 2018). Additionally, 

fluctuations in temperature can lead to changes in the type of micro-fungi present in the 

environment and the diversity of the microbial community, resulting in decreased degradation 

of the target PAHs (Mandal et al., 2018). Temperature gradients in the environment can further 

lead to increased competition among the different micro-fungi species, reducing the efficiency 

of the bioremediation process (Hadibarata et al., 2017). Therefore, it is crucial to consider the 

dynamics of microbial communities in different temperature regimes to ensure successful 

bioremediation of PAHs using micro-fungi.  
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2.10.4:  Inoculum Size 

Inoculum size is a critical factor in the success of the bioremediation of polycyclic aromatic 

hydrocarbons (PAHs) by micro-fungi. The size of the inoculum, or the number of micro-fungi 

in the environment, determines the biodegradation rate of pollutants such as PAHs and the 

ultimate success of the bioremediation process (Bankole et al., 2021). However, there are 

several limitations and challenges associated with the inoculum size. Firstly, the diversity of 

the micro-fungi in the environment affects the size of the inoculum (Álvarez-Barragán et al., 

2021). As PAHs are toxic pollutants, it is often difficult to introduce large numbers of micro-

fungi into the environment. Secondly, competition with other microorganisms for nutrients and 

space can reduce the size of the inoculum (Zafra et al., 2014b). Finally, the degradation rate of 

the PAHs can also affect the size of the inoculum. If the PAHs are degraded too quickly, the 

number of micro-fungi in the environment can decrease, reducing the size of the inoculum (Fu 

et al., 2018). Therefore, it is crucial to consider the size of the inoculum when implementing 

bioremediation processes to ensure optimal results (Bankole et al., 2021).  

2.10.5:  PAHs concentration 

The concentration of the targeted contaminant is a significant factor which affects microbial 

biomass production and degradation efficiency. A low concentration of contaminants might 

not be able to aid the secretion of degradation enzymes needed for PAHs degradation by micro-

fungi, while high contaminant levels might be toxic to the microorganisms (Awasthi et al., 

2017; Fu et al., 2018). For instance, a thermotolerant white rot fungus Trametes polyzona 

RYNF13 could yield 100 % of the low concentration of phenanthrene (100 mg/ L). Still, it 

could only degrade 52% of pyrene of the same concentration in a mineral glucose salt medium 

culture after 18 days of incubation (Teerapatsakul et al., 2016). Similarly, a microbial 

consortium consisting of 12 fungal and bacterial PAH-tolerant isolates could only degrade 

87.76 % phenanthrene, 48.18 % Pyrene, and 56.55 % Benzo (a)Pyrene of 6,000 mg/L after 14 

days (Zafra et al., 2014a). 
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2.10.6:  Diversity of slow-growing micro-fungi 

Studies have shown the promising efficiencies of several diversities of slow-growing micro-

fungi during the bioremediation of polycyclic aromatic hydrocarbons (PAHs) in contaminated 

soils and sediments in recent years. However, this process has limitations and challenges, such 

as its slow growth rate, inability to break down certain PAHs, unsuitable environments for 

fungi to thrive, and high maintenance cost (Al-Hawash et al., 2019, 2021; Shourie and 

Vijayalakshmi, 2022). These issues can all lead to reduced effectiveness and perplexity in the 

bioremediation process, as well as increased costs, making it difficult to achieve the desired 

outcomes in a timely and cost-effective manner. 

2.11:  Potential Applications of micro-fungi in the bioremediation of PAHs 

Micro-fungi have shown great potential as a bioremediation tool for removing polycyclic 

aromatic hydrocarbons (PAHs) from contaminated soil and water. These group of micro-

organisms can degrade PAHs through a variety of metabolic pathways, making them a versatile 

solution for addressing PAH pollution. Some of the potential applications of micro-fungi in the 

bioremediation of PAHs include: 

2:11.1:  Soil bioremediation: Micro-fungi can degrade PAHs in contaminated soil, breaking 

down the pollutants and making the soil safe for use. This method is relatively low-cost and 

can be applied on-site, making it an attractive solution for remediating PAH-contaminated sites 

(Myazin et al., 2021). Wang et al. [2009] showed that phenanthrene, pyrene, and 

benzo[a]pyrene in contaminated soils are degraded in the presence of P. chrysosporium, with 

LiP and MnP activity as high as 1.92 U/g. In a Brazilian study, Mucor racemosus CBMAI 847 

and Aspergillus sclerotiorum CBMAI 849 derived from marine environment were found to 

degrade between 50% and 90% of pyrene and benzo[a]pyrene in a PAH-polluted soil [Passarini 

et al., 2011]. In another study, three marine-derived basidiomycetes: Peniophora sp. 

CBMAI106, Tinctoporellus sp. CBMAI1061,  and Marasmiellus sp. CBMAI 1062 was shown 

to be very efficient in degrading PAHs in environmental samples [Vieira et al., 2018]. The 

latter species (Marasmiellus sp. CBMAI 1062) especially, produced nearly 100% of pyrene 

degradation after 48 h of incubation, an observation highlighting its practicability and the 

potential bioremediation applications. Further, the analysis of the pyrene metabolic 

intermediates indicated that the mycoremediation of PAHs could follow the cytochrome P450 

system and epoxide hydrolases pathways. 
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2.11.2:  Water bioremediation: Micro-fungi can also be used to remove PAHs from 

contaminated water, either through fungal-based biofilters or by introducing the micro-fungi 

directly into the water (Greco et al., 2019). This approach can effectively remove PAHs from 

surface water, groundwater, and wastewater. 

2.11.3:  Biostimulation: Introducing micro-fungi can stimulate the activities of native 

microorganisms' activity and degrade PAHs, enhancing the bioremediation process (Zafra et 

al., 2015; Myazin et al., 2021). This approach can be helpful in cases where the native 

microflora of the site is not capable of effectively degrading PAHs (Myazin et al., 2021). 

2.11.4:  Phytoremediation: Micro-fungi can be used to enhance the ability of plants to remove 

PAHs from the soil. This approach can be helpful in cases where the plants can take up PAHs 

but cannot degrade them and adding micro-fungi to the rhizosphere (soil around roots) can help 

their degradation. 

2.12:  Future Perspectives on Micro-Fungi-based Bioremediation of PAHs 

Although, the efficiency of micro-fungi in the bioremediation of polycyclic aromatic 

hydrocarbons (PAHs) from contaminated soil and water has been established. However, there 

are still several areas where research is needed to realize the full potential of micro-fungi in 

bioremediation. One area of extensive research is the identification and characterization of new 

micro-fungi strains that can degrade PAHs. Available information has shown that only a 

limited number of micro-fungi strains have been studied for their ability to remove PAHs. 

According to Álvarez-Barragán et al. (2021), identifying new strains that are more effective at 

degrading PAHs is an added advantage as it may further promote the bioremediation efficiency. 

Furthermore, studying the genetic and enzymatic basis of micro-fungi degradation will enable 

the development of new strains that can degrade PAHs more efficiently and specifically (Zafra 

et al., 2017). 

Another area of future research is the development of new techniques for enhancing the ability 

of micro-fungi to remove PAHs. For example, using genetic engineering to introduce new 

metabolic pathways into micro-fungi strains could increase their ability to degrade PAHs 

(Zafra et al., 2016). Additionally, the use of chemical and physical techniques to enhance the 

bioavailability of PAHs to micro-fungi could also lead to an improvement in bioremediation 

efficiency (Undugoda et al., 2022). 
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A third area of future research is the exploration of potential applications of micro-fungi 

bioremediation in other types of pollutants. While micro-fungi have been primarily studied for 

their ability to remove PAHs, they may also have the ability to remove other types of pollutants 

such as heavy metals and persistent organic pollutants (Al-Hawash et al., 2019c; Greco et al., 

2019; Daccò et al., 2020; Undugoda et al., 2022). By investigating the potential of micro-fungi 

to remove these other pollutants, the range of applications for bioremediation can be expanded. 

2.13:  Concluding remarks 

Micro-fungi have shown great potential as a bioremediation tool for removing polycyclic 

aromatic hydrocarbons (PAHs) from contaminated soil and water in an eco-friendly way. In 

addition to the efficient enzyme-mediated mycoremediation processes, the penetrative ability 

of the micro-fungi mycelia through PAHs contaminated soil and the spread afterward through 

the solid matrix to degrade it represent an advantage over the most explored bacterial-based 

PAHs degradation. In several micro-fungi-based mycoremediation applications, the same set 

of micro-fungal enzymes or taxa is frequently employed as substitutes for traditional pollution 

mitigation strategies. Nonetheless,  the wealth of micro-fungal taxa and several important 

enzymes remain to be tapped maximally as natural bioremediating mediators. While there has 

been a significant amount of research conducted on the use of micro-fungi for PAH 

bioremediation, there are still many areas where improvement is needed in order to realize the 

potential of this approach fully. Some areas where future research is needed include identifying 

and characterising new micro-fungi strains that can degrade PAHs, developing new techniques 

for enhancing the ability of micro-fungi to remove PAHs, and exploring potential applications 

of micro-fungi bioremediation in other types of pollutants. As research in these areas 

progresses, micro-fungi use for bioremediation will likely become an increasingly effective 

and sustainable solution for addressing PAH pollution. 



  53 

2.14 References: 

Abd Manan, T.S.B., Khan, T., Sivapalan, S., Jusoh, H., Sapari, N., Sarwono, A., Ramli, R.M., 

Harimurti, S., Beddu, S., Sadon, S.N., Kamal, N.L.M., Malakahmad, A., 2019. Application of 

response surface methodology for the optimization of polycyclic aromatic hydrocarbons 

degradation from potable water using photo-Fenton oxidation process. Science of The Total 

Environment 665, 196–212.  https://doi.org/10.1016/J.SCITOTENV.2019.02.060 

Abdel-shafy, H.I., Mansour, M.S.M.M., 2016. A review on polycyclic aromatic hydrocarbons: 

Source, environmental impact, effect on human health and remediation. Egyptian Journal of 

Petroleum 25, 107–123. https://doi.org/10.1016/j.ejpe.2015.03.011 

Abo Nouh, F.A., Gezaf, S.A., Abo Nahas, H.H., Abo Nahas, Y.H., Vargas-De-La-Cruz, C., 

Solorzano Acosta, R.A., Landa-Acuña, D., Luis-Alaya, B., Abdel-Azeem, A.M., 2021. 

Bioprospecting for Biomolecules from Different Fungal Communities: An Introduction 1–71. 

https://doi.org/10.1007/978-3-030-85603-8_1 

Adeyeye, S.A.O., 2020. Heterocyclic amines and polycyclic aromatic hydrocarbons in cooked meat 

products: A review. Polycycl Aromat Compd 40, 1557–1567. 

Agrawal, N., Kumar, V., Shahi, S.K., 2021. Biodegradation and detoxification of phenanthrene in 

in vitro and in vivo conditions by a newly isolated ligninolytic fungus Coriolopsis byrsina 

strain APC5 and characterization of their metabolites for environmental safety. Environmental 

Science and Pollution Research 2021 29:41 29, 61767–61782. 

https://doi.org/10.1007/S11356-021-15271-W 

Agrawal, N., Shahi, S.K., 2017. Degradation of polycyclic aromatic hydrocarbon (pyrene) using 

novel fungal strain Coriolopsis byrsina strain APC5. Int Biodeterior Biodegradation 122, 69–

81. https://doi.org/10.1016/j.ibiod.2017.04.024

Agrawal, N., Verma, P., Shahi, S.K., 2018. Degradation of polycyclic aromatic hydrocarbons 

(phenanthrene and pyrene) by the ligninolytic fungi Ganoderma lucidum isolated from the 

hardwood stump. Bioresour Bioprocess 5, 11. https://doi.org/10.1186/s40643-018-0197-5 

Agrawal, P.K., Shrivastava, R., Verma, J., 2019. Bioremediation approaches for degradation and 

detoxification of polycyclic aromatic hydrocarbons, in: Emerging and Eco-Friendly 

Approaches for Waste Management. Springer, pp. 99–119. 

Ahammed, G.J., Li, X., Xia, X.-J., Shi, K., Zhou, Y.-H., Yu, J.-Q., 2015. Enhanced photosynthetic 

capacity and antioxidant potential mediate brass in osteriod-induced phenanthrene stress 

tolerance in tomato. Environmental Pollution 201, 58–66. 

Al Farraj, D.A., Hadibarata, T., Elshikh, M.S., Al Khulaifi, M.M., Kristanti, R.A., 2020. 

Biotransformation and degradation pathway of pyrene by filamentous soil fungus Trichoderma 



  54 

sp. F03. Water Air Soil Pollut 231, 1–9. https://doi.org/10.1007/S11270-020-04514-

0/FIGURES/6 

Al-Hawash, A.B., Alkooranee, J.T., Zhang, X., Ma, F., 2018. Fungal degradation of polycyclic 

aromatic hydrocarbons. Int J Pure App Biosci 6, 8–24. 

Al-Hawash, A.B., Al-Qurnawi, W.S., Abbood, H.A., Hillo, N.A., Ghalib, H.B., Zhang, X., Ma, F., 

2021. Pyrene-degrading fungus Ceriporia lacerata RF-7 from contaminated soil in Iraq. 

Polycycl Aromat Compd 42, 40–48. https://doi.org/10.1080/10406638.2020.1713183 

Al-Hawash, A.B., Zhang, X., Ma, F., 2019. Removal and biodegradation of different petroleum 

hydrocarbons using the filamentous fungus Aspergillus sp. RFC-1. Microbiologyopen 8, 

e00619. https://doi.org/10.1002/MBO3.619 

Álvarez-Barragán, J., Cravo-Laureau, C., Wick, L.Y., Duran, R., 2021. Fungi in PAH-contaminated 

marine sediments: Cultivable diversity and tolerance capacity towards PAH. Mar Pollut Bull 

164. https://doi.org/10.1016/j.marpolbul.2021.112082

Aranda, E., 2016. Promising approaches towards biotransformation of polycyclic aromatic 

hydrocarbons with Ascomycota fungi. Curr Opin Biotechnol 38, 1–8. 

https://doi.org/10.1016/j.copbio.2015.12.002 

Aranda, E., Godoy, P., Reina, R., Badia-Fabregat, M., Rosell, M., Marco-Urrea, E., García-Romera, 

I., 2017. Isolation of Ascomycota fungi with capability to transform PAHs: Insights into the 

biodegradation mechanisms of Penicillium oxalicum. Int Biodeterior Biodegradation 122, 

141–150. https://doi.org/10.1016/j.ibiod.2017.05.015 

Aryal, M., 2020. Advances in biosorption of polycyclic aromatic hydrocarbons from aqueous 

solutions using natural biosorbents. Journal of Environmental Engineering 147, 03120013. 

https://doi.org/10.1061/(ASCE)EE.1943-7870.0001853 

Awasthi, S., Srivastava, N., Singh, T., 2017. Biodegradation of thermally treated low density 

polyethylene by fungus Rhizopus oryzae NS 5. 3 Biotech. https://doi.org/10.1007/s13205-017-

0699-4 

Ayub, A., Raza, Z.A., Majeed, M.I., Tariq, M.R., Irfan, A., 2020. Development of sustainable 

magnetic chitosan biosorbent beads for kinetic remediation of arsenic contaminated water. Int 

J Biol Macromol 163, 603–617. https://doi.org/10.1016/j.ijbiomac.2020.06.287 

Aziz, A., Agamuthu, P., Alaribe, F.O., Fauziah, S.H., 2018. Biodegradation of benzo [a] pyrene by 

bacterial consortium isolated from mangrove sediment. Environ Technol 39, 527–535. 

Bankole, P.O., Semple, K.T., Jeon, B.H., Govindwar, S.P., 2021. Biodegradation of fluorene by the 

newly isolated marine-derived fungus, Mucor irregularis strain bpo1 using response surface 



  55 

methodology. Ecotoxicol Environ Saf 208, 111619. 

https://doi.org/10.1016/j.ecoenv.2020.111619 

Bankole, P.O., Semple, K.T., Jeon, B.H., Govindwar, S.P., 2020. Enhanced enzymatic removal of 

anthracene by the mangrove soil-derived fungus, Aspergillus sydowii BPOI. Front Environ Sci 

Eng 14. https://doi.org/10.1007/s11783-020-1292-3 

Bankole, P.O., Taghoghor Omoni, V., Mulla, S.I., Adebajo, S.O., Adekunle, A.A., 2022. Co-

biomass degradation of fluoranthene by marine-derived fungi; Aspergillus aculeatus and 

Mucor irregularis: Comprehensive process optimization, enzyme induction and metabolic 

analyses. Arabian Journal of Chemistry 15, 104036. 

https://doi.org/10.1016/J.ARABJC.2022.104036 

Batista-garcía, A., Vinoth, V., Ariste, A., Tovar-herrera, O.E., Savary, O., Peidro-guzm, H., 

Jackson, S.A., Dobson, A.D.W., Gonz, D., Folch-mallol, J.L., Leduc, R., Rayo, S., Cabana, H., 

2017. Simple screening protocol for identification of potential mycoremediation tools for the 

elimination of polycyclic aromatic hydrocarbons and phenols from hyperalkalophile industrial 

effluents 198. https://doi.org/10.1016/j.jenvman.2017.05.010 

ben Ameur, W., Hanen, G., ben Hassine, S., Safouen, G., el Megdiche, Y., Mhadhbi, T., Annabi, 

A., Touil, S., Driss, M.R., 2021. Bioaccumulation of polycyclic aromatic hydrocarbons in 

Solea solea from Bizerte and Ghar El Melh Lagoons (Tunisia) and human health risk 

assessment. Journal of Environmental Science and Health, Part A 56, 1030–1040. 

Calderón-Garcidueñas, L., Ayala, A., 2022. Air pollution, ultrafine particles, and your brain: are 

combustion nanoparticle emissions and engineered nanoparticles causing preventable fatal 

neurodegenerative diseases and common neuropsychiatric outcomes? Environ Sci Technol 56, 

6847–6856. 

Cao, H., Wang, C., Liu, H., Jia, W., Sun, H., 2020. Enzyme activities during benzo[a]pyrene 

degradation by the fungus Lasiodiplodia theobromae isolated from a polluted soil. Scientific 

Reports 2020 10:1 10, 1–11. https://doi.org/10.1038/s41598-020-57692-6 

Ceci, A., Pinzari, F., Russo, F., Persiani, A.M., Gadd, G.M., 2018. Roles of saprotrophic fungi in 

biodegradation or transformation of organic and inorganic pollutants in co-contaminated sites. 

Applied Microbiology and Biotechnology 2018 103:1 103, 53–68. 

https://doi.org/10.1007/S00253-018-9451-1 

Chatterjee, S., Kuang, Y., Splivallo, R., Chatterjee, P., Karlovsky, P., 2016. Interactions among 

filamentous fungi Aspergillus niger , Fusarium verticillioides and Clonostachys rosea : fungal 

biomass , diversity of secreted metabolites and fumonisin production. BMC Microbiol 1–13. 

https://doi.org/10.1186/s12866-016-0698-3 



  56 

Chattopadhyay, Pinaki, Chattopadhyay, Pallavi, Palit, D., 2020. Innovative approach to sustainable 

development and biodiversity conservation, in: Environmental and Sustainable Development 

through Forestry and Other Resources. Apple Academic Press, pp. 267–304. 

Cherr, G.N., Fairbairn, E., Whitehead, A., 2017. Impacts of petroleum-derived pollutants on fish 

development. Annu. Rev. Anim. Biosci 5, 185–203. 

Chowdhury, A., Roy, A., Mandal, M., Das, S., Agrawal, G.K., Rakwal, R., Sarkar, A., 2023. 

Dynamics of biological contaminants along with microbial community during 

vermicomposting. Fate of Biological Contaminants During Recycling of Organic Wastes 101–

122. https://doi.org/10.1016/B978-0-323-95998-8.00016-9

Cong, Y., Wang, Y., Zhang, M., Jin, F., Mu, J., Li, Z., Wang, J., 2021. Lethal, behavioral, growth 

and developmental toxicities of alkyl-PAHs and non-alkyl PAHs to early-life stage of brine 

shrimp, Artemia parthenogenetica. Ecotoxicol Environ Saf 220, 112302. 

Daccò, C., Nicola, L., Temporiti, M.E.E., Mannucci, B., Corana, F., Carpani, G., Tosi, S., 2020. 

Trichoderma: evaluation of its degrading abilities for the bioremediation of hydrocarbon 

complex mixtures. Applied Sciences 2020, Vol. 10, Page 3152 10, 3152. 

https://doi.org/10.3390/APP10093152 

Dach, K., Yaghoobi, B., Schmuck, M.R., Carty, D.R., Morales, K.M., Lein, P.J., 2019. Teratological 

and behavioral screening of the national toxicology program 91-compound library in zebrafish 

(Danio rerio). Toxicological Sciences 167, 77–91. 

Datta, R., Kelkar, A., Baraniya, D., Molaei, A., Moulick, A., Meena, R.S., Formanek, P., 2017. 

Enzymatic degradation of lignin in soil: a review. Sustainability (Switzerland) 9. 

https://doi.org/10.3390/su9071163 

Dayarathne, M.C., Jones, E.B.G., Maharachchikumbura, S.S.N., Devadatha, B., Sarma, V. V, 

Khongphinitbunjong, K., Chomnunti, P., Hyde, K.D., 2020. Morpho-molecular 

characterization of microfungi associated with marine based habitats. Mycosphere 11, 1–188. 

Dell’ Anno, F., Rastelli, E., Sansone, C., Brunet, C., Ianora, A., Dell’ Anno, A., 2021. 

Microorganisms bacteria, fungi and microalgae for the bioremediation of marine sediments 

contaminated by petroleum hydrocarbons in the omics era. 

https://doi.org/10.3390/microorganisms9081695 

Dhruv Patel, D., Bhatt, S., 2022. Environmental pollution, toxicity profile, and physico-chemical 

and biotechnological approaches for treatment of textile wastewater. Biotechnol Genet Eng 

Rev 38, 33–86. 



  57 

Ding, Q., Gong, X., Jin, M., Yao, X., Zhang, L., Zhao, Z., 2021. The biological pump effects of 

phytoplankton on the occurrence and benthic bioaccumulation of hydrophobic organic 

contaminants (HOCs) in a hypereutrophic lake. Ecotoxicol Environ Saf 213, 112017. 

Dutta, S., Laha, S., 2022. An approach toward the biodegradation of PAHs by microbial consortia. 

Development in Wastewater Treatment Research and Processes: Microbial Degradation of 

Xenobiotics through Bacterial and Fungal Approach 383–406. https://doi.org/10.1016/B978-

0-323-85839-7.00004-9

Dyer, P.S., Kueck, U., 2017. Sex and the imperfect fungi. Microbiol Spectr 5, 3–5. 

El-Bondkly, A.M.A., El-Gendy, M.M.A.A., 2022. Bioremoval of some heavy metals from aqueous 

solutions by two different indigenous fungi Aspergillus sp. AHM69 and Penicillium sp. 

AHM96 isolated from petroleum refining wastewater. Heliyon 8. 

https://doi.org/10.1016/J.HELIYON.2022.E09854 

Enyiukwu, D.N., Bassey, I.N., Nwaogu, G.A., Asamudo, N.U., Chukwu, L.A., Monday, E.A., 

MARANZU, J.O., 2021. Pig (Sus scrofa domesticus) dung and their associated fungi: Potential 

candidates for bio-remediation and nutrients improvement of crude oil contaminated soils. 

Biodiversitas 22. 

Espinosa-Ortiz, E.J., Rene, E.R., Gerlach, R., 2022. Potential use of fungal-bacterial co-cultures for 

the removal of organic pollutants. Crit Rev Biotechnol 42, 361–383. 

Ferreira-Silva, V., de Gusmão, N.B., Gibertoni, T.B., da Silva, L.A. de O., 2022. Trametes lactinea 

and T. villosa collected in Brazil are able to discolor indigo carmine. Acta Bot Brasilica 36. 

https://doi.org/10.1590/0102-33062021ABB0356 

Finlay, R.D., Thorn, R.G., 2019. The fungi in soil. Modern soil microbiology 65–90. 

Fu, W., Xu, M., Sun, K., Hu, L., Cao, W., Dai, C., Jia, Y., 2018. Biodegradation of phenanthrene 

by endophytic fungus Phomopsis liquidambari in vitro and in vivo. Chemosphere 203, 160–

169. https://doi.org/10.1016/J.CHEMOSPHERE.2018.03.164

Gaur, N., Narasimhulu, K., PydiSetty, Y., 2018. Recent advances in the bio-remediation of 

persistent organic pollutants and its effect on environment. J Clean Prod 198, 1602–1631. 

Gaurav, G.K., Mehmood, T., Kumar, M., Cheng, L., Sathishkumar, K., Kumar, A., Yadav, D., 2021. 

Review on polycyclic aromatic hydrocarbons (PAHs) migration from wastewater. J Contam 

Hydrol 236, 103715. 

González-Abradelo, D., Pérez-Llano, Y., Peidro-Guzmán, H., del Rayo Sánchez-Carbente, M., 

Folch-Mallol, J.L., Aranda, E., Vaidyanathan, V.K., Cabana, H., Gunde-Cimerman, N., 

Batista-García, R.A., 2019. First demonstration that ascomycetous halophilic fungi 



  58 

(Aspergillus sydowii and Aspergillus destruens) are useful in xenobiotic mycoremediation 

under high salinity conditions. Bioresour Technol 279, 287–296. 

Govarthanan, M., Fuzisawa, S., 2017. RSC Advances Biodegradation of aliphatic and aromatic 

hydrocarbons using the filamentous fungus Penicillium sp . CHY-2 and characterization of its. 

RSC Adv 7, 20716–20723. https://doi.org/10.1039/C6RA28687A 

Greco, G., Di Piazza, S., Cecchi, G., Cutroneo, L., Capello, M., Zotti, M., 2019. Mycoremediation 

of oily slime containing a polycyclic aromatic hydrocarbon mixture. Waste Biomass 

Valorization 10, 3821–3831. https://doi.org/10.1007/S12649-019-00802-X/FIGURES/5 

Guo, H., Zhang, Z., Wang, H., Ma, H., Hu, F., Zhang, W., Liu, Y., Huang, Y., Zeng, Y., Li, C., 

2021. Oxidative stress and inflammatory effects in human lung epithelial A549 cells induced 

by phenanthrene, fluorene, and their binary mixture. Environ Toxicol 36, 95–104. 

Hadibarata, T., Khudhair, A.B., Kristanti, R.A., Kamyab, H., 2017. Biodegradation of pyrene by 

Candida sp. S1 under high salinity conditions. Bioprocess Biosyst Eng 40, 1411–1418. 

https://doi.org/10.1007/S00449-017-1798-7/FIGURES/6 

Hadibarata, T., Kristanti, R.A., Bilal, M., Al-Mohaimeed, A.M., Chen, T.W., Lam, M.K., 2022. 

Microbial degradation and transformation of benzo[a]pyrene by using a white-rot fungus 

Pleurotus eryngii F032. Chemosphere 307, 136014. 

https://doi.org/10.1016/J.CHEMOSPHERE.2022.136014 

Hamzah, N., Kamil, N., Singhal, N., Padhye, L., Swift, S., 2018. Comparison of phenanthrene 

removal by Aspergillus niger ATC 16404 (filamentous fungi) and Pseudomonas putida 

KT2442 (bacteria) in enriched nutrient-liquid medium, in: IOP Conference Series: Earth and 

Environmental Science. IOP Publishing, p. 012047. 

Hesham, A.E.-L., Mohamed, E.A., Mawad, A.M.M., Elfarash, A., Abd El-Fattah, B.S., El-Rawy, 

M.A., 2017. Molecular characterization of degrades a mixture of low and high molecular

weight polycyclic aromatic hydrocarbons. Open Biotechnol J 11, 27–35.

https://doi.org/10.2174/1874070701711010027

Hoang, S.A., Sarkar, B., Seshadri, B., Lamb, D., Wijesekara, H., Vithanage, M., Liyanage, C., 

Kolivabandara, P.A., Rinklebe, J., Lam, S.S., 2021. Mitigation of petroleum-hydrocarbon-

contaminated hazardous soils using organic amendments: A review. J Hazard Mater 416, 

125702. 

Kadri, T., Rouissi, T., Kaur Brar, S., Cledon, M., Sarma, S., Verma, M., 2017. Biodegradation of 

polycyclic aromatic hydrocarbons (PAHs) by fungal enzymes: a review. Journal of 

Environmental Sciences 51, 52–74. https://doi.org/10.1016/J.JES.2016.08.023 



 

 

  
 

59 

Kałduńska, K., Kozakiewicz, A., Wujak, M., Wojtczak, A., 2021. Biological inspirations: iron 

complexes mimicking the Catechol dioxygenases. Materials 2021, Vol. 14, Page 3250 14, 

3250. https://doi.org/10.3390/MA14123250 

Kamil, D., 2020. Genera of rust fungi in India-taxonomy and preservation. pathophenotyping and 

genome guided characterization of rust fungi infecting wheat and other cereals-a Training 

manual 29, NAHEP-CAAST, Indian Agricultural Research Institute. 

Karaman, M., Novakovic, M., Matavuly, M., 2012. Fundamental fungal strategies in restoration of 

natural environment. Fungi: Types, environmental impact and role in disease. New York: Nova 

Science Publishers Inc. 

Kaushal, D., Bamotra, S., Yadav, S., Chatterjee, S., Tandon, A., 2021. Particulate bound polycyclic 

aromatic hydrocarbons over Dhauladhar region of the north-western Himalayas. Chemosphere 

263, 128298. 

Kim, Y.-C., Lee, S.-R., Jeon, H.-J., Kim, K., Kim, M.-J., Choi, S.-D., Lee, S.-E., 2020. Acute 

toxicities of fluorene, fluorene-1-carboxylic acid, and fluorene-9-carboxylic acid on zebrafish 

embryos (Danio rerio): Molecular mechanisms of developmental toxicities of fluorene-1-

carboxylic acid. Chemosphere 260, 127622. 

Kumar, M., Bolan, N.S., Hoang, S.A., Sawarkar, A.D., Jasemizad, T., Gao, B., Keerthanan, S., 

Padhye, L.P., Singh, L., Kumar, S., 2021. Remediation of soils and sediments polluted with 

polycyclic aromatic hydrocarbons: To immobilize, mobilize, or degrade? J Hazard Mater 420, 

126534. 

Kuppusamy, S., Maddela, N.R., Megharaj, M., Venkateswarlu, K., 2020. Impact of total petroleum 

hydrocarbons on human health, in: Total Petroleum Hydrocarbons. Springer, pp. 139–165. 

Lahkar, J., Deka, H., 2017. Isolation of polycyclic aromatic hydrocarbons (PAHs) degrading fungal 

candidate from oil-contaminated soil and degradation potentiality study on anthracene. 

Polycycl Aromat Compd 37, 141–147. https://doi.org/10.1080/10406638.2016.1220957 

Li, P., Karunanidhi, D., Subramani, T., Srinivasamoorthy, K., 2021. Sources and consequences of 

groundwater contamination. Arch Environ Contam Toxicol 80, 1–10. 

https://doi.org/10.1007/S00244-020-00805-Z/FIGURES/2 

Li, X., Lin, X., Li, P., Liu, W., Wang, L., Ma, F., Chukwuka, K.S., 2009. Biodegradation of the low 

concentration of polycyclic aromatic hydrocarbons in soil by microbial consortium during 

incubation. J Hazard Mater 172, 601–605. 

Li, X., Peng, D., Zhang, Y., Ju, D., Guan, C., 2020. Klebsiella sp. PD3, a phenanthrene (PHE)-

degrading strain with plant growth promoting properties enhances the PHE degradation and 

stress tolerance in rice plants. Ecotoxicol Environ Saf 201, 110804. 



 

 

  
 

60 

Liu, Y., Hua, X., 2014. Degradation of acenaphthylene and anthracene by chemically modified 

laccase from Trametes versicolor. RSC Adv. 4, 31120–31122. 

https://doi.org/10.1039/C4RA02807D 

López-Mondéjar, R., Brabcová, V., Štursová, M., Davidová, A., Jansa, J., Cajthaml, T., Baldrian, 

P., 2018. Decomposer food web in a deciduous forest shows high share of generalist 

microorganisms and importance of microbial biomass recycling. ISME J 12, 1768–1778. 

Lüthje, S., Martinez-Cortes, T., 2018. Membrane-bound Class III Peroxidases: unexpected enzymes 

with exciting functions. International Journal of Molecular Sciences 2018, Vol. 19, Page 2876 

19, 2876. https://doi.org/10.3390/IJMS19102876 

M. De Wet, M.M., G. Brink, H., 2021. Fungi in the bioremediation of toxic effluents. Fungi Bio-

prospects in Sustainable Agriculture, Environment and Nano-technology: Volume 2: 

Extremophilic Fungi and Myco-mediated Environmental Management 407–431. 

https://doi.org/10.1016/B978-0-12-821925-6.00018-6 

Ma, Y., Ankit, Tiwari, J., Bauddh, K., 2022. Plant-mycorrhizal fungi interactions in 

phytoremediation of geogenic contaminated soils. Front Microbiol 13, 843415. 

https://doi.org/10.3389/FMICB.2022.843415/BIBTEX 

Magan, N., Fragoeiro, S., Bastos, C., 2010. Environmental factors and bioremediation of 

xenobiotics using white rot fungi. Mycobiology 38, 238. 

https://doi.org/10.4489/MYCO.2010.38.4.238 

Maiti, A., Das, S., Bhattacharyya, N., 2012. Bioremediation of high molecular weight polycyclic 

aromatic hydrocarbons by Bacillus thuringiensis strain NA2. Journal of Science 1, 72-75. 

Mandal, S.K., Das, N., 2018. Biodegradation of perylene and benzo [ghi] perylene (5-6 rings) using 

yeast consortium : Kinetic study, enzyme analysis and degradation pathway. J Environ Biol 39, 

5–15. https://doi.org/10.22438/jeb/39/1/MRN-540 

Mandal, S.K., Ojha, N., Das, N., 2018. Optimization of process parameters for the yeast mediated 

degradation of benzo[a]pyrene in presence of ZnO nanoparticles and produced biosurfactant 

using 3-level Box-Behnken design. Ecol Eng 120, 497–503. 

https://doi.org/10.1016/j.ecoleng.2018.07.006 

Mao, J., Guan, W., 2016. Fungal degradation of polycyclic aromatic hydrocarbons (PAHs) by 

Scopulariopsis brevicaulis and its application in bioremediation of PAH-contaminated soil. 

Acta Agric Scand B Soil Plant Sci 66, 399–405. 

https://doi.org/10.1080/09064710.2015.1137629 



 

 

  
 

61 

Meer, B.B., Dishan, E.E., Ikima, D., Ateh, G.O., 2020. Ecological implications of environmental 

contaminants on biodiversity and ecosystem services: The Nigerian experience. Basic 

Research Journal of Soil and Environmental Science 2(1), 001-009. 

Mo, F., Wang, M., Li, H., Li, Y., Li, Z., Deng, N., Chai, R., Wang, H., 2021. Biological effects of 

silver ions to Trifolium pratense L. revealed by analysis of biochemical indexes, morphological 

alteration and genetic damage possibility with special reference to hormesis. Environ Exp Bot 

186, 104458. 

Moazzen, M., Shariatifar, N., Arabameri, M., Hosseini, H., Ahmadloo, M., 2022. Measurement of 

polycyclic aromatic hydrocarbons in baby food samples in Tehran, Iran with magnetic-solid-

phase-extraction and gas-chromatography/mass-spectrometry method: A Health Risk 

Assessment. Front Nutr 17(9), 833158. 

Money, N.P., 2016. Fungal Diversity. The Fungi: Third Edition 1–36. https://doi.org/10.1016/B978-

0-12-382034-1.00001-3 

Muthukumaran, M., 2022. Advances in bioremediation of nonaqueous phase liquid pollution in soil 

and water. Biological Approaches to Controlling Pollutants 191–231. 

https://doi.org/10.1016/B978-0-12-824316-9.00006-9 

Myazin, V.A., Korneykova, M. V., Chaporgina, A.A., Fokina, N. V., Vasilyeva, G.K., 2021. The 

effectiveness of biostimulation, bioaugmentation and sorption-biological treatment of soil 

contaminated with petroleum products in the Russian subarctic. Microorganisms 2021, Vol. 9, 

Page 1722 9, 1722. https://doi.org/10.3390/MICROORGANISMS9081722 

Naranjo‐Ortiz, M.A., Gabaldón, T., 2019. Fungal evolution: diversity, taxonomy and phylogeny of 

the Fungi. Biological Reviews 94, 2101–2137. 

Naylor, D., Sadler, N., Bhattacharjee, A., Graham, E.B., Anderton, C.R., McClure, R., Lipton, M., 

Hofmockel, K.S., Jansson, J.K., 2020. Soil microbiomes under climate change and 

implications for carbon cycling. Annu Rev Environ Resour 45, 29–59. 

Nevalainen, H., Kautto, L., Te’o, J., 2014. Methods for isolation and cultivation of filamentous 

fungi, in: Environmental Microbiology. Springer, pp. 3–16. 

Nieuwenhuis, B.P.S., James, T.Y., 2016. The frequency of sex in fungi. Philosophical Transactions 

of the Royal Society B: Biological Sciences 371, 20150540. 

Nougadère, A., Sirot, V., Cravedi, J.-P., Vasseur, P., Feidt, C., Fussell, R.J., Hu, R., Leblanc, J.-C., 

Jean, J., Rivière, G., 2020. Dietary exposure to pesticide residues and associated health risks 

in infants and young children–results of the French infant total diet study. Environ Int 137, 

105529. 



 

 

  
 

62 

Nuñez Otaño, N.B., Bianchinotti, M.V., Saparrat, M.C.N., 2021. Palaeomycology: a modern 

mycological view of fungal palynomorphs. Geological Society, London, Special Publications 

511, 91–120. 

Oberoi, A.S., Jia, Y., Zhang, H., Khanal, S.K., Lu, H., 2019. Insights into the fate and removal of 

antibiotics in engineered biological treatment systems: a critical review. Environ Sci Technol 

53, 7234–7264. 

https://doi.org/10.1021/ACS.EST.9B01131/SUPPL_FILE/ES9B01131_SI_001.PDF 

Obire, O., Aleruchi, O., Wemedo, S., 2020. Fungi in biodegradation of polycyclic aromatic 

hydrocarbons in oilfield wastewater. Acta Sci. Microbiol 3, 220–224. 

Olasehinde, T.A., Olaniran, A.O., 2022. Neurotoxicity of polycyclic aromatic hydrocarbons: a 

systematic mapping and review of neuropathological mechanisms. Toxics 10, 417. 

Oleszczuk, P., Baran, S., 2003. Degradation of individual polycyclic aromatic hydrocarbons (PAHs) 

in soil polluted with aircraft fuel. Pol J Environ Stud 12. 

Ostrem Loss, E.M., Yu, J.H., 2018. Bioremediation and microbial metabolism of benzo(a)pyrene. 

Mol Microbiol 109, 433–444. https://doi.org/10.1111/mmi.14062 

Park, J., An, H., Kim, K.W., 2020. Visualization of fungal hyphae in the trichomes of sawtooth oak 

leaves. Eur J Plant Pathol 156, 1119–1133. 

Peidro-Guzmán, H., Pérez-Llano, Y., González-Abradelo, D., Fernández-López, M.G., Dávila-

Ramos, S., Aranda, E., Hernández, D.R.O., García, A.O., Lira-Ruan, V., Pliego, O.R., Santana, 

M.A., Schnabel, D., Jiménez-Gómez, I., Mouriño-Pérez, R.R., Aréchiga-Carvajal, E.T., del 

Rayo Sánchez-Carbente, M., Folch-Mallol, J.L., Sánchez-Reyes, A., Vaidyanathan, V.K., 

Cabana, H., Gunde-Cimerman, N., Batista-García, R.A., 2021. Transcriptomic analysis of 

polyaromatic hydrocarbon degradation by the halophilic fungus Aspergillus sydowii at 

hypersaline conditions. Environ Microbiol 23, 3435–3459. https://doi.org/10.1111/1462-

2920.15166 

Pozdnyakova, N., Muratova, A., Bondarenkova, A., Turkovskaya, O., 2023. Degradation of a Model 

Mixture of PAHs by Bacterial-Fungal Co-Cultures. Frontiers in Bioscience – Elite 15,  26. 

https://doi.org/10.31083/J.FBE1504026/F627B4BEFEF9DFF890E247088FBD1A01.PDF 

Rani, M., Yadav, J., Chaudhary, S., Shanker, U., 2021. An updated review on synthetic approaches 

of green nanomaterials and their application for removal of water pollutants: Current 

challenges, assessment and future perspectives. J Environ Chem Eng 9, 106763. 

Rathore, D., Dubey, R., Dwivedi, A., 2021. Advances in mycoremediation of emerging potential 

toxic effluents, in: Fungi Bio-Prospects in Sustainable Agriculture, Environment and Nano-

Technology. Elsevier, pp. 301–329. 



 

 

  
 

63 

Reddy, K.R., Dastgheibi, S., Cameselle, C., 2020. Removal kinetics of heavy metals and nutrients 

from stormwater by different filter materials. Water Air Soil Pollut 231. 

https://doi.org/10.1007/S11270-020-04906-2 

Revitt, D.M., Balogh, T., Jones, H., 2014. Soil mobility of surface applied polyaromatic 

hydrocarbons in response to simulated rainfall. Environmental Science and Pollution Research 

21, 4209–4219. 

Riley, R., Salamov, A.A., Brown, W., Nagy, L.G., Floudas, D., Held, B.W., Levasseur, A., 

Lombard, V., Morin, E., Lindquist, E.A., Sun, H., Labutti, K.M., Jabbour, D., Luo, H., Baker, 

S.E., Antonio, G., Walton, J.D., Blanchette, R.A., Martin, F., Cullen, D., Hibbett, D.S., Riley, 

R., Salamov, A.A., Brown, D.W., Nagy, L.G., Floudas, D., Held, B.W., 2014. Correction for 

Riley et al., Extensive sampling of basidiomycete genomes demonstrates inadequacy of the 

white-rot/brown-rot paradigm for wood decay fungi. Proceedings of the National Academy of 

Sciences 111, 14959–14959. https://doi.org/10.1073/pnas.1418116111 

Rohlman, D., Donatuto, J., Heidt, M., Barton, M., Campbell, L., Anderson, K.A., Kile, M.L., 2019. 

A case study describing a community-engaged approach for evaluating polycyclic aromatic 

hydrocarbon exposure in a native American community. Int J Environ Res Public Health 16, 

327. 

Sachaniya, B.K., Gosai, H.B., Panseriya, H.Z., Dave, B.P., 2020. Bioengineering for multiple PAHs 

degradation for contaminated sediments: Response surface methodology (RSM) and artificial 

neural network (ANN). Chemometrics and Intelligent Laboratory Systems 202. 

https://doi.org/10.1016/j.chemolab.2020.104033 

Sakshi, Haritash, A.K., 2020. A comprehensive review of metabolic and genomic aspects of PAH-

degradation. Arch Microbiol 202, 2033–2058. https://doi.org/10.1007/s00203-020-01929-5 

Sampaio, G.R., Guizellini, G.M., da Silva, S.A., de Almeida, A.P., Pinaffi-Langley, A.C.C., Rogero, 

M.M., de Camargo, A.C., Torres, E.A.F.S., 2021. Polycyclic aromatic hydrocarbons in foods: 

biological effects, legislation, occurrence, analytical methods, and strategies to reduce their 

formation. International Journal of Molecular Sciences 2021, Vol. 22, Page 6010 22, 6010. 

https://doi.org/10.3390/IJMS22116010 

Schut, H.A.J., 2020. Biotransformation of Occupational Carcinogens, in: Chemical Exposure and 

Toxic Responses. CRC Press, pp. 221–236. 

Senanayake, I.C., Rathnayaka, A.R., Marasinghe, D.S., Calabon, M.S., Gentekaki, E., Lee, H.B., 

Hurdeal, V.G., Pem, D., Dissanayake, L.S., Wijesinghe, S.N., 2020. Morphological approaches 

in studying fungi: collection, examination, isolation, sporulation and preservation. Mycosphere 

11, 2678–2754. 



 

 

  
 

64 

Shankhwar, A.K., Paliwal, R., 2021. Fungi in bioremediation of soil: Mycoremediation of PAHs 

compounds. Fungi Bio-prospects in Sustainable Agriculture, Environment and Nano-

technology: Volume 2: Extremophilic Fungi and Myco-mediated Environmental Management 

157–170. https://doi.org/10.1016/B978-0-12-821925-6.00008-3 

Shariatifar, N., Sharifiarab, G., Kargarghomsheh, P., Moazzen, M., Arabameri, M., Seddighi, M., 

Tooryan, F., Pirhadi, M., 2022. Polycyclic aromatic hydrocarbons (PAHs) in potato and related 

products in Tehran: a health risk assessment study. Int J Environ Anal Chem 1–14. 

Sharma, J., Goutam, J., Dhuriya, Y.K., Sharma, D., 2021. Bioremediation of Industrial pollutants, 

in: Microbial Rejuvenation of Polluted Environment. Springer, pp. 1–31. 

Sharma, P., 2022. Microbial communication during bioremediation of polyaromatic hydrocarbons. 

Systems Microbiology and Biomanufacturing 2, 430–444. https://doi.org/10.1007/S43393-

021-00072-6/FIGURES/5 

Sharma, P., Bano, A., Singh, S.P., Sharma, S., Xia, C., Nadda, A.K., Lam, S.S., Tong, Y.W., 2022. 

Engineered microbes as effective tools for the remediation of polyaromatic aromatic 

hydrocarbons and heavy metals. Chemosphere 306, 135538. 

https://doi.org/10.1016/J.CHEMOSPHERE.2022.135538 

Shen, M., Xing, J., Ji, Q., Li, Z., Wang, Y., Zhao, H., Wang, Q., Wang, T., Yu, L., Zhang, X., 2018. 

Declining pulmonary function in populations with long-term exposure to polycyclic aromatic 

hydrocarbons-enriched PM2. 5. Environ Sci Technol 52, 6610–6616. 

Shi, Z., Wen, M., Zhang, J., Tang, Z., Wang, C., 2020. Effect of phenanthrene on the biological 

characteristics of earthworm casts and their relationships with digestive and anti-oxidative 

systems. Ecotoxicol Environ Saf 193, 110359. 

Shourie, A., Vijayalakshmi, U., 2022. Fungal diversity and its role in mycoremediation. 

https://doi.org/10.1080/01490451.2022.2032883 39, 426–444.  

Shrestha, P., Joshi, B., Joshi, J., Malla, R., Sreerama, L., 2016. Isolation and physicochemical 

characterization of Laccase from Ganoderma lucidum-CDBT1 isolated from its native habitat 

in Nepal. Biomed Res Int 2016. https://doi.org/10.1155/2016/3238909 

Simarro, R., González, N., Bautista, L.F., Molina, M.C., 2013. Biodegradation of high-molecular-

weight polycyclic aromatic hydrocarbons by a wood-degrading consortium at low 

temperatures. FEMS Microbiol Ecol 83, 438–449. https://doi.org/10.1111/1574-6941.12006 

Singh, P.K., Singh, R.P., Singh, P., Singh, R.L., 2019. Food hazards: Physical, chemical, and 

biological, in: Food Safety and Human Health. Elsevier, pp. 15–65. 

Soal, N.C., Coetzee, M.P.A., van der Nest, M.A., Hammerbacher, A., Wingfield, B.D., 2022. 

Phenolic degradation by catechol dioxygenases is associated with pathogenic fungi with a 



 

 

  
 

65 

necrotrophic lifestyle in the Ceratocystidaceae. G3 Genes|Genomes|Genetics 12. 

https://doi.org/10.1093/G3JOURNAL/JKAC008 

Soni, V., Singh, P., Shree, V., Goel, V., 2018. Effects of VOCs on human health, in: Air Pollution 

and Control. Springer, pp. 119–142. 

Sousa, G., Teixeira, J., Delerue-Matos, C., Sarmento, B., Morais, S., Wang, X., Rodrigues, F., 

Oliveira, M., 2022. Exposure to PAHs during firefighting activities: a review on skin levels, In 

vitro/in vivo bioavailability, and health risks. International Journal of Environmental Research 

and Public Health 2022, Vol. 19, Page 12677 19, 12677. 

https://doi.org/10.3390/IJERPH191912677 

St. Leger, R.J., Wang, J.B., 2020. Metarhizium: jack of all trades, master of many. Open Biol 10, 

200307. 

Stoyanova, K., Gerginova, M., Dincheva, I., Peneva, N., Alexieva, Z., 2022. Biodegradation of 

naphthalene and anthracene by Aspergillus glaucus strain isolated from Antarctic soil. 

Processes 2022, Vol. 10, Page 873 10, 873. https://doi.org/10.3390/PR10050873 

Szatyłowicz, E., Hawrylik, E., 2022. Assessment of migration of PAHs contained in soot of solid 

fuel combustion into the aquatic environment. Water (Basel) 14, 3079. 

Taghizadeh, S.F., Azizi, M., Rezaee, R., Giesy, J.P., Karimi, G., 2021. Polycyclic aromatic 

hydrocarbons, pesticides, and metals in olive: analysis and probabilistic risk assessment. 

Environmental Science and Pollution Research 28, 39723–39741. 

Teerapatsakul, C., Pothiratana, C., Chitradon, L., Thachepan, S., 2016. Biodegradation of polycyclic 

aromatic hydrocarbons by a thermotolerant white rot fungus Trametes polyzona RYNF13. 

Journal of General and Applied Microbiology 62, 303–312. 

https://doi.org/10.2323/jgam.2016.06.001 

Torres-Farradá, G., Manzano-León, A.M., Rineau, F., Ramos Leal, M., Thijs, S., Jambon, I., Put, 

J., Czech, J., Guerra Rivera, G., Carleer, R., 2019. Biodegradation of polycyclic aromatic 

hydrocarbons by native Ganoderma sp. strains: identification of metabolites and proposed 

degradation pathways. Appl Microbiol Biotechnol 103, 7203–7215. 

Turaki Usman, A., Abugu, H.O., Okoye, C.O.B., 2021. Environmental impact and human health 

risk assessment of polycyclic aromatic hydrocarbons (PAHs) in raw milk from free-ranging 

cattles in northwest Nigeria. J Environ Health Sci Eng 19, 1523–1534. 

Undugoda, L.J.S., Dharmasiri, R.B.N., Udayanga, D., Nugara, N.N.R.N., 2022. Screening of 

phyllosphere fungi inhabiting in urbanized areas for phylloremediation capabilities of 

polyaromatic hydrocarbon pollutants. In Mycoremediation Protocols. New York, N.Y; 

Springer 55–70. https://doi.org/10.1007/978-1-0716-2006-9_6 



 

 

  
 

66 

Vasconcelos, M.R.S., Vieira, G.A.L., Otero, I.V.R., Bonugli-Santos, R.C., Rodrigues, M.V.N., 

Rehder, V.L.G., Ferro, M., Boaventura, S., Bacci, M., Sette, L.D., 2019. Pyrene degradation 

by marine-derived ascomycete: process optimization, toxicity, and metabolic analyses. 

Environmental Science and Pollution Research 26, 12412–12424. 

https://doi.org/10.1007/S11356-019-04518-2 

Veignie, E., Rafin, C., Woisel, P., Cazier, F., 2004. Preliminary evidence of the role of hydrogen 

peroxide in the degradation of benzo[a]pyrene by a non-white rot fungus Fusarium solani. 

Environmental Pollution 129, 1–4. https://doi.org/10.1016/J.ENVPOL.2003.11.007 

Velmurugan, N., Lee, H.M., Cha, H.J., Lee, Y.S., 2017. Proteomic analysis of the marine-derived 

fungus Paecilomyces sp. Strain SF-8 in response to polycyclic aromatic hydrocarbons. 

Botanica Marina 60, 381–392. https://doi.org/10.1515/BOT-2016-

0101/DOWNLOADASSET/SUPPL/BOT-2016-0101_SUPPL.DOCX 

Vipotnik, Z., Michelin, M., Tavares, T., 2021. Ligninolytic enzymes production during polycyclic 

aromatic hydrocarbons degradation: effect of soil pH, soil amendments and fungal co-

cultivation. Biodegradation 32, 193–215. https://doi.org/10.1007/S10532-021-09933-

2/METRICS 

Vipotnik, Z., Michelin, M., Tavares, T., 2019. Degradation of selected PAHs by laccase-mediator 

system in soil. Proceedings of the World Congress on New Technologies. Avestia Publishing 

0, 11159. https://doi.org/10.11159/icepr19.133 

Wang, C., Wang, F., Wang, T., Bian, Y., Yang, X., Jiang, X., 2010. PAHs biodegradation potential 

of indigenous consortia from agricultural soil and contaminated soil in two-liquid-phase 

bioreactor (TLPB). Journal of Hazardous Materials 176, 41–47. 

https://doi.org/10.1016/j.jhazmat.2009.10.123 

Wang, Jia, Shen, X., Wang, Jian, Yang, Y., Yuan, Q., Yan, Y., 2018. Exploring the promiscuity of 

phenol hydroxylase from Pseudomonas stutzeri OX1 for the biosynthesis of phenolic 

compounds. ACS Synth Biol 7, 1238–1243. 

https://doi.org/10.1021/ACSSYNBIO.8B00067/ASSET/IMAGES/MEDIUM/SB-2018-

00067S_0005.GIF 

Waszak, D.Q., Da Cunha, A.C.B., Agarrallua, M.R.A., Goebel, C.S., Sampaio, C.H., 2015. 

Bioremediation of a benzo[a]pyrene-contaminated soil using a microbial consortium with 

Pseudomonas aeruginosa, Candida albicans, Aspergillus flavus, and Fusarium sp. Water Air 

Soil Pollut 226. https://doi.org/10.1007/s11270-015-2582-4 

Wijayawardene, N.N., Hyde, K.D., Dai, D.Q., 2021. Outline of Ascomycota. Encyclopedia of 

Mycology 246–254. https://doi.org/10.1016/B978-0-12-819990-9.00064-0 



 

 

  
 

67 

Wong, W.S.D., 2009. Structure and action of ligninolytic enzymes. Appl Biochem Biotechnol 157, 

174–209. 

Wu, X., Cao, X., Lintelmann, J., Peters, Annette, Koenig, W., Zimmermann, R., Schneider, A., 

Wolf, K., Peters, A, Schwettmann, L., 2022. Assessment of the association of exposure to 

polycyclic aromatic hydrocarbons, oxidative stress, and inflammation: A cross-sectional study 

in Augsburg, Germany. Int J Hyg Environ Health 244, 113993. 

Wu, Y.R., Luo, Z.H., Kwok-Kei Chow, R., Vrijmoed, L.L.P., 2010. Purification and 

characterization of an extracellular laccase from the anthracene-degrading fungus Fusarium 

solani MAS2. Bioresour Technol 101, 9772–9777. 

https://doi.org/10.1016/j.biortech.2010.07.091 

Wulandari, R., Lotrakul, P., Punnapayak, H., Amirta, R., Kim, S.W., Prasongsuk, S., 2021. Toxicity 

evaluation and biodegradation of phenanthrene by laccase from Trametes polyzona PBURU 

12. 3 Biotech 2021 11:1 11, 1–11. https://doi.org/10.1007/S13205-020-02556-Z 

Yakop, F., Taha, H., Shivanand, P., 2019. Isolation of fungi from various habitats and their possible 

bioremediation. Curr Sci 116, 733. 

Yang, Y., Shen, D., Long, Y., Xie, Z., Zheng, H., 2017. Intrinsic Peroxidase-like activity of Ficin. 

Sci Rep 7, 43141. https://doi.org/10.1038/srep43141 

Yao, L., Teng, Y., Luo, Yongming, Christie, P., Ma, W., Liu, F., Wu, Y., Luo, Yang, Li, Z., 2015. 

Biodegradation of polycyclic aromatic hydrocarbons (PAHs) by Trichoderma reesei FS10-C 

and effect of bioaugmentation on an aged PAH-contaminated soil. Bioremediat J 19, 9–17. 

Zafra, G., Absalón, Á.E., Anducho-Reyes, M.Á., Fernandez, F.J., Cortés-Espinosa, D. V., 2017. 

Construction of PAH-degrading mixed microbial consortia by induced selection in soil. 

Chemosphere 172, 120–126. https://doi.org/10.1016/j.chemosphere.2016.12.038 

Zafra, G., Absalón, Á.E., Cuevas, M.D.C., Cortés-Espinosa, D. V., 2014a. Isolation and selection 

of a highly tolerant microbial consortium with potential for PAH biodegradation from heavy 

crude oil-contaminated soils. Water Air Soil Pollut 225. https://doi.org/10.1007/s11270-013-

1826-4 

Zafra, G., Moreno-montaño, A., Absalón, Á.E., Cortés-espinosa, D. V, 2015. Degradation of 

polycyclic aromatic hydrocarbons in soil by a tolerant strain of Trichoderma asperellum. 

Environ Sci Pollut Res 22, 1034–1042. https://doi.org/10.1007/s11356-014-3357-y 

Zafra, G., Taylor, T.D., Absalón, A.E., Cortés-Espinosa, D. V, 2016. Comparative metagenomic 

analysis of PAH degradation in soil by a mixed microbial consortium. J Hazard Mater 318, 

702–710. https://doi.org/10.1016/j.jhazmat.2016.07.060 



 

 

  
 

68 

Zeb, A., Li, S., Wu, J., Lian, J., Liu, W., Sun, Y., 2020. Insights into the mechanisms underlying the 

remediation potential of earthworms in contaminated soil: A critical review of research 

progress and prospects. Science of the Total Environment 740, 140145. 

Zhang, H., Yuan, X., Xiong, T., Wang, H., Jiang, L., 2020. Bioremediation of co-contaminated soil 

with heavy metals and pesticides: Influence factors, mechanisms and evaluation methods. 

Chemical Engineering Journal 398, 125657. 

Zhang, Yiju, Chen, X., Zhang, Yu, 2021. Analytical chemistry, formation, mitigation, and risk 

assessment of polycyclic aromatic hydrocarbons: From food processing to in vivo metabolic 

transformation. Compr Rev Food Sci Food Saf 20, 1422–1456. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 







Catalysts 2023, 13, 791 2 of 19

in the soil, water, and air [9]. In plants, it causes some serious biochemical and physio-
logical changes, such as photosynthetic pigments alteration, metabolic activity reduction,
and cell membranes disruption leading to defoliation, chlorosis, necrosis, and oxidative
stress defense compromise [10,11]. Acute and chronic toxicity of fluoranthene with varied
orders of magnitude has been well documented among a diverse group of freshwater and
saltwater organisms [12,13]. Additionally, its acute toxicity in animals such as rats includes
dysfunction processes, including ataxia, decreased grip strengths, increased landing foot
splay, loss of aerial righting, increased urination and defecation, and decreased responses
to sensory stimuli in both sexes with server neurological deficits [14]. Its long exposure
in humans through pathways, such as inhalation, dermal touch, and ingestion, has been
linked to an increased risk of lung cancer, as well as cardiovascular disease (CVD), includ-
ing atherosclerosis, thrombosis, hypertension, and myocardial infarction (MI) [15]. Apart
from its carcinogenicity, mutagenicity, and teratogenicity, preclinical studies have shown a
direct link between PAH exposure, oxidative stress, CVD illness, mortality development,
and endocrine disruption [16,17].

Although PAHs can naturally disintegrate from the environment via chemical oxida-
tion, photolysis, volatilization, and adsorption, the chemical stabilities of PAHs make these
methods inefficient for their total removal coupled with many toxic derivatives which are
more toxic than their parent compounds [18]. In addition, techniques such as physical,
chemical, and biological techniques have been established, optimized, and utilized in the
amelioration of PAH contaminated sites, but significant problems, such as technological
complexity, high cost, and a general lack of acceptance are the drawbacks encountered
with the physical and chemical treatment techniques [19]. Biological treatment techniques
(Biodegradation) using biocatalysts have recently attracted a great deal of interest in the
PAHs contaminated site clean-up owing to its safe clean-up means, least disruptive na-
ture, complete degradation, and cost-effective method compared with the conventional
physicochemical method, which often leaves behind toxic derivatives which are more
toxic than the parent compounds [20]. The role of microbes in PAH degradation has been
documented, but degradation rates in some microbes (bacteria) are often not proportional
to the contaminant released into an environment and, thus, leading to the accumulation of
PAHs in the contaminated sites that can remain for decades [5].

Fungi have been appraised as one of the pre-dominant biodegrading agents found in
the environment, which are free-living and ubiquitous [21,22]. They employ their metabolic
versatility and resilience to utilize PAHs as a carbon and energy source, and thereby miner-
alize them to simpler compounds, carbon dioxide, and water, or transformed them into
other non-toxic molecules under harsh environmental conditions, such as low moisture and
high concentrations of PAHs [23,24]. However, fungi belonging to the Ascomycota family,
such as Aspergillus sp., Aspergillus terricola, Trichoderma reesei, Aspergillus ochraceus, Cunning-
hamella elegans, and Cunninghamella echinulata, indigenous to contaminated sites have been
reported to have efficiently degraded PAH compounds, such as Anthracene, Benzo (k) fluo-
ranthene, Benzo(a)anthracene, and Fluoranthene [25–27]. In addition, ligninolytic fungi,
including Nematoloma frowardii, Coriolopsis byrsina, Pleurotus eryngii, and Ganoderma lucidum,
have been well documented for their effective degradation of PAHs [28–30]. Although
the biodegradation pathways of two- and three-ring PAHs by fungi are well documented
while information regarding the routes and reactions by which the oxidization of higher
molecular weight especially four-ring PAHs (fluoranthene) is still limited. Based on the
available literature and based on metabolites identified over the last 10 years during flu-
oranthene degradation, only two biodegradation pathways routes have been reported
in fungi belonging to the mushroom-forming fungi (basidiomycetes). The first route is
initiated by deoxygenation at C-7 and C-8 position via extra and intra-diol ring cleavage to
form acenaphthylene-type metabolites before entering into the ß-ketoadipate pathway via
benzene-1,2,3-tricarboxylic acid while the second route involves deoxygenation at C-2 and
C-3 position via ortho-cleavage to form a product known as 9-fluorenone-1-carboxylic acid,
which is further degraded to yield benzene-1,2,3-tricarboxylic acid and phthalic acid [31].
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Thus, in the present study, two indigenous fungal isolates, Trichoderma lixii strain
FLU1 and Talaromyces pinophilus strain FLU12, were investigated for their ability to bio-
catalytically degrade fluoranthene. The biodegradation kinetics and metabolic pathways
were also established via profiling of metabolites produced and enzymes involved in the
degradation process. Furthermore, empirical data on the acute toxicity of fluoranthene and
its transient metabolic products were elucidated.

2. Results
2.1. Fungal Cultural Morphological Characteristics and Molecular Analyses

The fungal cultural morphological characteristics and the sequence analysis of the
ITS rDNA gene were used to identify the strains. Isolate one, grown on a PDA plate,
exhibited concentric green conidial production rings. The center of the plate had denser
conidiation, while an irregular yellow zone devoid of conidia surrounded the inoculum.
Green conidia were distributed throughout the bit granular plate, with white pustules on
the green mat. White mycelia without conidial formation were also present. A single green
and yellowish concentric ring with a cluster of yellow conidia was observed around the
point of inoculation. Light green and yellowish conidia were present throughout the plate,
with more conidia towards the margins and the inoculum, except for the white mycelia
covering the Petri dish. A single cottony concentric ring with dark green conidiation was
found around the inoculum (Figure S1A). Additionally, its microscopic morphology reveals
that it has septate hyphae, its conidiophores and conidia are green to yellow green in colour
and are produced in chains that measure around 2.5 × 1.5 µm, ellipsoidal to oblong in
shape, and typically measure 3 × 2 µm (Figure S1B). ITS gene sequence (submitted as
NCBI accession number: MK208694) analysis of the isolate showed that it has 100% genetic
similarity with Trichoderma lixii and is named as Trichoderma lixii strain FLU1 (TlFLU1).
Isolate two, grown on PDA plate, forms concentric rings with whitish yellow conidial
production, and the conidia production is denser in the center than towards the margins.
An irregular white pustule zone without conidia is also present around the inoculum.
The density of conidia production is higher towards the center than the margins, and
some white pustules are present (Figure S2A). Additionally, its microscopic morphology
reveals that the mycelium consists of long, smooth branching hyphae that are septate, and
around 2 µm in diameter, it has unbranched conidiophores around 4 µm in diameter with
a spherical to oval shape. It has smooth-walled with a greenish grey colour. It has spherical
vesicles containing phialides at the tip. These phialides look like flask-shaped acerose
phialides that produce asexual spores, along with elongated sausage-shaped cells (Figure
S2B). ITS rDNA sequence (submitted as NCBI accession number: MK208704) analysis of
the isolate showed that it has 100% similarity with Talaromyces pinophilus and named as
Talaromyces pinophilus strain FLU12 (TpFLU12). FLU is abbreviated for fluoranthene for
both strains. Additionally, the phylogenetic typing of these fungal strains with other fungal
nucleotide sequences obtained from the NCBI database through the neighbor-joining tree
method revealed that TlFLU1 and Hypocrea lixii with NCBI accession number JF923807
fall within the same clade and shared a 32% evolutionary relationship (Figure S3A) while
TpFLU12 and Talaromyces pinophilus with NCBI accession number MN006617 fall within the
same clade and shared a 70% evolutionary relationship (Figure S3B).

2.2. Degradation Efficiency, Biomass Production, Protein Content and Change in pH Condition

As shown in Figure 1A, degradation of fluoranthene increases with an increased
incubation period in the flask inoculated with strains TlFLU1 and TpFLU12. After 10 d
incubation period, TlFLU1 degraded 90.9% of the fluoranthene while TpFLU12 could
degrade 92.5% after 16 d incubation period. The dry biomass production and protein
content of these fungal strains also increased with an increase in the incubation period,
except for some slight decrease observed after reaching their maximum production days.
The maximum dry biomass production of 736.8 mg/L was observed at 12 d after the
incubation period for TlFLU1, while 564.4 mg/L was recorded for TpFLU12 at 16 d after
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the incubation period (Figure 1B). The pH of the inoculation media decreases, from pH 5
to 3.87 (TlFLU1) and 3.66 (TpFLU12) with an increased incubation period. The pH of the
control (no inoculum) remains unchanged at the end of the incubation period (Figure 1C);
however, the total protein content of about 643.4 µg/mL at 16 d and 566.5 µg/mL at 14 d
was recorded for TlFLU1 and TpFLU12, respectively (Figure 1D).

          
 

 

              

              

           

               

                

                

              

              

                  

       

 

               

              

             

    

             

              

              

           

            

             

                  

               

            

             

   
 

  

                

         

      
    

Figure 1. (A) Percentage degradation of fluoranthene in BSM by TlFLU1 and TpFLU12, (B) dry
biomass of individual fungi strains, (C) change in pH medium during fluoranthene degradation, and
(D) total protein content of each fungus. Control (�), TlFLU1 (•), TpFLU12 (�).

2.3. Degradation Kinetics Study

The kinetic model for the degradation of fluoranthene by TlFLU1 and TpFLU12 is
shown in Table 1 and Figure S4. Overall, the degradation kinetics best fitted first-order
with the regression coefficient (R2) values of 0.987 and 0.919 for TlFLU1 and TpFLU12,
respectively. TpFLU12 was also shown to degrade the compound following zero-order
degradation kinetics with a regression coefficient (R2) values of 0.968. The first-order
degradation kinetics was characterized by a degradation rate constant (k) and half-life
(DT50) values of 0.210 d−1 and 2.254 d−1 for TlFLU1, while 0.15 d−1 and 2.588 d−1 are for
TpFLU12, respectively. In addition, a degradation rate constant (k = 22.280 d−1) and half-life
(D1/2 = 2.254 d−1) was obtained for TpFLU12 while following the zero-order degradation
kinetics.

Table 1. Kinetic parameters for the degradation of fluoranthene by TlFLU1 and TpFLU12.

Kinetic Model Parameter
Strains

TlFLU1 TpFLU12

Zero order Regression Equation Cd = −21.24 d + 290.7 Cd = −22.28 d + 367.7
Cd − C0 = Kd K (d−1) 21.24 22.28
D1/2 = C0/2K0 D1/2 9.412 8.969

R2 0.802 0.968
First order Regression Equation lnCd = −0.2100 d + 5.924 lnCd = −0.1503 d + 6.184
lnCd= K1d + lnCd K (d−1) 0.210 0.1503
D1/2 = ln2/Kd DT50 2.254 2.588

R2 0.987 0.919
Second order Regression Equation 1/Cd = 0.0040 d − 0.008 1/Cd = 0.0109 d − 0.03229
1/Ct = 1/C0 + K2d K (d−1) 0.0040 0.0109
D1/2 =1/C0K2 DT50 0.625 0.229

R2 0.849 0.749

R2: Regression coefficient; K: Degradation rate constant; D1/2 and DT50: Half-life.
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2.4. Fluoranthene Degradation Metabolites with Its Pathway

The different metabolites formed during the degradation of fluoranthene by TlFLU1
and TpFLU12 are presented in Figure 2 and Table S1, respectively. Two metabolites, namely
9-oxo-9H-fluorene-1-carboxylic acid, with a retention time (RT) of 14.2 min at molecular
ion (M+) m/z: 224, and benzene-1,2,3-tricarboxylic acid (RT: 12.3 and m/z: 148), were
observed in the TlFLU1 inoculated flasks while three metabolites, namely fluorenone (RT:
23.9, molecular ion (M+) at m/z 180), was observed in the TpFLU12 inoculated flask at a
varying retention times (RT), such as 18.4 min, 12.3 min, and 7.9 min, respectively, for 2,3-
dihydro-1H-inden-1-one with molecular ion (M+) at m/z 104, benzene-1,2,3-tricarboxylic
acid with molecular ion (M+) at m/z 148, and benzoic acid with molecular ion (M+) at
m/z 105. However, the parent compound (control: fluoranthene) was detected at 28.4 min.
The theoretical arrangement of these degradation products pathways indicates that parent
compound fluoranthene degradation is initiated at the C1–C2 position via oxygenation and
ring cleavage to form 9-oxo-9H-fluorene-1-carboxylic acid before undergoing ring cleavage
to yield fluorenone, which then proceeds through oxygenation and side-chain removal
into ß-ketoadipate pathway via benzene-1,2,3-tricarboxylic acid and ring cleavage to form
2,3-dihydro-1H-inden-1-one before undergoing side-chain removal to yield benzoic acid
and CO2 release, respectively, as a dead-end product.

2.5. Analysis of the Transformed Fluoranthene Functional Groups

The FTIR spectra of the changes in the functional group of fluoranthene metabolites are
presented in Table 2 and Figure S5. The parent compound (control, fluoranthene) showed
an intense peak at 3202 cm−1 due to O-H stretching of the alcohol rings, an adsorption
peak at 1610 cm−1 is an attribution of –C=C aromatic ring stretch, while an adsorption peak
at 622 cm−1 with attribution of –C-H bending of the substituted benzene ring. However, in
the TlFLU1 degradation product spectra, a significant shift in the control sample functional
groups was observed with four intense adsorption peaks. An observed adsorption peak at
3284 cm−1, with the attribution of broad O–H stretching of the alcohol rings, was followed
by an adsorption peak at 1650 cm−1, which has an attribution of –C=O stretching of the
carbonyl/carboxylic. Additionally, a peak at 1385 cm−1 was linkable to the bending of
aliphatic CH and CH2 groups was observed to be followed by the intense peak at 600 cm−1,
which has an attribution of the –C≡C–H: C–H bend in alkynes. In the TpFLU12 inoculated
flask sample, apart from the shift in absorption peaks of control samples which was an
attribute of O–H stretching of the alcohol rings observed, seven more adsorption peaks were
observed, namely peak at 1730 cm−1, linkable to the presence of C=O rings of the quinone
compounds, followed by high adsorption intensity peak at 1421 cm−1 with an attribute
of aromatic ring vibrations, and plane bending of C–O–H. Additionally, the observed
adsorption intensity at 1385 cm−1 is linkable to the bending of aliphatic CH and CH2
groups, followed by a high peak intensity at 1280 cm−1, which corresponds with the C-O
functional group due to carboxylic acid stretch. Furthermore, the observed high-intensity
peak at 1030 cm−1 corresponds with the C-OH and O-CH3 stretch, while the adsorption
intensity at 610 cm−1 could be linked with the –C≡C–H: C–H bend in alkynes.
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Figure 2. The proposed fluoranthene metabolic pathway by TlFLU1 and TpFLU12. The un-bold
arrows denote an unknown transient product which were not detected by GCMS analysis.
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Table 2. Assignment of the infrared spectra absorbance bands of fluoranthene degradation metabo-
lites.

Functional Group
Frequency (cm−1)

Assignment
Control TlFLU1 TpFLU12

i 3202–3340 O–H stretch of the alcohol rings

ii 1610–1730

C=C and C=O asymmetric vibration
stretching of
the aromatic, carbonyl and
quinone compounds

iii ND ND 1421 Plane bending of C–O–H and aromatic ring
vibrations

iv ND ND 1385 Aliphatic bending of CH and CH2
v ND 1030 ND C–C, C–OH and O–CH3 stretching
vi 600–610 –C≡C–H: C–H bend in alkynes

ND: Not detected.

2.6. Ligninolytic Activities in the Presence of Fluoranthene

The ligninolytic activities of TlFLU1 and TpFLU12 during fluoranthene degradation
are presented in Figure 3. Overall, the production of ligninolytic enzyme activities was
dependent on the incubation period. Laccase enzyme showed superior activity in the
flask inoculated with TpFLU12 in comparison to TlFLU1. The maximum laccase activity of
8310.4 U/L at 14 d after the incubation period was observed in TlFLU1 inoculated flask,
while a maximum laccase activity of 8910.5 U/L was recorded for TpFLU12 at 2 d after
the incubation period (Figure 3A). Conversely, Lignin peroxidase activity was observed to
be a maximum with 561.2 U/L at 16 d after the incubation period in TlFLU1 inoculated
flask while a maximum activity of 431.7 U/L was documented at 4 d after the incubation
period in TpFLU12 inoculated flask (Figure 3B). In addition, Manganese peroxidase activity
was observed to be maximum with 219.2 U/L at 8 d after the incubation period in the
TlFLU1 inoculated flask, while Manganese peroxidase activity of 252.3 U/L was recorded
at 12 d after the incubation period (Figure 3C). However, no significant production of
laccase, Lignin peroxidase, and Manganese peroxidase was recorded in BSM + TlFLU1 and
BSM + TpFLU12 inoculated flask.

2.7. Ecotoxicity Test

The time-course changes in toxicity of fluoranthene degradation products were as-
sessed by survival, EC50 and TU (toxicity unit) of Vibrio parahaemolyticus after 6 h of
exposure time (Figure 4 and Table 3). Toxicity was at its peak at 0 d (parent compound)
with 0 Log (CFU/mL) of the marine bacterium. The bacterium survival (Log CFU/mL) on
each degradation product of TlFLU1 (Figure 4A) and TpFLU12 (Figure 4B) was dependent
on degradation product concentration. Additionally, the bacterium survival was observed
to be increasing, with an increase in the degradation product per day for TlFLU1 and
TpFLU12. Maximum survival of 7.68 Log (CFU/mL) was observed in the 16 d degrada-
tion product of TlFLU1, followed by 14 d product with 6.50 while the least survival of
5.25 Log (CFU/mL) which remains constant on degradation products of 2 to 12 d. How-
ever, the 16 d degradation product and the CN (No degradation product/PAHs) with
7.90 Log (CFU/mL), are statistically not significant (p ≤ 0.05) (Figure 4A). Conversely,
the marine bacterium survival was significantly high in every degradation product of
TpFLU12 with the maximum survival of 7.85 Log (CFU/mL) at 16 d and least survival of
7.32 Log (CFU/mL). Additionally, the degradation products of 10 d, 12 d, 14 d, 16 d, and
the CN (No degradation product/PAHs) with 7.90 Log (CFU/mL) were statistically not
significant (p ≤ 0.05) (Figure 4B). However, the effective concentration (EC50) and toxicity
unit (TU) of 14.25 mg/L and 7.018% with toxicity class of harmful was obtained for TlFLU1
degradation products, while that of TpFLU12 was classified as non-toxic with effective
concentration (EC50) and toxicity unit (TU) of 197.1 mg/L and 0.507%. It is noteworthy that
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significant differences are observed in EC50 and TU in the degradation products of TlFLU1
and TpFLU12 (Table 3).

          
 

 

 

           

             

                

   

          

               

                   

             

             

          

              

Figure 3. Extracellular ligninolytic enzyme activities response to fluoranthene degradation. (A) Lac-
case activity, (B) lignin peroxidase activity, and (C) manganese peroxidase activity. Control (�),
Fluoranthene + TlFLU1 (•), Fluoranthene + TpFLU12 (�), BSM + TlFLU1 (H), BSM + TpFLU12 (N).
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Figure 4. V. parahaemolyticus survival after 6 h exposure to fluoranthene degradation products of
(A) TlFLU1 and (B) TpFLU12. CN (Negative Control (no fluoranthene in the growth medium)) and
****: significant difference at p < 0.001.

Table 3. Acute toxicity (EC50) of daily fluoranthene biodegradation products of TlFLU1 and TpFLU12.

Acute Toxicity Strains

Profile TlFLU1 TpFLU12

EC50 (mg/L) 14.25 b 197.1 a

TU (%) 7.018 a 0.05 b

Class Harmful non-toxic
Key: Very toxic (EC50 < 1 mg/L); Toxic (1 mg/L < EC50 ≤ 10 mg/L); Harmful (10 mg/L < EC50 ≤ 100 mg/L); Non-
toxic (≥100 mg/L) [32]. Values with the same alphabet as superscripts are not statistically different (p ≤ 0.05).

3. Discussion

The use of high PAHs tolerant fungi indigenous to a heavily PAHs contaminated
site should be the preliminary attribute for selecting desirable PAH-degrading fungal
species during any biodegradation procedures [33]. Although few studies have shown the
ability of two of the most arguably diverse groups of fungi (Trichoderma and Talaromyces)
in the degradation of different classes of hydrocarbons, such as alicyclic, heterocyclics,
and some PAH compounds [34,35]. There are no available reports that account for the
degradation of fluoranthene by these bio-catalytically fungi either as an individual strain
or in a consortium.

In this study, Trichoderma lixii strain FLU1 (TlFLU1) and Talaromyces pinophilus strain
FLU12 (TpFLU12), with a remarkably high degree of physiological and genetic PAHs
tolerance were identified. This observation is not surprising because high evolutionary
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relationships are common characteristics of fungi with diverse substrate ranges with high
tolerance to them [36]. Additionally, fungi from the genus Trichoderma and Talaromyces
have been linked to high PAHs tolerance capability, consistent with their phylogenetic
relationship [35,37]. Similarly, the high evolutionary relationships and high PAHs tolerance
can be attributed to the extreme metabolic diversity of these fungi [35].

The capability of TlFLU1 and TpFLU12 to effectively metabolize fluoranthene as a sole
carbon source could be linked to their extensive substrate affinity for different classes of
PAHs when used as a carbon source [38]. The increment in fluoranthene degradation rate
by the fungi with an increase in incubation period is comparable to other reports where
PAH compounds degradation is proportional to the incubation period [27,39]. Similarly,
the ability of the tested fungi to exhibit higher and faster fluoranthene degradation (99%) at
12 d of incubation period compared to earlier reported white-rot fungus (Pleurotus eryngii),
where 80% of fluoranthene was degraded at 30 d after incubation period under agitated
conditions [31]. The efficiency of PAHs degradation can decrease at higher concentrations,
possibly due to mass transfer limitations or adsorbent material saturation. Other factors,
such as pH, temperature, and the type and concentration of enzymes, can also affect the
efficiency of PAH removal. For example, during the biodegradation of anthracene by
Aspergillus sydowii strain bpo1, high concentration of anthracene, extracellular enzymes
activities (laccase, lignin, and manganese peroxidase), pH, and temperature individually
have significant impact on the biodegradation efficiency [40]. The significant increase in
the dry weight biomass observed is directly correlated with fluoranthene degradation [41].
Furthermore, the pH reduction observed could be explained by the accumulation of certain
acidic metabolites formed during PAH metabolic processes [24]. Additionally, the reduc-
tion in pH during degradation suggests the production of CO2 during the aromatic ring
decarboxylation [3].

Despite the existence of copious studies on the biodegradation of PAHs by fungi be-
longing to the family Ascomycota, little is known about fluoranthene persistence through
degradation kinetics. It was evident from the study that the high degradation rate con-
stant K (0.150–0.210 d−1) is directly proportional to low half-life time (2.254–2.588 T50),
which implies less persistence of fluoranthene due to the fast degradation rate by TlFLU1
and TpFLU12 (Table 1). This result agrees with the previous report [42], where the high
degradation constant rate (0.164–0.204 d−1) was, consequently, proportional to low half-life
(3.397–4.218 T50) leading to the fast degradation of benzo(ghi)perylene and perylene by
yeast consortium YC02 and YC04. Similarly, previous study [40] demonstrated the less
persistence of a PAH compound (anthracene) with a low half-life time (t1/2) = 3.2 and
5.5 days for concentrations of 400 and 500 mg/L, respectively, which corroborate the result
in this study. Additionally, the perceived high biodegradation kinetic constant rates could
also be linked to the production of ligninolytic enzymes which non-specifically oxidize
fluoranthene through the removal of an electron or a hydrogen atom [43]. In addition, the
degradation kinetics model which best fitted first-order kinetics for TlFLU1 and better fitted
first-order kinetics for TpFLU12 are not unusual observations but significant in gaining an
insight into the rate at which fluoranthene concentration is reduced by half and the most
popular model for assessing any biodegradation kinetics [44]. Contrary to the ideal case of
first-order kinetics, which is often employed in evaluating degradation kinetics, the ability
of TpFLU12 to best fit zero-order kinetics with the highest R2 = 0.968 is an indication of a lin-
ear rate of degradation with a finite persistence half-life of fluoranthene. The most probable
explanation for such an observation could be attributed to the PAH compound ring number
since the persistence of four four-ring PAHs (fluoranthene and pyrene) in the environment
often obey zero-order biodegradation kinetics, which is a time-dependent process with a
degradation rate constant directly proportional to PAHs concentration compared to the
first-order kinetic model [45].

The result of the GC-MS analysis suggests that the fluoranthene degradation pathway
by fungi belonging to the Ascomycota family (TlFLU1 and TpFLU12) is principally initiated
at the C1–C2 position of the compound ring via oxygenation and ring cleavage to form
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9-oxo-9H-fluorene-1-carboxylic acid before undergoing ring cleavage to yield fluorenone,
which then proceeds through oxygenation and side-chain removal into ß-Ketoadipate via
benzene-1,2,3-tricarboxylic acid (Table 2 and Figure 2). This same metabolic pathway has
been reported previously [46], as one of the routes by which a white rot-fungi, Armillaria
sp. F022 degrades fluoranthene into major products, such as 9-fluorenone-1-carboxylic
acid, benzene-1,2,3-tricarboxylic acid, and phthalic acid. Similarly, this same route has
been documented as a major route through which fluoranthene metabolism proceeds via
dioxygenation and meta cleavage at C-1 and C-2 positions to form 9-fluorenone-1-carboxylic
acid which later undergoes decarboxylation to form 9-fluorenone in Pasteurella sp. IFA and
Mycobacterium sp. PYR-1 [12]. Additionally, another study [47] attributed the conversion of
9-fluorenone-1-carboxylic acid to 9-fluorenone as a result of decarboxylation. Unfortunately,
phthalic acid was not picked up during the GC-MS analysis of both TlFLU1 and TpFLU12
inoculated flask which could be attributed to the instability of this product or probably
it was used by the fungi for its metabolism. Additionally, the oxidation of 9-fluorenone
aromatic ring to 2,3-dihydro-1H-Inden-1-ol, which was later converted to benzoic acid
via ring cleavage, could be linked to the production of laccase, lignin peroxidase, and
manganese peroxidase. This observation aligned with another findings [48], where laccase
and peroxidase enzymes mediated the oxidation of fluorene to benzoic acid by a marine-
derived fungus, Mucor irregularis strain bpo1. In addition, the formation of 2,3-dihydro-1H-
Inden-1-ol was a result of carboxyl ring oxidation in 9-fluorenone, which then yielded in
the loss of aldehyde substituent before undergoing decarboxylation of its resulting β-keto
acid [49]. It is noteworthy that 9-oxo-9H-fluorene-1-carboxylic acid and 9-fluorenone are
not stable products due to their absence in chronological order in both the TlFLU1 and
TpFLU12 inoculated flasks.

The use of FTIR as a sensitive, high throughput and non-destructive mechanism
for monitoring the vibrational frequency changes in functional groups of PAHs during
biodegradation pathway mapping has been well documented [28]. The observed spectral
absorption peaks at 3202 cm−1–3340 cm−1 in both the control sample and fungal inoculated
flasks could attribute to the O–H broad stretching of the alcohol rings due to the presence
of ethyl-acetate used in during the extraction process [50,51]. The shift in adsorption
peak of the control sample at wavelength 1610 cm−1 to 1650–1730 cm−1 is linkable to
the presence of C=O rings of the quinone compounds [52]. Similarly, a previous study
opined that a peak at 1650 cm−1 is attributable to C=C and C=O asymmetric vibration
stretching of the aromatic and carbonyl compound [53]. The high adsorption intensity
peak at 1421 cm−1 in the TpFLU12 sample, is an attribute of aromatic ring vibrations
and plane bending of C–O–H [54]. Additionally, the adsorption intensity at 1385 cm−1

in the fungi inoculated flasks could be a result of the bending of aliphatic CH and CH2
groups [52]. A previous report [55], analogously attributed a close peek at 1380 cm−1 to a
planar bending of the CH ring. Furthermore, the high peak intensity observed at 1280 cm−1

of the TpFLU12 degradation sample corresponds with C–O functional group due to the
carboxylic acid stretch [56]. The observed high-intensity peak at 1030 cm−1 of the TpFLU12
sample corresponds with the C–OH and O–CH3 stretch [54]. Likewise, the peak intensity
could be linked with the vibration of C–C, C–OH, C–H ring and side group [55]. The
adsorption intensity of the fungi inoculated flasks at 600–610 cm−1 could be linked with
–C≡C–H: C–H bend in alkynes [28].

The high production of extracellular enzymes (Lac, LiP, and MnP) in the presence of
fluoranthene suggests that they are PAH inducible and played a crucial role in the oxida-
tion of the aromatic rings [57,58]. Similarly, ligninolytic enzymes have been implicated in
the mechanistic and oxidative activities involving oxygenation, ring cleavage, carboxyla-
tion, and decarboxylation in the metabolic pathway of fluorene to various intermediate
products [48]. In addition, the high laccase observed in strain TpFLU12, in comparison
to strain TlFLU1, is not an unusual occurrence, since previous studies have shown that
these extracellular enzymes are not always produced at the same rate during the oxidation
of fluoranthene, anthracene, naphthalene, and phenanthrene [31]. A preliminary study
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for a tolerance test (Table S3, Figure S6A–C) using a solid plate method revealed that the
fungi could produce only the extracellular enzyme in the presence of PAHs (low molecular
weight and high molecular weight). Additionally, in the first 8 days of the degradation
assay, intracellular enzymatic activities were not detectable.

Knowledge about the mechanism and metabolic pathways for fluoranthene degra-
dation by fungi belonging to the Ascomycota cannot be completed without assessing the
toxicity of degradation intermediate products formed for a proper environmental impact
assessment. It was evident that the formation of one or more metabolites could induce
acute toxicity, despite the increase in bacterium survival (log CFU/mL) on degradation
product after day 0 in comparison to the non-degradation product treated assay (Figure 4).
A similar observation was reported previously [59], where biodegradation of bisphenol A
by some thermos-tolerant ascomycetes produces metabolites of higher toxicity than the
parent compound. Additionally, the low bacterium survival (log CFU/mL) in the degra-
dation product of the TlFLU1 treated assay in comparison to TpFLU12 could be linked to
the occurrence of carboxylation on the C1- position of PAHs and its metabolic products
which have been established in lowered defensing mechanism and altered the normal
biological functions of the test organism [60]. The presence of aromatic structures with
ortho-substituted carbonyl and hydroxyl groups metabolic product could have accounted
for the low bacterium survival (log CFU/mL) [61]. Additionally, the low EC50 and high
percentage TU recorded for TlFLU1 treated assay further corroborates the observed low
bacterium survival (Log CFU/mL) and the general notion that PAHs metabolites could be
more toxic than the parent PAHs. A review [62] further attests that PAHs biodegradation
often yielded toxic metabolites which covalently bound to the fish cellular macromolecules
(proteins, DNA and RNA) which later resulted in cell damage, mutagenesis, teratogenesis,
and carcinogenesis. Similarly, a report [63] demonstrated how high molecular weight
PAHs with their derivatives, such as NOx, O3, and OH radicals, significantly invoke more
developmentally toxic and CYP1A expression in five distinct tissues, including vasculature,
liver, skin, neuromasts, and yolk of zebrafish. Additionally, PAHs toxicity increases due
to an increase in solubility and/or inherent toxicity of metabolites [63]. Conversely, the
high EC50 and low TU values of the degradation process by TpFLU12 confirm the efficiency
of the fungal strain in biodegradation and detoxifying toxic metabolic products into an
innocuous state, especially with compounds with the dimer OH auras as the dead-end
degradation product [64]. Additionally, high EC50 and low TU values further confirmed the
use of marine bacterium as an efficient and cheap bioassay protocol in the environmental
risk assessment of organo-pollutants, such as fluoranthene and its metabolites, due to their
sensitivity to chemical toxicants [65].

4. Materials and Methods
4.1. Chemicals and Media

Fluoranthene, ethyl acetate, acetone, n-hexane, 2,2- azino-bis-3-ethyl-benzthiozoline-6-
sulphonic acid (ABTS), 2, 6-dimethoxy phenol (DMP), azure B, (NH4)2SO4, K2HPO4,
NaH2PO4

.2H2O, NaCl, MgSO4
.7H2O, nitrilotriacetic acid, CaCl2.2H2O, MnCl2.2H2O,

FeSO4
.7H2O, Co(NO3).6H2O, ZnSO4, CuSO4, H3BO3, Na2MoO4, Al2(SO4)3 H2O, potato

dextrose agar, and thiosulphate-citrate-bile salts-sucrose (TCBS) agar were procured from
Merck (Burlington, MA, USA). All solvents and reagents are of HPLC grade with ≥98%
purity.

4.2. Preparation of Standard Solutions

Fluoranthene stock solution was prepared by dissolving 500 mg of fluoranthene in
10 mL acetone, sterilized by membrane filtration (0.22 µm, Millipore, Merck, Burlington,
MA, USA) and stored at 4 ◦C. Basal salt medium (BSM) was prepared, as described
previously [41], and contain (in g/L): (NH4)2SO4 2.4; K2HPO4 1.55; NaH2PO4

.2H2O 0.85;
NaCl 0.5; MgSO4

.7H2O 0.26 and 1mL of Trace Elements (mg/L): Nitrilotriacetic acid 15;
CaCl2.2H2O 15; MnCl2.2H2O 6; FeSO4

.7H2O 1; Co(NO3).6H2O 1; ZnSO4 1; CuSO4 0.1;
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H3BO3 0.1; Na2MoO4 0.1; Al2(SO4)3
.H2O 0.1. The pH of the medium was adjusted to 5

with 1 N hydrochloric acid (HCl).

4.3. Fungal Strains and Molecular Identification

Two indigenous fungal strains namely, Trichoderma lixii strain FLU1(TlFLU1) and
Talaromyces pinophilus FLU12 (TpFLU12) previously isolated from a benzo (b) fluoranthene
enriched wastewater-activated sludge with tolerance to 3, 4, and 5-ring PAH compounds
and with ability to use them as sole carbon sources (Unpublished data). TlFLU1 and
TpFLU12 cultures were grown separately on potato dextrose agar plates and incubated at
30 ◦C for 96 h. DNA was extracted from each fungal strain using the ZR Fungal/Bacterial
DNA MiniPrepTM kit (Zymo Research) according to the manufacturer’s instructions and
used in amplifying, sequencing, and analyzing the fungi intergenic ITS1-5.8S-ITS2 region
of the ribosomal DNA (rDNA). The ITS region of the fungal strains were amplified from
the extracted DNA using the primers, ITS 4 (5′-TCCTCCGCTTATTGATATGC-3′) and
ITS 5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′), in a PCR assay. The PCR mixtures
consisted of 10 ng/µL DNA, 5 µL of 10 X reaction buffer, 2 µL 25 mM MgCl2, 2.5 µL
of each primer (0.5 µM), 0.25 µL of Taq DNA polymerase, 1 µL of 10 mM dNTPs and
volume made up to 50 µL with ultrapure water (MilliQ H2O). A T100 Thermal Cycler
(BioRad, Hercules, CA, USA) was used for amplification with the initial denaturation at
95 ◦C for 2 min followed by 30 cycles of denaturation at 95 ◦C for 30s, then annealing at
53 ◦C for 45 s and elongation at 72 ◦C for 45 s, with a final extension at 75 ◦C for 10 min.
The PCR products were resolved on 1.0% (w/v) agarose gels (Seakem, Thermo Fisher
Scientific, Arendalsvägen, Göteborg, Sweden) and visualized after staining with ethidium
bromide (0.5 µg/mL) using the Chemigenius Bio-imaging System (Syngene, Cambridge,
UK). Positive amplicons (~600 bp) were excised and sequenced at Inqaba Biotechnogical
Industries, Pretoria, South Africa, and the sequences were compared against the GenBank
database. Homologs were identified using the BLASTn program at the National Center
for Biotechnology Information (NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed
on: 21 April 2023)). A phylogenetic approach was used for alignment. The evolutionary
relationship between the fungi nucleotide sequence and other sequences was matched on
NCBI database using muscle (multiple sequence comparison by UMPGA) implanted in
MEGA 11. Alignments were examined manually, and a phylogenetic tree was constructed
with a neighbor-joining likelihood approach and bootstrap resampling of 1000 replicates
using MEGA 11 [66].

4.4. Degradation of Fluoranthene

The potential of the fungal strains to utilize fluoranthene (400 mg/L) as the sole carbon
and energy source was carried out in a 250 mL Erlenmeyer flask containing 100 mL BSM
broth. BSM broth added with fluoranthene was separately inoculated with two mycelium
discs of 10 mm diameter from the edge of an active growing 5 days old culture of each
fungal strain from potato dextrose agar plate. The flasks were incubated in the dark
at 30 ◦C on a rotary shaker at 180 rpm for 16 days. Sterile BSM broth containing only
fluoranthene (400 mg/L) was set up as a negative control sample to monitor the effect of
abiotic factors. Samples were periodically drawn at 2 day intervals for the quantification of
residual fluoranthene, metabolite formation, ligninolytic enzyme activity determination,
and ecotoxicity test. The initial concentration of 400 mg/L was used based on its zero
fungal growth inhibition on both selected strains (Table S2). The pH of the culture broth
was also monitored periodically using a pH/temperature bench meter fitted with a digital
probe 230 VAC (HANNA instruments, Romania).

4.5. Fungal Strains Biomass Estimation

The fungal biomass was estimated as described previously [31]. The periodically
collected culture broth (4 mL) was centrifuged at 10,000 rpm for 15 min. The supernatant
was collected for residual fluoranthene quantifications while the pellets were removed
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and washed thrice with ethyl acetate to recover any absorbed fluoranthene before passing
through a pre-dried and pre-weighed Whatman filter paper no. 1. Thereafter, the Whatman
filter paper was dried to a constant weight at 80 ◦C, and the dry weight of the biomass was
determined. It is worthwhile to note that washing the pellet with ethyl acetate (1:10 w/v,
5 times) was necessitated so as not to underestimate the residual fluoranthene concentration
since fluoranthene is known to be hydrophobic and to limit biosorption of the PAH by the
fungi mycelia pellets.

4.6. Extraction, Quantification of Residual Fluoranthene and Kinetics of Degradation

The residual fluoranthene in the culture medium was extracted and quantified using a
UV-Vis spectrometer, as described previously [57], with slight modifications. For brevity,
the culture broth (supernatant) obtained during the biomass estimation was mixed with
ethyl-acetate (1:4 v/v) in a separating funnel. The mixture was then vigorously shaken for
5 min and allowed to stand for 20 min to enhance the separation of aqueous and organic
phases using the standard extraction method. The organic phase was collected, dried over
10 g anhydrous Na2SO4, and evaporated to dryness at 40 ◦C under reduced pressure. The
dried fractions were then dissolved with the same extraction solvent and diluted 10-fold
with ethyl acetate before quantifying the residual fluoranthene in a scanning spectrum
mode of Agilent Cary 60 UV-Vis spectrophotometer (Agilent, Santa Clara, CA, USA) from
a wavelength of 400 to 200 nm. The absorption spectrum of fluoranthene showed peak
maxima at a wavelength of 265 nm using a quartz cuvette with an optical path length
of 10 mm. The fluoranthene residual concentration of the medium was determined by
using a standard curve derived from known concentrations of fluoranthene (R2 value of
0.958). Additionally, a recovery study was carried out in a sterile BSM broth (uninoculated
with fungi) with an appropriate volume of known fluoranthene concentrations under a
static condition before analytical quantification. This set-up was replicated with an average
fluoranthene recovery of 97.9 ± 7.17%. The Kinetic models of the fluoranthene degradation
by the fungi were plotted following the methods, as described previously [67].

4.7. Determination of Intermediates Compounds by GC-MS Analysis

The periodically extracted residual fluoranthene fractions were pooled together and
dried at 40 ◦C under reduced pressure. The dried fractions were then re-dissolved to a
final volume of 1 mL in ethyl acetate before analyzing the intermediate compounds using
GC–MS as follows, one microliter of the extracted fractions was injected into an Elite-5MS
capillary GC column with a length of 30.0 m; ID 0.25 mm; film thickness 250 µm, split
injection (injector temperature 280 ◦C, split 1/8 for samples and 1/20 for standard samples);
oven temperature programmed from 60 ◦C (held for 2 min) to 300 ◦C (15 min) at 10 ◦C/min.
The carrier gas used was helium at a flow rate of 1 mL/min. The ion trap detector and NIST
(National Institute of standard technology) and USA library was used for intermediate
compound analysis at a full scan at 10–220 m/z [30].

4.8. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The structural changes in the functional group of intermediate compounds were moni-
tored with FTIR spectroscopy in a scanning absorbance mode of PerkinElmer spectrum 100
fitted with a universal attenuated total reflectance (ATR) accessory (PerkinElmer, Waltham,
MA, USA). Hundred microliters of sample used for the intermediate compound detection
were scanned between wavenumber 4000–400 cm−1. All obtained data were corrected for
the background spectrum.

4.9. Quantitative Estimation of Ligninolytic Enzymes Activities
4.9.1. Laccase Assay

Laccase activity was carried out by measuring the increase in absorbance during
the oxidation of 2,2- Azino-bis-3-ethyl-benzthiozoline-6-sulphonic acid (ABTS) [68]. The
reaction mixture contained 100 µL of 50 mM ABTS and 800 µL of 20 mM Na-Acetate buffer
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(pH 4.5), and 100 µL of appropriately diluted enzyme extract. The reaction mixture was
incubated at 30 ◦C for 15 min and thereafter stopped by adding 40 µL of 20% trichloroacetic
acid. The absorbance was measured at 420 nm using an Agilent Cary 60 UV-Vis spectropho-
tometer (Agilent, Santa Clara, CA, USA). The enzyme activity was expressed in unit L−1

of the culture filtrate. A unit of laccase activity was defined as 1 µmol of ABTS oxidized
per min.

4.9.2. Lignin Peroxidase Assay

Lignin peroxidase assay was performed by measuring the reduction in the substrate
(Azure B), as described previously [28]. The reaction mixture contained 749.5 µL of 125 mM
sodium tartrate buffer (pH 3.0), 83.5 µL of enzyme extract, and 0.16 mM of substrate
Azure B. The enzymatic reaction was also catalyzed with pure 83.5 µL of 2 mM Hydrogen
peroxide (pH 3.0) before incubating at 30 ◦C for 15 min. The color change was measured
using Agilent Cary 60 UV-Vis spectrophotometer at 651 nm and expressed in unit L−1 of
the culture filtrate. One unit of the lignin peroxidase activity was defined as 1 µmol of
Azure B reduced per min.

4.9.3. Manganese Peroxidase Assay

Manganese peroxidase activity was determined by monitoring the oxidation of 2,
6-DMP at 469 nm [68]. Briefly, the reaction mixture contained 749.5 µL of sodium tartrate
buffer (50 mM, pH 4.0), 83.5 µL of enzyme extract and 2 mM of 2, 6-DMP. The enzymatic
reaction was also catalyzed with pure 83.5 µL of 0.4 mM hydrogen peroxide (pH 4.0) before
incubating at 30 ◦C for 15 min. The enzyme activities were expressed as unit L−1 of the
culture filtrate. One unit of the manganese peroxidase activity was defined as 1 µmol of the
substrate oxidized per min.

4.10. Ecotoxicity Test

The ecotoxicity test of the culture medium (undergoing degradation) was evaluated at
different incubation periods based on bacterial survival using a modified liquid-to-plate
micro-counting method [69]. Briefly, 100 µL of diluted standardized overnight culture
broth of Vibrio parahaemolyticus (ATCC 17802) with an absorbance value of 0.14 at λmax
600 nm (corresponding to a final inoculum of 1.0 × 108 CFU/mL) was exposed to each
degradation product in marine broth (9:1 v/v) to a final volume of 1 mL in 15 mL centrifuge
tube. To avoid sedimentation, each toxicant was incubated at 30 ◦C in a 15 mL centrifuge
tube and mixed on MRC Lab suspension mixer SM-3600 (MRC laboratory equipment,
Essex, UK) at 180 rpm for 6 h. The suspensions from each exposed toxicant at the initial
and final exposure time were serially diluted before spread plating 10 µL on 45 mm TCBS
agar plates and incubated at 30 ◦C for 96 h in triplicates. Bacterium survival for each
degradation product was calculated by log transformation of the colony-forming unit
(CFU/mL) using GraphPad Prism software (v. 7.05). Additionally, a control (CN) and no
degradation product/PAHs was also set up to compare the bacterium survival without
stress. The toxicity unit (TU) of the 50% effect endpoint of the toxicant was calculated as
the reciprocal of EC50 multiplied by 100 [70]. It is noteworthy to state that the EC50 toxicity
classification was interpreted based on Directive 79/831/EEC [32]. Briefly, the metabolites
were classified as very toxic (EC50 ≤ 1 mg/L), toxic (1 mg/L ≤ EC50 ≤ 10 mg/L), harmful
(10 mg/L ≤ EC50 ≤ 100 mg/L), and non-toxic (EC50 ≥ 100 mg/L).

4.11. Data Analysis

The experiments were set up in a completely randomized design (CRD). Data obtained
were presented graphically as mean values and error bars using GraphPad prism statistical
analysis package version 8.4.3 (471) (San Diego, CA, USA). The effective concentration
(EC50) and toxicity unit (TU) of transformation product resulting in 50% reduction in
active bacterial replicating/forming colonies after 6 h exposure was evaluated using non-
linear regression (log (agonist) vs. response model) of colony-forming unit (CFU/mL).
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Additionally, the bacterium survival data (log CFU/mL) was subjected to analysis of
variance (ANOVA) while its means were ranked with Bonferroni’s multiple comparisons
test (BMCT) at p ≤ 0.05.

5. Conclusions

This study reveals that two indigenous fungal strains, TlFLU1 and TpFLU12, can
effectively degrade fluoranthene. The fungi can metabolize fluoranthene as a sole source
of carbon and energy through the ß-Ketoadipate pathway via benzene-1,2,3-tricarboxylic
acid. The ability of these strains to completely metabolize fluoranthene is linked to their
production of ligninolytic enzymes (Lac, LiP, and MnP) and their growth. The study also
found that the time-course changes in toxicity of degradation products accumulated during
the metabolism process by TlFLU1 are toxic to marine bacterium survival and classified
as harmful due to the recorded EC50 (14.25 mg/L) and toxicity unit (7.000%) while that of
TpFLU12 were non-toxic with EC50 (197.1 mg/L) and toxicity unit (0.507%), suggesting it
as a proficient strain in metabolizing fluoranthene into an innocuous state and the enzymes
reported may be used as biocatalysts in the biotechnology industries.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13050791/s1, Figure S1: morphological character-
istics of TlFLU1 grown on a PDA plate; Figure S2: morphological characteristics of TpFLU12 grown
on a PDA plate; Figure S3: neighbor-joining phylogenetic tree for TlFLU1 and TpFLU12 with other
fungal strains. Figure S4: Fluoranthene degradation kinetic modelling (A) Zero Order, (B) First Order,
and (C) Second Order. TlFLU1 (•), TpFLU12 (�), d = days; Figure S5: FTIR spectra of fluoranthene
biodegradation metabolites; Figure S6: Preliminary assay for Ligninolytic enzyme production on
solid media. Keys: - flouranthene + no-fungus; + flouranthene + fungus; laccase (oxidation of ABTs to
Green colour zones); LiP (Oxi-dation of Azure B to Green colour zones); MnP (oxidation of phenol red
to form yellow colour zones); Table S1: GC-MS profile of the metabolite formed during fluoranthene
degradation; Table S2: The average fungal growth and growth inhibition after 10 days of exposure to
varying fluoranthene concentrations; Table S3: Preliminary assay for extracellular enzyme production
on solid media.
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Figure S1. (A) Morphological characteristics of TlFLU1 grown on a PDA plate. (B) Microscopic 

morphology of TlFLU1. 

A 

B 
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Figure S2. (A) morphological characteristics of TpFLU12 grown on a PDA plate. (B) Microscopic 

morphology of TpFLU12. 
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Figure S3. (A) Neighbor-joining phylogenetic tree for TlFLU1. (B) Neighbor-joining phylogenetic 

tree for TpFLU12. 
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Figure S4. Fluoranthene degradation kinetic modelling (A) Zero Order, (B) First Order, (C) Second 

Order. TlFLU1 (●), TpFLU12 (■), d = days. 
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Figure S5. FTIR spectra of fluoranthene biodegradation metabolites. 
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Figure S6. Preliminary assay for Ligninolytic enzyme production on solid media. Keys: - flouran-

thene + no-fungus; + flouranthene + fungus; laccase (oxidation of ABTs to Green colour zones); LiP 

(Oxidation of Azure B to Green colour zones); MnP (oxidation of phenol red to form yellow colour 

zones). 
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Table S1. GC-MS profile of the metabolite formed during fluoranthene degradation. 

Metabolites 
Retention time (min) Major m/z of fragment ions 

Tentative identification GC-MS spectral 
TlFLU-1 TpFLU-12 (% relative abundance) 

1 28.4 88 (3, M+), 100 (5), 101 (9), 174 (2), 175 (2), 199 

(2), 200 (15), 201 (12), 202 (100), 203 (17) 
Fluoranthene 

 
     

2 ND 23.9 63 (6, M+), 75 (5), 76 (13), 126 (5), 150 (7), 

151 (13), 152 (29), 153 (4), 180 (100), 181 (15) 
9-Fluorenone 

 

3 ND 18.4 50 (12, M+), 51 (21), 76 (14), 77 (24), 78 (30), 

103 (42), 104 (100), 105 (10), 131 (23), 132 (98) 
2,3-dihydro-1H-inden-1-one 

 

4 14.2 ND 

75 (6, M+), 76 (5), 126 (5), 150 (15), 151 

(22), 

152 (37), 153 (5), 180 (100), 181 (14), 224 

(18) 

9-oxo-9H-fluorene-1- car-

boxylic acid 
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5 12.3 ND 

18 (15, M+), 44 (11), 50 (15), 64 (13), 74 

(19), 

75 (23), 76 (31), 92 (25), 104 (44), 148 

(100) 

Benzene-1,2,3-tricarboxylic 

acid 

 

6 ND 7.9 

50(19, M+), 51 (3), 74 (8), 76 (6), 77 

(66), 

78(6), 105(100), 106 (7),122 (83), 123 (7) 

Benzoic acid 

 

ND: Not detected 
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Table S2. The average fungal growth and growth inhibition after 10 days of exposure to varying. 

fluoranthene concentrations. 

Concentration (mg/L) 
Fungal growth (mm) Growth Inhibition (%) 

TlFLU1 TPFLU12 TlFLU1 TPFLU12 

50 9.0 a 9.0 a 0.0 0.0 

100 9.0 a 9.0 a 0.0 0.0 

200 9.0 a 9.0 a 0.0 0.0 

400 9.0 a 9.0 a 0.0 0.0 

600 8.6 a 7.9 b 4.4 b 12.2 a 

800 7.7 a 6.6 b 14.4 b 26.7 a 

1000 6.8 a 6.1 b 24.4 b 32.2 a 

Values with the same superscript alphabet in the same row under the same parameter are statistically non-significant (p 

≤ 0.05). 

Table S3. Preliminary assay for extracellular enzyme production on solid media. 

Extracellular enzyme 

Fungal Colony 

Diameter (mm) 
Colour diameter (mm) Oxidation Scale at Day 10 

FLU1 FLU12 FLU1 FLU12 FLU1 FLU12 

Laccase 90 80 60 80 +++ ++++ 

LiP 90 68 70 65 ++++ ++++ 

MnP 89 87 90 90 +++++ +++++ 

+ diameter of the oxidized zone 0-20mm, ++ zone diameter 21-40mm, +++ zone diameter 41-60mm,
++++ 61-80 mm,+++++ 81-  100mm 
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Abstract: This study focused on the mycotransformation of a very prominent PAH, 14 
anthracene, and its acute toxicity reduction by Ascomycete fungi: Trichoderma lixii 15 
strain FLU1 (TlFLU1) and Talaromyces pinophilus strain FLU12 (TpFLU12) indige-16 
nously isolated from benzo[b]fluoranthene enriched activated sludge. The results in-17 
dicate that both the isolates TlFLU1 and TpFLU12 could tolerate anthracene exposure 18 
up to 1000 mg/L, with increased expression of ligninolytic enzymes: Laccase, Lignin 19 
peroxidase and Manganese peroxidase. The mycotransformation of anthracene was 20 
observed to be growth-linked and mediated by the expression of the intracellular en-21 
zymes as the initial mechanism use by these strains followed by the ligninolytic en-22 
zymes with up to 56% and 38% anthracene degradation by TlFLU1 and TpFLU12, 23 
respectively, after a 24-day period with a concomitant change in pH from 5 to 4 24 
(TlFLU1) and 6.2 (TpFLU12). The GC-MS and FTIR analysis of the samples indicate 25 
the appearance of metabolic intermediates: 9,10 anthracenedione and benzoic acid in 26 
TlFLU1 grown medium, while anthrone and 9,10 anthracenedione were detected in 27 
TpFLU12 grown medium. The mycotransformation of the compound followed first-28 
order kinetic model with an effective concentration (EC50) of 262.3-266.1 mg/L with 29 
toxicity unit (TU) of 0.4% in Vibrio parahaemolyticus (6 h exposure) to each intermedi-30 
ate. Results show efficient mycotransformation of anthracene into a non-toxic state by 31 
TlFLU1 and TpFLU12. 32 

Keywords: Anthracene, mycotransformation, toxicity, Trichoderma lixii, Talaromy-33 
ces pinophilus. 34 

1. Introduction35 

Polycyclic aromatic hydrocarbons (PAHs) are a group of recalcitrant and 36 
ubiquitous contaminants released into the environment through natural and 37 
anthropogenic processes [1]. They exist as derivatives of biogenic, petrogenic 38 
and pyrolytic compounds [2]. Due to the recalcitrant characteristics, hydro-39 
phobicity, toxicity, carcinogenic effects; and non-bioavailability to biological 40 
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agents for degradation; USEPA listed PAHs among priority pollutants need 41 
to be expunged from ecosystems [3]. 42 

Anthracene, a PAH, is found in various environmental compartments, with 43 
its levels varying significantly. In urban air, its concentration ranges from 0.1 44 
to 10 ng/m³, while in rural areas, it is lower, at 0.01 to 1 ng/m³. However, in 45 
cigarette smoke, its levels can be much higher, at 100 to 1000 ng/m³. In soil, 46 
its concentrations can reach up to 10,000 µg/kg in areas near industrial zones 47 
or coal tar deposits [4]. The distribution of PAHs in aquatic ecosystems is in-48 
fluenced by particle size and organic matter content [5]. Gas-particle parti-49 
tioning of PAHs in urban, coastal, and continental sites is influenced by their 50 
subcooled liquid vapor pressure [6]. The concentrations of PAHs in soils are 51 
affected by soil properties and climate, with lighter OPAHs being more prev-52 
alent in the south, suggesting biological sources [7]. 53 

Anthracene is the active ingredient in various products, including dyes, syn-54 
thetic fibers, wood preservatives, and the chemotherapeutic drug, amsacrine 55 
[8]. They pose significant environmental hazards as immunosuppressants, 56 
teratogens, and respiratory irritants, with various degrees of toxicity, muta-57 
genicity, and carcinogenicity [9,10]. In plants, anthracene accounts for low 58 
yields in crops through the interference with carbon fixation inhibition, en-59 
zymatic dysfunction, membrane permeability and reduction in net photosyn-60 
thesis [11]. Researchers and environmental agencies have been the techniques 61 
like chemical oxidation, flocculation, activated carbon, electro-oxidation and 62 
photolysis to mitigate the harmful effects of anthracene [12]. However, these 63 
techniques are not as efficient as microbial-mediated detoxification/biotrans-64 
formation methods, which are also deemed to be eco-friendly and low-cost 65 
process [13].  66 

Mycotransformation by mushroom-forming fungi (Basidiomycetes) has re-67 
ceived tremendous attention over the past decades owing to their effective 68 
biotransformation potentials through aggressive growth and ligninolytic en-69 
zyme production [14].  Mycotransformation of PAHs is primarily mediated 70 
via oxidation by forming quinones intermediates involving three enzymes 71 
namely, Laccase (Lac, p-Diphenol: dioxygen oxidoreductases; EC 1.10.3.2), 72 
Manganese peroxidase (MnP; EC 1.11.1.13) and Lignin peroxidase (LiP; EC 73 
1.11.1.14) [15]. These enzymes have been reportedly induced by PAHs during 74 
myco-degradation processes [16,17]. However, PAHs mycotransformation 75 
products, such as dihydrodiol (quinones) and epoxides are of great environ-76 
mental concern due to their deleterious effect compared to their parent com-77 
pounds [18,19]. The transcriptomic responses of catalase, peroxidase, and lac-78 
case encoding genes and enzymatic activities of oil spill inhabiting rhizo-79 
spheric fungal strains, Talaromyces purpurogenum and Trichoderma harzianum 80 
showed overexpression of genes encoding lignin peroxidase (LiP) and man-81 
ganese peroxidase (MnP) in response to crude oil contamination [20]. The As-82 
comycete fungi could contain other types of Class II peroxidases like AA, AB 83 
and AC type peroxidases along with DyP type peroxidases and some other 84 
intracellular Class II peroxidases [21-25]. 85 
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Ecotoxicity is a crucial tool for environmental safety and protection assess-86 
ment. Although, most ecotoxicity bioassays comprises of using representa-87 
tives from all trophic levels namely, bacteria whose role is the decomposer, 88 
algae (producer), invertebrates and vertebrate as the consumers [26]. Yet, the 89 
choice of conventional bacteria bioluminescence inhibition tests on toxicants 90 
from elutriates samples has a lot of drawbacks ranging from bacterial adsorp-91 
tion on surfaces, interference by sulfur or sulfides, ammonia, interference of 92 
bioluminescence due to pH variations, color or particles [27]. Bacteria sur-93 
vival assay using marine bacterium (Vibrio spp.) as a bioindicator for ecotoxi-94 
city assessment is simple, fast and cheap, corroborate the other toxicity assay 95 
responses [28].  96 

Despite the overwhelming reports on the potentials of basidiomycete in the 97 
mycotransformation of PAHs, few literatures are available on the mycotrans-98 
formation of PAHs by non-mushroom forming fungi from the ascomycetes, 99 
mechanisms, and pathways for their mycotransformation and ecotoxicity 100 
testing of PAHs/metabolites. Thus, this study seeks to bridge the knowledge 101 
gaps by determining the tolerance level of indigenous Trichoderma lixii strain 102 
FLU1 and Talaromyces pinophilus strain FLU12 to a varying concentration of 103 
anthracene. Metabolites profiling and characterization of enzymes estab-104 
lished the biodegradation pathway. The mycotransformation efficiency, my-105 
cotransformation kinetics, and acute toxicity of anthracene on the fungal 106 
strains as well as the transient mycotransformation products were also eluci-107 
dated in this study. 108 

2. Materials and Methods109 

2.1. Materials: 110 

All reagents used are of HPLC grade with ≥ 98 % purity. Anthracene, ethyl 111 
acetate, ABTS, DMP, azure B, catechol, CaCl2.2H2O, (NH4)2SO4, K2HPO4, 112 
MnCl2.2H2O, NaH2PO4.2H2O, NaCl, MgSO4.7H2O, Nitrilotriacetic acid, 113 
FeSO4.7H2O, ZnSO4, CuSO4, H3BO3, Na2MoO4, Co(NO3).6H2O, Al2(SO4)3 .H2O, 114 
PDA and TCBS agar were bought from Merck (NJ, USA). 500 mg of anthra-115 
cene stock solution prepared in 10 mL methanol and sterilized 0.22 µm filter 116 
(Millipore, Merck, New Jersey, USA). BSM was prepared as described previ-117 
ously [29] and pH adjusted to 5 with 1 N HCl. TlFLU1 and TpFLU12 were 118 
isolated from BbP-enriched wastewater-activated sludge and the characteris-119 
tics with identification have been reported previously [30]. 120 

2.2. Evaluation of anthracene tolerance on PDA plates. 121 

Anthracene concentrations of 0, 50, 100, 200, 400, 600, 800, and 1000 mg/L 122 
were applied to PDA plates with corresponding concentrations using a sterile 123 
rod and left in the laminar hood for 2 hours to allow the solvent to evaporate 124 
and the anthracene to adhere to the agar surface. Thereafter, mycelia agar 125 
plugs (5 mm diameter) from 7 d old actively growing TlFLU1 and TpFLU12 126 
were separately inoculated at the center of Petri dishes containing anthra-127 
cene-contaminated PDA plates incubated at 30°C for 10 d in four replications 128 
under a total darkness condition. Control plates (no anthracene addition) 129 
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were also included. Radial growth rate was measured for each fungus every 130 
24 h to the end of the incubation period to assert the tolerance of each fungus 131 
to varying anthracene concentrations. 132 

The fungal inhibition percentage due to the anthracene exposure was calcu-133 
lated using the following equations: 134 

FG (%) = DANT/ DC  × 100   .……………………. Equation 1 135 

FI (%) = 100 – FG  .……………………. Equation 2 136 

Where  FG = Fungal growth rate (FG) was calculated from the radial  137 

mycelial growth record 138 

DANT = Diameter of fungal colony exposed to anthracene,  139 

DC = diameter of the control fungal colony (no anthracene addition). 140 

FI = Fungal growth inhibition of the colonies after anthracene exposure at 141 
varying concentrations [31]. 142 

2.3. Qualitative screening of isolated fungi for ligninolytic enzymes 143 

Enzymatic assays for strains TlFLU1 and TpFLU12 were conducted using lac-144 
case (Lac), lignin peroxidase (LiP), and manganese peroxidase (MnP) as the 145 
target enzymes, as they are commonly employed by fungi during biodegra-146 
dation. Lac activity was screened on each anthracene-contaminated PDA 147 
plate by adding ABTS (0.1 % w/v) as a substrate, and the final pH was ad-148 
justed to 5.5. The plates were inoculated at the center with 5 mm mycelial 149 
agar plugs from 7-day-old actively growing strains and incubated at 30°C for 150 
10 days in four replications under total darkness conditions. Lac activity was 151 
evaluated based on green colour development in the presence of ABTS. LiP 152 
activity was screened by adding Azure B (0.001% w/v) to the anthracene-con-153 
taminated PDA plates and incubating them for 10 days. The reduction in 154 
blue/purple colour to sky blue indicated LiP activity. MnP activity was 155 
screened on Czapek-Dox agar medium containing phenol red (0.0025% w/v). 156 
After 10 days of incubation at 30°C, the reduction in red colour to yellow 157 
zones indicated MnP activity.  158 

2.4. Anthracene mycotransformation study and fungal strains biomass es-159 
timation: 160 

The anthracene degradation and fungal biomass estimation studies were con-161 
ducted as described previously [16,30]. Briefly, 400 mg/L anthracene in 100 162 
mL BSM broth was open in laminar hood for 20 mins to allow the solvent 163 
used for anthracene preparation to evaporate to yield superficial desire con-164 
centration before inoculation with mycelium discs of an actively growing cul-165 
tures of each fungal strain. Incubation was allowed for 24 days at 30 °C. Only 166 
400 mg/L anthracene in BSM was used as negative control. The aliquots at 4 167 
days intervals were withdrawn to quantify residual anthracene, 168 
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intermediates formed, ligninolytic enzymes activity and to perform ecotoxi-169 
city test. The initial concentration of 400 mg/L was used based on low fungal 170 
growth inhibition in comparison with higher concentration on both selected 171 
strains (Table S1, S2). For fungal biomass estimation, 4 mL culture broth was 172 
collected by centrifugation and the pellets dry biomass was determined. Also, 173 
the residual anthracene was quantified in the supernatant. Washing the pellet 174 
with ethyl acetate (1:10 w/v, 5 times) was necessary to remove the residual 175 
anthracene from the pellets as it could limit biosorption by the fungi mycelia 176 
pellets due to its hydrophobic nature. 177 

2.5. Extraction and quantification of residual anthracene: 178 

Extraction and quantification of residual anthracene culture medium was 179 
done as previously described [32] with some modifications [30]. Briefly, the 180 
culture broth supernatant mixed with 1:4 v/v ethyl acetate, vigorously shaken 181 
and allowed to stand for 20 minutes. The organic phase was dried and quan-182 
tified for the residual anthracene. The experiments were triplicated with an 183 
average anthracene recovery of 98.7 ± 2.53%. The kinetic models of anthra-184 
cene mycotransformation were plotted as described previously [33]. A com-185 
posite sample from the tetrad days collections of the residual anthracene and 186 
intermediates formed during the mycotransformation were also analyzed by 187 
GC-MS and FTIR [30,34]. 188 

2.6. Intracellular and Extracellular ligninolytic activity assays: 189 

The preparation of cell lysate for intracellular activity of catechol 1,2 dioxy-190 
genase (C12D, ortho-cleaving) and catechol 2,3 dioxygenase (C23D, meta-191 
cleaving) were carried out as described previously [35]. Extracellular activity 192 
of Lac [36],  LiP-like [37] and MnP-like was carried out as described previ-193 
ously [30]. For determination of the intracellular activity for Lac, LiP-like and 194 
MnP-like, the fungal biomass was collected after 4 days interval, filtered, and 195 
washed once with BSM. The mycelia were resuspended in 50 mM Na-phos-196 
phate buffer (pH 5) and sonicated to get cell free lysate. The enzyme activities 197 
for Lac, LiP -like and MnP-like in cell lysate were carried out as described 198 
previously [30,36,37]. One unit of respective enzyme activity was defined as 199 
1 µmol of cis,cis-muconic acid (product) for  catechol 1,2 dioxygenase, 1 µmol 200 
of 2-hydroxymuconic semialdehyde (product) for catechol 2,3 dioxygenase, 201 
1 µmol of ABTS oxidized, 1 µmol of Azure B reduced and 1 µmol of 2, 6-DMP 202 
oxidized per min at 30 ˚C, pH 7. 203 

2.7. Ecotoxicity Test: 204 

The ecotoxicity test were conducted on Vibrio parahaemolyticus (ATCC 17802) 205 
as described previously [30]. Directive 79/831/EEC [38] was used to classify 206 
(very toxic, EC50 ≤ 1 mg/L; toxic, 1 mg/L ≤ EC50 < 10 mg/L; harmful, 10 mg/L ≤ 207 
EC50 ≤ 100 mg/L and non-toxic, EC50 ≥ 100 mg/L).   208 

2.8. Data Analysis: 209 

A completely randomized design approach was used to were set experi-210 
ments.  Mean values and error bars were shown graphically as GraphPad 211 
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Prism version 8.4.3 (v.471, San Diego, CA, USA). The statistics details on EC50 212 
and TU can be seen in figure 5 legend.  213 

214 

3. Results:215 

3.1. Anthracene mycotransformation, biomass yield, and extracellular pro-216 
tein content and pH in liquid media: 217 

The results of anthracene mycotransformation, fungal growth and extracel-218 
lular protein content indicate that TpFLU12 transforms anthracene more effi-219 
ciently than TlFLU1 (Fig. 1). A significant decrease in percentage residual an-220 
thracene concentration was observed over time for both fungal strains.  In 221 
TlFLU1 inoculated flasks, 38% anthracene degradation was observed with 222 
dry fungal biomass of 710.3 mg/L at the end of the incubation period of 24 223 
days, while maximum extracellular protein content of 666.2 mg/L was meas-224 
ured on day 12 of the incubation period (Fig. 1a). However, 56% anthracene 225 
degradation was observed in TpFLU12 with the dry biomass production of 226 
645.6 mg/L, while the extracellular protein of 760 mg/L was measured at day 227 
24 of the incubation period (Fig. 1b). Furthermore, after the incubation period 228 
of 24 days, the flask inoculated with TlFLU1 showed a notable decrease in 229 
pH from the initial value of 5.0 to 4.2 (Fig. 2, curve A), while the flask inocu-230 
lated with TpFLU12 displayed an intriguing increase in pH from the initial 231 
5.0 to 6.25 over the same incubation period (Fig. 2, curve B). 232 
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Figure 1. Degradation of anthracene by TlFLU1 (A) and TpFLU12 (B). Curves 247 
shown are BSM + anthracene (●), residual anthracene (■), dry biomass (▲) 248 
and total protein content (▼). 249 

250 
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254 

255 

256 

257 

258 

259 

260 

261 

262 

Figure 2. Change in pH of media while anthracene degradation by TlFLU1 263 
(■) and TpFLU12 (▲). BSM+anthracene used as control (●).264 

265 

The kinetic parameters of the mycotransformation of anthracene are shown 266 
in Table 1 and Fig. S1. The anthracene mycotransformation by strains TlFLU1 267 
and TpFLU12 best fitted the zero-order and first-order kinetics. Under the 268 
zero-order kinetics, a rate constant of 5.964 and a half-life of 33.54 with a R2 269 
value of 0.9402 was obtained for isolate TlFLU1 while isolate TpFLU12 inoc-270 
ulated flask has a ate constant of 9.000 and half-life of 22.222 with a R2 value 271 
of 0.9866. However, under the first-order kinetics, TpFLU12 showed a supe-272 
rior rate constant of 0.0328 and a half-life of 21.15 with a R2 value of 0.9769 273 
while in TlFLU1 inoculated flask, a rate constant of 0.0192, half-life of 36.101 274 
and R2 value of 0.9670 were obtained. Also, it was observed that both TlFLU1 275 
and TpFLU12 did not obey the second order kinetics. A constant of 0.0001 276 
and a half-life of 46.668 with R2 value of 0.7500 was obtained for TlFLU1 277 
while, a constant of 0.0001 and a half-life of 20.000 with R2 value of 0.7903 was 278 
obtained for TpFLU12. 279 

280 
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281 

282 

283 

Table 1: Kinetic parameters for the degradation of anthracene by TlFLU1 and TpFLU12 284 

R2: Regression coefficient; K: Degradation rate constant; t1/2: Half-life period (d); C0: Initial concentration; 285 

Ct: Final concentration. 286 

3.2. Profiles of anthracene mycotransformation metabolic products: 287 

The metabolic products and pathways identified in TlFLU1 and TpFLU12 us-288 
ing GC-MS are shown in Fig. 3, Table 2 and Fig. 4. Two metabolites, 9,10 an-289 
thracenedione (molecular ion [M+] at m/z 180 and benzoic acid (molecular ion 290 
[M+] at m/z 105) were observed in the TlFLU1 inoculated flasks with a varying 291 
retention time; 15.6 mins and 9.1 mins, respectively while that of TpFLU-12 292 
inoculated flask were anthrone at a retention time of 11.3 mins with molecu-293 
lar ion (M+) at m/z 195 and 9,10 anthracenedione (RT: 15.2 mins) with molec-294 
ular ion (M+) at m/z 180. However, the parent compound (control: anthra-295 
cene) was detected at a retention time of 21.8 mins. Furthermore, the identi-296 
fied metabolic intermediates were used to propose possible anthracene met-297 
abolic pathways for each of the fungal strains, as shown in Fig. 4. The theo-298 
retical arrangement of the metabolic intermediates suggests that an initial at-299 
tack at the C-9 and C-10 position of anthracene occurred via oxygenation to 300 
form either anthrone or 9,10-anthracenedione before undergoing a spontane-301 
ous tautomeric benzoic acid formation as the dead-end product due to the 302 
hydroxylation and ring cleavage at the C-9 and C-10 position. 303 

Kinetic model Parameter 
Strains 

TlFLU1 TpFLU12 
Zero order Regression Equation Cd= - 5.964d + 378.4 Cd = -9.000d + 392.6 
Ct - C0= Kt K(d-1) 5.964 9.0000 
t1/2 = C0/2K0 t1/2 33.535 22.222 

R2 0.9402 0.9866 
First order Regression Equation lnCd = - 0.0192d + 5.944 lnCd = - 0.0328d + 6.010 
lnCt= K1t+ lnC0 K(d-1) 0.0192 0.0328 
t1/2 = ln 2 / Kt t1/2 36.196 21.145 

R2 0.9670 0.9769 
Second order Regression Equation 1/Cd = 5.35X10-5 + 0.003 1/Cd = 0.0001d+ 0.002  
1/Ct = 1/C0 + K2t K(d-1) 0.0001 0.0001 
T1/2 =1/C0K2 t1/2 46.668 20.000 

R2 0.7500 0.7903 
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314 

315 

316 

Table 2: GC-MS profile of the metabolite formed during anthracene degradation. 317 

318 

319 

ND:Not detected320 

Metabolites Retention time (min) Major m/z of fragment ions 
(% relative abundance) 

 Tentative identification 
TlFLU-1 TpFLU-12 

1 21.8 76 (6, M+), 88 (4), 89 (8), 150 (4), 151 (6) 
152 (7), 176 (14),177 (8), 178 (100), 179 (16) 

Anthracene 

2 15.6 15.2 50 (19, M+), 75 (17), 76 (44), 150 (15), 151 (78), 
152 (78), 180 (100), 181 (14), 208 (98), 209 (15) 

9,10 anthracenedione 

3 11.3 ND 63 (3, M+), 82 (7), 139 (4), 163 (7), 164 (6), 
165 (53), 166 (10), 193 (9), 194 (100), 195 (15), 

Anthrone 

4 9.1 ND 50(19, M+), 51 (3), 74 (8), 76 (6), 77 (66), 
78(6), 105(100), 106 (7),122 (83), 123 (7) 

Benzoic acid 
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Table 3: Assignment of the infrared spectra absorbance bands of anthracene degradation metabolites. 348 

Code 
Frequency (cm -1) 

Assignment 
TlFLU-1 TpFLU-12 

i 3020 - 3170 3100 - 3170 C-H vibration stretch of the aromatic ring
ii 2800 ND O-H stretch in carboxylic acid

iii 2000 ND C-H bending overtone of the aromatic ring

iv 1740 ND vibration stretching of C=O in carbonyl and ketones skeleton
v 1675 C=O stretching of quinone and carboxylic acid dimers
vi 1275 Phenolic O-H bending
vii 1000 ND C-H bending of the aromatic ring

viii 730 C=C benching of the aromatic ring due to a strong di-substitution
ND:Not detected 349 

3.4. Intracellular and extracellular ligninolytic enzymes profiles during the mycotrans-350 
formation of anthracene: 351 

The profiles of intracellular and extracellular ligninolytic enzymes produced by the iso-352 
lates during the mycotransformation of anthracene are illustrated in Fig. 5. In control ex-353 
periments, where TlFLU1 was inoculated into flasks containing the culture medium (BSM 354 
without anthracene), maximum production of 0.0001 U/L was recorded for catechol 1,2 355 
dioxygenase (C12D) which was constant throughout the incubation period and 0.00013 356 
U/L for catechol 2,3 dioxygenase (C23D) on day 12 while for the ligninolytic enzymes, Lac 357 
and MnP-like exhibited a maximum activity of 0.05 U/L and 0.001 U/L, respectively, for 358 
on day 8. However, no LiP-like activity was observed throughout the incubation period 359 
(Fig. 5a). In contrast, in the TpFLU12 flask, there were no intracellular C12D, C23D, Lac, 360 
LiP -like and MnP -like activities observed, except for a brief spike in C12D activity on day 361 
16 with maximum activity of 0.0001 U/L and C23D on day 20 with maximum activity of 362 
0.0001 U/L while LiP-like activity reached 0.0010 U/L on day 20 (Fig. 5b). In TlFLU1 inoc-363 
ulated flasks with anthracene, a substantial increase in extracellaur ligninolytic enzymes 364 
activity was observed compared to the very low intracellular enzymes activities. Lac, LiP-365 
like and MnP-like reached activity levels of 585 U/L, 49.8 U/L, and 40.3 U/L, respectively, 366 
on day 24, with maximum activities achieved on day 12 for Lac and LiP-like and on day 8 367 
for MnP-like while C12D activity reached 7.1 U/L on day 4 and C23D showed a maximum 368 
activity of 8.0 U/L on day 8 (Fig. 5c). Similarly, in the TpFLU12 flask, the activities of all 369 
ligninolytic enzymes increased steadily over time, culminating at day 24 with maximum 370 
activity levels of 97.7 U/L, 55.0 U/L, and 84.1 U/L for Lac, LiP-like, and MnP-like, respec-371 
tively compared with intracellular enzymes which was so low with maximum activity of 372 
5.3 U/L on day 2 and 3.2 U/L on day 4 for C12D and C23D activities respectively (Fig. 5d). 373 
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378 

379 

Figure 5. Ligninolytic enzyme activities in response to anthracene degradation by 380 
TlFLU1+BSM (A), TpFLU12+BSM (B), TlFLU1+BSM+anthracene (C) and 381 
TpFLU12+BSM+anthracene (D). Curves shown are activity of Catechol 1,2 dioxygenase 382 
(), Catechol 2,3 dioxygenase () Lac (●), LiP-like (■) and MnP-like (▲).383 

3.5. Ecotoxicity of culture broth following mycotransformation of anthracene: 384 

The profiles of the surviving population of V. parahaemolyticus following exposure to cul-385 
ture extracts collected at different incubation periods are shown in Fig. 6. An increase in 386 
V. parahaemolyticus survival was observed with an increase in daily anthracene degrada-387 
tion products except for TlFLU1 at day 12 while the maximum survival value of 5.72 Log388 
(CFU/mL) was recorded on day 24. In comparison, a value of 6.82 Log (CFU/mL) was389 
observed on day 24 in TpFLU12 inoculated medium, compared to the positive control (No390 
biotransformation product) with a survival population value of 7.90 Log (CFU/mL) (Fig.391 
6a). Also, V. parahaemolyticus surviving population in all samples collected from TlFLU1392 
and TpFLU12 inoculated medium is statistically significant (p ≤ 0.05). Effective concentra-393 
tion (EC50) and toxicity unit (TU) of 266.1 mg/L and 0.4% were recorded for TlFLU1 inoc-394 
ulated medium, while 262.3 mg/L and TU 0.4% were obtained for TpFLU12 inoculated395 
medium (Fig. 6b).396 
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412 

413 

Figure 6. Effective concentration (EC50) and toxicity unit (TU) of daily anthracene toxicants 414 
to V. parahaemolyticus (log CFU/mL) by TlFLU1 (a) and TpFLU12 (b) after 6 h exposure 415 
period. Values with different alphabetic superscripts are statistically significant at p≤0.05. 416 
Key: very toxic (EC50<1mg/L); toxic (1mg/L<EC50≤10mg/L); harmful 417 
(10mg/L<EC50≤100mg/L); non-toxic (≥ 100mg/L), CP (positive control: 400 mg/L anthra-418 
cene). The data was evaluated using nonlinear regression (log (agonist) vs response 419 
model) of colony-forming unit (CFU/mL). Additionally, the bacterium survival data (log 420 
CFU/mL) was subjected to analysis of variance (ANOVA) while its means were ranked 421 
with Bonferroni’s multiple comparisons test (BMCT) at p ≤ 0.05. 422 

4. Discussion423 

Fungi, being the most abundant free-living ubiquitous microorganism, are a significant 424 
determinant of PAHs fate in both terrestrial and aquatic ecosystems through mycotrans-425 
formation process [39]. Mycotransformation of PAHs often commences with high PAHs 426 
concentration tolerance and low inhibition rate [40]. Factors like molecular weight, ben-427 
zene rings count, concentrations, pH and temperature play a major role during PAHs 428 
degradation by fungi in the natural environment which then leads to unprecedented acute 429 
and chronic environmental toxicity[41,42]. 430 

The indigenous fungal strains TlFLU1 and TpFLU12 used here could utilize anthracene as 431 
carbon and energy sources and have been documented as ascomycetes strains with a 432 
strong affinity for PAHs [30].  Although it is known that complete mineralization of PAHs 433 
by fungi starts from their tolerance levels. The data from solid plating assay (Table S1) 434 
revealed that fungi tolerance to high anthracene concentrations is not directly propor-435 
tional to their degradation efficiency but rather a function of ligninolytic enzyme secretion 436 
as shown in Figures 1 and 4. This observation is consistent with a recent report where 437 
tolerance to complex hydrocarbons by fungi was linked to the production of ligninolytic 438 
enzymes [43]. The efficiency of anthracene transformation varies among the two fungal 439 
strains where TpFLU12 was found to be more efficient than TlFLU1 by degrading 56% of 440 
anthracene with a dry biomass production of 645.6 mg/L and extracellular protein content 441 
of 760 mg/L. Similarly, other studies have reported high degradation rates of anthracene 442 
by various fungal strains, such as Aspergillus fumigatus (60% after 5 days) [44] Pycnoporus 443 
sanguineus H1 (67.5% under in vivo conditions after 14 days) [45], and Armillaria sp. F022 444 
(92% within 30 days) [46].  Moreover, pH was observed to play a significant role during 445 
anthracene mycotransformation with a slight reduction in the pH medium of TlFLU1 in-446 
oculated flask (Fig. 2). This observation could be attributed to the production of some 447 
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acidic metabolites, such as benzoic acid during the degradation process [44], Similarly, a 448 
recent study [47], demonstrates the ability of ascomycetes fungi to optimally degrade 449 
PAHs such as fluorene, pyrene, BaP effectively at a pH of 5 and 7 which corroborate the 450 
results from the present study. Additionally, the increase in media pH recorded in 451 
TpFLU12 could be ascribed to anthracene metabolism linked to the production of a lig-452 
ninolytic enzyme [48]. The complete metabolism of a PAH compound at a pH close to the 453 
current study (pH 7) due to the induction of ligninolytic enzymes during the optimization 454 
process is also documented [17]. Also, a previous study revealed that the metabolism of 455 
polyaromatic compounds by fungi is best enhanced at a pH range between 7 and 9 [49].  456 

The degradation kinetics is a highly imperative tool for assessing total pollutant removal 457 
[33]. The observed zero and first-order kinetics fitting during the anthracene degradation 458 
by these indigenous fungi attest to the general proposition for microbial metabolism of 459 
PAHs, especially fungi [50,51].  The low rate constant (K) and high half-life (t1/2) recorded 460 
in the first-order kinetics indicate that anthracene degradation by these fungi is both con-461 
centration and time-dependent [52]. Likewise, a report [51] showed that the degradation 462 
rate constant is 1/∝ to the low half-life period (t1/2 = 4.2 d) of the substrate. 463 

The GC-MS analysis established that anthracene mycotransformation proceed through an 464 
initial attack at the C-9 and C-10 position of anthracene via oxygenation to form either 465 
anthrone or 9,10-anthracenedione before undergoing a spontaneous tautomeric benzoic 466 
acid formation due to the hydroxylation and ring cleavage at the C-9 and C-10 position 467 
(Table 2). This novel metabolic pathway has been identified during anthracene degrada-468 
tion by marine fungi Cladosporium sp. CBMAI 1237 [53]. A similar observation [18], where 469 
anthracene degradation pathways in fungi were initiated at C-9 and C-10 to form anthra-470 
quinone and end with the formation of phthalic acid is available. However, the appear-471 
ance of benzoic acid in pathway described in the present study (Fig. 3.) is not uncommon 472 
because phthalic acid and benzoic acid are known as a gateway to the TCA cycle during 473 
anthracene metabolism [54]. Also, the appearance of a quinone derivative (9,10-anthra-474 
cenedione) as a dead-end product during anthracene degradation by isolate TpFLU-12 is 475 
not unusual in the anthracene metabolic pathway [48]. 476 

The FTIR spectrum results (Table 3, Fig. S2) further strengthen the proposed anthracene 477 
degradation pathways, with products consisting of quinones derivatives, C-H stretch and 478 
bending of the aromatic ring, stretching O-H in carboxylic acid to form benzoic acid, ex-479 
pansion of C=O in carboxylic acids, O-H stretching of the carboxylic acid, C=O in carbonyl 480 
and ketones skeleton, bending of phenol O-H, C-C expansion in aromatic rings, C-H vi-481 
bration of the aromatic rings and C = C-H: C-H bend in alkanes. The appearance of these 482 
functional groups has been attributed to features of PAHs metabolic pathway during the 483 
degradation of pyrene by C. byrsina strain APC5 [37]. A similar functional group has been 484 
documented while yeast mediated degradation of BaP using a 3-level Box-Behnken design 485 
[55]. Also, the presence of O-H dimer is indicative of the complete degradation of anthra-486 
cene into less toxic products [56]. 487 

Recent studies have confirmed that fungi specifically from the ascomycota phylum often 488 
employ a variety of enzymes, including LiP, versatile peroxidase, MnP, Lac, cytochrome 489 
P450 monooxygenases, and epoxide hydrolases to degrade PAHs [57-60]. This study ob-490 
served that interplay between intracellular (C12D and C23D) and extracellular enzymes 491 
(Lac, LiP-like and MnP-like) produced by ascomycetes fungi (TlFLU1 and TpFLU12) play 492 
a crucial role in the mycotransformation process of anthracene. This observation is con-493 
sistent with previous studies which linked these enzymes to the mechanism used by yeast 494 
consortia during the breakdown of perylene and benzo[ghi]perylene individually when 495 
used a sole carbon source (Mandal and Das, 2018). Similar enzymes have been reported 496 
in Trichoderma sp. 109, a strain akin to TlFLU1 in the degradation of phenanthrene as a 497 
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sole carbon source [61]. The role of intracellular enzymes C12D and C23D are of signifi-498 
cant interest because they seem to be produced at their highest levels in the whole fungi 499 
at different stages (4 and 8-d respectively). This suggests they might be the first step in 500 
how anthracene is transformed. However, it was not entirely clear how involved these 501 
intracellular enzymes were because they were found in much lower amounts compared 502 
to the extracellular ligninolytic enzymes (Lac, LiP-like, and MnP-like) in both the whole 503 
fungi and the broth, regardless of whether anthracene was present. The most probable 504 
explanation for the detection of these intracellular enzymes in the early stage of the trans-505 
formation process could be linked to the fungal strains defense system against oxidative 506 
stress, reactive oxygen species and ATP synthesis. This opinion aligns with a previous 507 
report [62] where MnP-like peroxidase activity was detected during the early stage of 508 
PAHs degradation which was linked to response against oxidative stress rather than been 509 
involved in the degradation of PAHs by T. asperellum H15. Therefore, the role of intracel-510 
lular enzymes C12D and C23D in fungi, particularly in the early stages of anthracene 511 
transformation, is likely linked to the fungal strain's defense system against oxidative 512 
stress and ATP synthesis [63,64]. These enzymes are part of the fungal cell wall integrity 513 
signaling pathway, which is involved in the production of secondary metabolites [65]. 514 
Additionally, the structural analysis of anthracene derivatives like anthraquinone-fused 515 
enediynes sheds light on their biosynthetic pathways and their potential defense system 516 
mechanisms interactions with reactive oxygen species due to production of intracellular 517 
enzymes like C12D and C23 [66,67]. However, another potential intracellular enzyme, cy-518 
tochrome P450, might be responsible for the initial transformation mechanism used by 519 
these fungi since they have been reported in Penicillium oxalicum when anthracene was 520 
used as a carbon source during its transformation process [48]. Further, overexpression of 521 
lac, LiP-like and MnP-like genes was observed in PAH-contaminated marine sediments 522 
belonging to Eurotiales, specifically Talaromyces helices and Trichoderma sp. during PAHs 523 
biotransformation [68]. An account of the induction of Lac, LP-like and MnP-like during 524 
the removal of manganese and phenanthrene with a removal efficiency of 92.17 and 93.85 525 
% respectively by P. eryngii also reported [69]. Similarly, some authors [32], implicated the 526 
secretion of LP-like, MnP-like and Lac by T. polyzona RYNF13 in the degradation of fluo-527 
rene, phenanthrene and pyrene. In addition,  LiP-like, MnP-like and Lac have been linked 528 
to ring cleavage via oxidation, carboxylation and decarboxylation in various PAHs deg-529 
radation pathways [17]. The significant role played by ligninolytic enzymes in the degra-530 
dation of complex hydrocarbons such as aliphatic and PAH by ascomycete fungus, Peni-531 
cillium sp. CHY-2 was demonstrated for the degradation of decane (49.0%), butylbenzene 532 
(42.0%) and dodecane (33.0%) and naphthalene (15.0%), acenaphthene (10.0%), octane 533 
(8.0%), ethylbenzene (4.0%) and benzo[a]pyrene (2.0%) [70]. 534 

Studies on PAHs’ mycotransformation should not be limited to its complete disappear-535 
ance alone or transient product formation, but the assessment of toxic intermediate prod-536 
ucts formed to evaluate its actual environmental impact. The ecotoxicity assays data re-537 
vealed metabolites formed induced acute toxicity despite a significant reduction in parent 538 
compound concentration. A similar report [71] also available where metabolites of bi-539 
sphenol degradation showed higher toxicity than bisphenol. The low survival of marine 540 
bacteria exposed to the toxicant (degradation products), in contrast to the high survival in 541 
the positive control group (No PAHs), could be attributed to the formation of oxygen-542 
containing PAHs, specifically quinone derivatives. Quinone derivatives are recognized 543 
for their role as direct-acting mutagens, as noted in previous studies [72,73] further un-544 
derscores their capacity to induce toxicity. Although an increase in the surviving popula-545 
tion of the marine bacterium after the exposure to the anthracene-containing medium un-546 
dergoing myco-degradation demonstrated a reduction in acute toxicity of the parent com-547 
pound over treatment time, the observed reduced population on day 12 of TlFLU1 inocu-548 
lated medium (Fig. 5) revealed that toxicity level is not a function of contaminants con-549 
centration [74]. In addition, the recorded high EC50 and low TU values indicate metabolic 550 
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products accumulate during the mycotransformation process as a non-toxic product [56]. 551 
The observed reduction in the population of the marine bacterium on day 12 toxicant from 552 
TlFLU1 could be attributed to the toxicity due to aromatic structure with ortho-substi-553 
tuted C=O and -OH groups formed during the degradation process [75]. Also, the ob-554 
served reduction in toxicity suggest marine bacterium can be used as cheap bioassay pro-555 
tocol in the environmental risk assessment of organo-pollutant like anthracene and its me-556 
tabolites because of their sensitivity to toxicants [76].  557 

5. Conclusions558 

The study ascertained the tolerance levels of the fungal strains to varying anthracene con-559 
centrations on a solid agar plate, the role of ligninolytic enzymes in response to anthracene 560 
tolerance and its mycotransformation efficiency, kinetics and the detection of intermedi-561 
ates formed along with the effects on Vibrio parahaemolyticus survival. Both isolates under 562 
study, TlFLU1 and TpFLU12, could tolerate anthracene concentration up to 1000 mg/L, 563 
with ligninolytic enzymes linked to the tolerance rate and degradation efficiency. Intra-564 
cellular enzymes could be involved in the initial mechanism employed by these fungi for 565 
the transformation process or may have been produced as a defense system against oxi-566 
dative stress, reactive oxygen species and ATP synthesis. However, further genomics and 567 
secretome studies are required to confirm this observation. Both isolates best fitted zero 568 
and first order kinetics leading to accumulation of non-toxic transient products. The high 569 
EC50 and low TU values suggest that the accumulated toxicants in the anthracene degra-570 
dation pathway are toxic. Additionally, the presence of aromatic structures featuring or-571 
tho-substituted C=O and -OH groups was linked to a noteworthy decrease in the marine 572 
bacteria survival when exposed to anthracene mycotransformation toxicants compared to 573 
the positive control (no anthracene or mycotransformation products present). Thus, this 574 
observation highlights the possible use of these fungal strains in the amelioration of PAHs 575 
contaminated sites and supports the notion of using solid plate techniques as a cheap, fast 576 
and sustainable procedure in selecting a high PAHs tolerance strain which are effective in 577 
degrading PAHs to non-toxic bye-products. 578 
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Fig. S1. Anthracene degradation kinetic modelling (A) Zero Order, (B) First Order, (C) Second 

Order. Key: TlFLU1 (●), TpFLU12 (■), d = days. 
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Fig. S2. FTIR spectra of anthracene myco-transformation metabolites. 
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Table S1. Radial extension rate and growth inhibition of fungal strains TlFLU1 and 

TpFLU12 in response to anthracene concentrations 

Concentration Radial mycelial extension (mm/d) Growth Inhibition (%) 
(mg/L) TlFLU1 TpFLU12 TlFLU1 TpFLU12 

0 4.50 ± 0.787a 4.40 ± 0.719a 0 0 
50 4.50 ± 1.035a 4.40 ± 1.154a 0 0 
100 4.50 ± 1.069a 4.40 ± 1.175a 0 0 
200 4.50 ± 0.805a 4.39 ± 0.189a 0 0 
400 4.49 ± 0.432a 4.30 ± 0.303a 0 2.27 ± 0.381d 
600 3.80 ± 0.361a 3.70 ± 0.830a 15.6 ± 0.499c 15.9 ± 0.436c 
800 3.10 ± 0.771a 3.50 ± 1.011a 31.1 ± 0.023b 20.5 ± 0.252b 
1000 2.70 ± 0.027a 3.30 ± 0.642a 40.0 ± 1.079a 25.0 ± 0.0252a 

Each value is the means± standard error of four replicates. Values in the same column with 
different letters as superscripts are significantly different (p ≤ _0.05). The radial mycelial 
extension rate (mm/d) and growth inhibition of fungal strains TlFLU-1 and TpFLU12 in 
response to varying anthracene concentrations are shown in Table 1. The results revealed 
distinct responses to anthracene exposure between both strains. For strain TlFLU-1, the highest 
radial mycelial extension rate of 4.50 mm/d was recorded at anthracene concentrations of 0 to 
400 mg/L. However, at higher concentrations (600, 800 and 1000 mg/L), the radial mycelia 
rate decreased significantly to 3.80, 3.10 and 2.70 mm/d, respectively, when compared to the 
control. Conversely, strain TpFLU-12 reveals a different pattern. The highest radial mycelial 
extension rate of 4.40 mm/d was recorded in concentrations 0 – 200 mg/L, while a gradual 
decrease in radial mycelia rate of 4.30, 3.70, 3.50 and 3.30 mm/d were recorded at 
concentrations 400, 600, 800 and 1000 mg/L respectively. Similar to TlFLU1, these results 
indicate a significant reduction compared to the control as anthracene concentration increased. 
Also, no significant differences were observed among the radial mycelial extension rates at 
concentrations 0 – 100 mg/L at p ≤0.05 for strains TlFLU1 and TpFLU-12 respectively. 
Furthermore, the growth inhibition percentages differed between the two strains. TlFLU1 
exhibited the highest inhibition at 40%, while TpFLU12 showed a maximum inhibition of 25%. 
Interestingly, TlFLU1 showed no growth inhibition at concentrations ranging from 0 to 400 
mg/L, whereas TpFLU12 only exhibited 0% growth inhibition at concentrations ranging from 
0 to 200 mg/L. 
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Table S2.  Qualitative assay for Ligninolytic enzyme production (mm). 

Each value is the means±standard error of four replicates. Values in the same column with different letters as superscripts are 
significantly different (p ≤0.05). The qualitative assay for ligninolytic enzyme production of fungal strains TlFLU1 and TpFLU12 in 
response to exposure to varying anthracene concentrations is shown in Table S2. For laccase production, TlFLU1 exhibited a maximum 
oxidation diameter of 90.0 mm recorded for 50 to 200 mg/L anthracene concentration, followed by 400 mg/L anthracene concentration 
with an oxidation diameter of 87.0 mm, TlFLU1 exhibited an oxidation rate of 43.2 ± 0.954 units while 600 to 1000 mg/L concentrations 
yielded oxidation diameters of 67.5, 49.5, and 43.2 mm, respectively, compared to the control with a 58.5 mm oxidation diameter. A 
similar trend was observed for strain TpFLU12, with a maximum oxidation diameter of 88.0 mm at 50 to 200 mg/L, followed by 79.2 
mm at 400 mg/L. Concentrations of 600 to 1000 mg/L resulted in oxidation diameters of 66.0, 57.2, and 48.4 mm, respectively, compared 
to the control with a 58.5 mm oxidation diameter. No significant differences were observed among oxidation diameters of anthracene 
concentrations of 50 – 400 mg/L for TlFLU1 while TpFLU12 showed no significant difference among oxidation diameters of anthracene 
concentrations of 50 – 200 mg/L at p ≤ 0.05. Also, both strains exhibited decreasing oxidation diameters with increasing anthracene 
concentrations for lignin peroxidase production. TlFLU1 displayed a maximum oxidation diameter of 63.0 mm at anthracene 
concentrations of 50–200 mg/L, followed by 60.0 mm at 400 mg/L, while concentrations of 600 to 1000 mg/L yielded oxidation 
diameters of 47.2, 34.7, and 30.2 mm, respectively, compared to the control's 40.9 mm oxidation diameter. Conversely, lignin peroxidase 
production was lower in TpFLU12 than in TlFLU1. For manganese peroxidase activities, both strains exhibited a decrease in oxidation 
rates with increasing anthracene concentrations, similar to lignin peroxidase production. However, in contrast to lignin peroxidase in 
TlFLU1, manganese peroxidase was observed to be highly produced in TpFLU-12, with a maximum oxidation diameter of 70.4 mm at 
50–200 mg/L, followed by 63.4 mm at 400 mg/L. Concentrations of 600 to 1000 mg/L resulted in oxidation diameters of 52.8, 45.8, 
and 38.7 mm, respectively, compared to the control with a 42.3 mm oxidation diameter. 

Concentration Oxidation for laccase production Oxidation for lignin peroxidase production Oxidation for manganese peroxidase activities 
(mg/L) TlFLU1 TpFLU12 TlFLU1 TpFLU12 TlFLU1 TpFLU12 

0 58. 5 ± 0.761bc 52.8 ± 2.107c 40.9 ± 4.961bc 15.8 ± 3.780a 5.871 ± 11.18b 42.3 ± 8.310c 
50 90.0 ± 10.71a 88.0 ± 0.856a 63.0 ± 1.641a 26.4 ± 12.08a 27.0 ± 6.883a 70.4 ± 1.804a 
100 90.0 ± 2.720a 88.0 ± 11.21a 63.0 ± 0.660a 26.4 ± 7.863a 27.0 ± 11.43a 70.4 ± 3.150a 
200 90.0 ± 0.891a 88.0 ± 0.322a 63.0 ± 2.450a 26.4 ± 6.571a 27.0 ± 0.666a 70.4 ± 3.890a 
400 87.0 ± 2.030a 79.2 ± 7.091ab 60.0 ± 1.704a 25.4 ± 8.037a 32.4 ± 2.018a 63.4 ± 5.66ab 
600 67.5 ± 1.311b 66.0 ± 6.930bc 47.2 ± 1.234b 19.8 ± 1.172a 20.3 ± 6.290ab 52.8±12.15abc 
800 49.5 ± 3.964cd 57.2 ± 10.66c 34.7 ± 8.950c 17.1 ± 12.09a 14.8 ± 0.808ab 45.8±6.23bc 
1000 43.2 ± 0.953d 48.4 ± 10.95c 30.2 ± 6.180c 14.5 ± 11.23a 12.9 ± 8.837ab 38.7±11.35c 
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Abstract 35 

Two indigenous fungal strains, Trichoderma lixii FLU1 (TlFLU1) and Talaromyces pinophilus 36 

FLU12 (TpFLU12) showed potential to biodegrade anthracene. Response Surface 37 

Methodology (RSM) employing Box-Behnken Design (BBD) and Central Composite Design 38 

(CCD) methods optimized crucial physicochemical parameters like pH, temperature, biomass,39 

substrate concentration and media composition. BBD maximized anthracene biodegradation 40 

efficiency by predicting 98.7% to 103.2%. Analysis of Variance confirmed the model's 41 

accuracy with a significant F-value of 51.0 at p < 0.0001 while the quadratic regression model 42 

showed a high R² value 0.9808. CCD predicted 100% degradation efficiency which were 43 

validated for TlFLU1 and TpFLU12 respectively on day 8 and 12 at pH 4 and 5, temperatures 44 

30°C and 25°C, with 20 mm biomass size and 200 mg/L anthracene. Acute toxicity tests 45 

showed that the degradation media toxicity reduced as evidenced by increased in survival rate 46 

(log CFU/mL) of Vibrio parahaemolyticus after 6 h exposure. Despite reduced toxicity, both 47 

strains were classified as harmful based on effective concentration (EC50) and toxicity unit 48 

(TU) (20.92 ± 1.32 mg/L and 4.78% for TlFLU1 and 35.29 ± 1.55 mg/L and 2.83% for 49 

TpFLU12). This systematic optimization approach supported by robust statistical analyses and 50 

a deep exploration of biodegradation mechanisms holds the promise of more efficient and 51 

sustainable methods for remediating PAH-contaminated environments. 52 

53 
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Introduction 69 

Anthracene is classified as a priority pollutant by the US Environmental Protection Agency 70 

(EPA) due to its high toxicity and persistence in the environment (Dutta et al., 2022). It is a 71 

component of coal tar and is used in producing red dye alizarin and other dyes, wood 72 

preservatives, insecticides, and coating materials (Rani and Shanker, 2018). Anthracene is 73 

mutagenic, carcinogenic, teratogenic, and neurotoxic, which can adversely affect the 74 

reproductive, developmental, and metabolic processes of plants and animals (Ojha and Tiwary, 75 

2021). The presence of anthracene in soil, water, and sediments can result in serious 76 

contamination, making it essential to develop efficient and cost-effective remediation strategies 77 

(Kumar et al., 2021). Biodegradation of this hazardous pollutant by microorganisms has 78 

emerged as a promising approach to remove this from the environment (Stoyanova et al., 2022). 79 

Micro fungi have shown promising potential for the biodegradation of anthracene (Kumar et 80 

al., 2021). Several studies have reported using different micro fungi strains, including 81 

Aspergillus flavus, A. niger, A. glaucus, Paecilomyces sp., Fusarium oxysporum, Penicillium 82 

freii, Cadophora sp. and Trichoderma viride, due to their capability to use anthracene as a 83 

carbon source and convert it into harmless compounds (González-Abradelo et al., 2019; 84 

Shourie and Vijayalakshmi, 2022; Singh and Roy, 2021; Stoyanova et al., 2022; Velmurugan 85 

et al., 2017). However, due to the low solubility and the impact of pH, temperature, and 86 

concentrations on the biodegradation process, further research focussing modelling the 87 

biodegradation efficiency is required to predict and optimize anthracene biodegradation.  88 

Response Surface Methodology (RSM) is a multivariate statistical approach which aids in 89 

identifying optimum conditions for a process by analysing the interactions among the variables 90 

involved. Box-Benhken design (BBD) and central composite design (CCD) are the most used 91 

approaches during the optimization process for PAHs biodegradation (Ikrang and Umani, 92 

2019). However, compared with CCD, BBD is more efficient in terms of the number of 93 

experiments, time, and costs needed to establish the quadratic model equation that connects 94 

variables and response, making it one of the most desirable approaches for RSM design (Wang 95 

et al., 2022). Several researchers have well-documented the use of RSM to optimize the 96 

biodegradation of anthracene by micro fungi. In a study conducted previously (Kashyap et al., 97 

2020), RSM was used to optimize the biodegradation of phenanthrene by a strain of Candida 98 

tropicalis, with the optimum conditions obtained being pH 6.2, temperature of 33.4°C, 99 

mechanical shaking at 190 rpm, inoculum of 9.26 % v/v and an initial concentration of 100 

anthracene of 100 mg/L. Under these conditions, RSM effectively enhanced phenanthrene 101 

removal from the contaminated water samples by 25%. RSM was used to optimize the 102 
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biodegradation of fluorene by a strain of Mucor irregularis, where the interactions between the 103 

variables, including pH, temperature and initial fluorene concentration, were analysed. The 104 

results indicated that the optimum conditions for anthracene degradation were pH 7, 105 

temperature of 32.5°C, and an initial concentration of anthracene of 200 mg/L, which resulted 106 

in  81.5% removal of fluorene with 5 days (Bankole et al., 2021). Thus, since information with 107 

regards to degradation of anthracene by micro fungi is relatively scanty, this paper seeks to 108 

enhance anthracene degradation by optimizing physico-chemical parameters and culture media 109 

constituents using Response Surface Methodology- BBD and CCD. Additionally, the study 110 

intends to determine the influence of extracellular enzyme activities on the degradation and 111 

acute toxicity of the anthracene and its transient intermediate products. 112 

113 

Materials and methods 114 

Chemicals and media 115 

Anthracene, ethyl acetate, methanol, n-Hexane, ABTS, azure B, (NH4)2SO4, K2HPO4, 116 

NaH2PO4.2H2O, NaCl, MgSO4.7H2O, Nitrilotriacetic acid, Al2(SO4)3.H2O and potato dextrose 117 

agar were procured from Merck (NJ, USA). All solvents and reagents are of HPLC grade with 118 

≥ 98 % purity.  119 

Preparation of standard solutions  120 

A stock solution of anthracene was prepared by dissolving 500 mg of anthracene in 10 mL of 121 

methanol. The solution was sterilized using a 0.22 µm membrane filter (Millipore, Merck, NJ, 122 

USA) and stored at 4°C. Basal salt medium (BSM, pH5) was prepare as described previously 123 

(Saraswathy and Hallberg, 2002). 124 

Fungal cultures and maintenance:  125 

Trichoderma lixii isolate FLU1 (TlFLU1; GenBank accession no. MK208694) and 126 

Talaromyces pinophilus isolate FLU12 (GenBank accession no. MK208704) have been 127 

characterized and reported earlier  (Egbewale et al., 2023). The strains were maintained on the 128 

potato dextrose agar media before usage. 129 

Anthracene biodegradation kinetics using response surface methodology (RSM) 130 

The Box-Behnken factorial experimental design (BBD) was employed in the optimization 131 

of four independent variables, namely, pH (4 - 10), temperature (25 - 35ºC), fungal biomass 132 

(10 - 30 mm) and anthracene concentration (200 - 600 mg/L). Each independent variable was 133 

analysed at three levels (1, 0, and +1), encompassing 26 experimental runs along with one 134 

control (no fungus).  All the experiments were performed in a total volume of 100 mL within 135 

129



250 ml Erlenmeyer flasks. The effect of independent factors on the dependent factors was 136 

analysed using a quadratic equation:  137 

Y=b0+b1A+b2B+b3C+b4D+b12AB+b13BC+b23AC+b34AD+b23BC+b34BD+b14CD+b11A
2+b22B138 

2 +b33C
2+b44D

2         Equation 1. 139 

In this model, Y represents the predicted response. The variables A, B, C, and D are the 140 

independent factors. The term b0 is the intercept, while term b1, b2, b3, and b4 denote the linear 141 

effects. The coefficients b11, b22, b33, and b44 are the squared terms, and b12, b13, b23, b34, b23, 142 

b34 and b14 represent the interaction terms. 143 

Central Composite Design (CCD) was utilized to assess the impacts of culture media 144 

components on the efficiency of anthracene biodegradation by TlFLU1 and TpFLU12 using 145 

RSM. To do this, the impact of various independent variables, namely (NH4)2SO4, K2HPO4, 146 

NaH2PO4.2H2O, NaCl, and MgSO4.7H2O were investigated at three distinct levels: low (-1), 147 

intermediate (0), and high (1), leading in a total of 50 experimental runs. Additionally, three 148 

central point repetitions were used to assess the reliability and consistency of their analysis. A 149 

confidence level of 95% was considered to analyze the variable effect, while a polynomial 150 

equation was constructed for each response surface analysis. Also, an ANOVA analysis with a 151 

student's t-test was used to validate the statistical significance of the regression coefficients and 152 

to help confirm whether the variables had a meaningful impact on the efficiency of anthracene 153 

biodegradation.  154 

Validation of the optimization process 155 

Validation experiments for all the optimized variables were carried out in triplicate to assess 156 

the reproducibility of the results via the evaluation of the residual anthracene concentration, 157 

detection of metabolic intermediates by GC-MS and assessment of activities of enzymes 158 

involved during the biodegradation process. Also, a control (no fungus) was set up to monitor 159 

the abiotic influence. 160 

Estimating the biomass of fungal strains 161 

The biomass of the fungal strains was assessed using a method described previously (Egbewale 162 

et al., 2023). The procedure involved collecting 4 mL of culture broth at periodic intervals and 163 

centrifuging it at 10,000 rpm for 15 minutes. The supernatant was then used for quantifying 164 

the residual anthracene, while the pellets were washed three times with ethyl acetate to recover 165 

any anthracene that may have been absorbed by the fungi mycelia pellets. The washing process 166 

was necessary to avoid underestimating the residual anthracene concentration, as anthracene is 167 

known to be hydrophobic nature which hinders PAH biosorption by the fungi mycelia pellets. 168 

Afterwards, the pellets were dried at 80°C until a constant weight was achieved, and the 169 
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biomass’s dry weight was measured using a Whatman filter paper no. 1 that has been pre-dried 170 

and pre-weighed  171 

Extraction, quantification of residual anthracene concentration 172 

The extraction and quantification of the residual anthracene concentration in the culture 173 

medium was carried out using the UV-Vis spectrometer method, which was described 174 

previously by (Egbewale et al., 2023; Teerapatsakul et al., 2016). The residual anthracene 175 

concentration was determined using a standard curve derived from known concentrations of 176 

anthracene which had an R2 value of 0.972. A recovery study was done in a sterile BSM broth 177 

to verify analytical quantification accuracy, resulting in an average anthracene recovery of 178 

98.7±2.53 %. 179 

Quantitative estimation of ligninolytic enzymes activities 180 

Laccase, Manganese peroxidase and Lignin peroxidase assays were performed as described 181 

previously (Egbewale et al., 2023; Patel et al., 2009). One unit of enzyme is defined as the 182 

oxidation of 1 µmol of respective substrate per min. 183 

Ecotoxicity Test 184 

In this study, the ecotoxicity of the culture medium during degradation was assessed utilizing 185 

a bacterial survival assay employing a liquid-to-plate micro-counting technique as outlined in 186 

a previous study  (Egbewale et al., 2023). In brief, Vibrio parahaemolyticus (ATCC 17802) 187 

sourced from a standardized overnight culture broth with an initial inoculum size (1.0 × 108 188 

CFU/mL), exhibiting an absorbance of 0.14 at 600 nm, was subjected to each degradation 189 

product (h) in marine broth (9:1 v/v) to achieve a final volume of 1 mL in a 15 mL centrifuge 190 

tube. To prevent settling, the degradation product (h) in marine broth was homogenized 191 

utilizing an MRC Lab suspension mixer (SM-3600) at 180 rpm and then incubated at 30°C for 192 

6 hours in a 15 mL centrifuge tube in complete darkness. The suspensions were serially diluted 193 

at the beginning and end of exposure times, followed by spreading 10 µL of each sample on 194 

45 mm TCBS agar plates. These plates were then placed in triplicates and incubated at 30°C 195 

for 96 hours. Bacterial survival was quantified by log-transforming the colony-forming unit 196 

(CFU/mL) using GraphPad Prism software (v. 7.05). A control experiment (CN) devoid of 197 

degradation products or PAHs was established to compare bacterial survival under standard 198 

conditions. The toxicity unit (TU) at the 50% effect endpoint of each toxicant was computed 199 

as the reciprocal of EC50 multiplied by 100.  200 

Quality control measures 201 

Reagent purity and storage: All chemicals used were of analytical or HPLC grade (≥ 98% 202 

purity) as specified in the methodology. Stock solutions were prepared fresh or stored 203 
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according to recommended conditions such as temperature and light exposure to minimize 204 

degradation. 205 

Instrument calibration: Regular calibration of the UV-Vis spectrophotometer and GC-MS 206 

was performed to ensure accurate quantification of anthracene and its potential metabolites.  207 

Blank controls: Blank controls were included in the anthracene quantification process using 208 

sterile BSM broth to assess potential background interference from the culture medium or 209 

extraction process.  210 

Contamination monitoring: Fungal cultures were regularly monitored for contamination by 211 

physical observation and under microscope. Any contaminated cultures were discarded to 212 

prevent compromising the experiments. 213 

Passage and strain purity: Fungal strains were routinely passaged on fresh potato dextrose 214 

agar (PDA) plates to maintain their viability and genetic stability. This practice ensured 215 

consistent performance in the biodegradation assays. 216 

Aseptic technique: Strict aseptic technique was employed throughout the experiments to 217 

minimize microbial contamination that could potentially influence anthracene degradation. 218 

Experimental replicates: All experiments were conducted in replicates (triplicates) as 219 

described in the methodology. This approach allowed for statistical analysis of the data and 220 

improved the reliability of the results. 221 

Data analysis validation: Established statistical software (design expert) was used to analyse 222 

the RSM data. The significance of the obtained results was evaluated using appropriate 223 

statistical tests to ensure the validity of the model generated. 224 

Fresh media preparation: Fresh culture media were prepared for each experiment to 225 

minimize degradation or nutrient depletion that could affect fungal growth and biodegradation 226 

activity. 227 

 pH monitoring: The pH of the culture media was monitored throughout the experiment, and 228 

adjustments were made if necessary to maintain optimal conditions for fungal growth and 229 

anthracene degradation. 230 

Abiotic controls: Control experiments without fungi were included to assess abiotic 231 

degradation of anthracene, allowing for the differentiation between fungal and non-biological 232 

degradation processes. 233 

Validation replicates: Validation experiments were conducted in triplicates to confirm the 234 

reproducibility of the results obtained during optimization. 235 

Standardized harvesting: Consistent harvesting time points were used for fungal biomass 236 

estimation across all experiments to ensure accurate comparisons. 237 
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Alternative methods:  Exploring alternative methods for biomass estimation, such as dry cell 238 

weight measurement, was considered to validate the chosen method and provide a more 239 

comprehensive picture of fungal growth. 240 

Optimization of extraction: The extraction process (solvent selection and extraction time) 241 

was optimized to ensure maximum anthracene recovery as described in the methodology.  242 

 Recovery studies: Regular recovery studies were performed using sterile BSM broth spiked 243 

with known anthracene concentrations. This allowed us to determine the efficiency of the 244 

extraction procedure and account for potential losses during the process. 245 

Standard curve preparation: A standard curve for anthracene quantification was prepared 246 

using a known concentrations in the specified solvent (ethyl acetate) to ensure accurate 247 

determination of residual anthracene.  248 

Bacterial culture maintenance for ecotoxicity test: Consistent bacterial culture conditions 249 

(growth medium and temperature) were maintained for all experiments to ensure consistent 250 

bacterial activity in the ecotoxicity test.  251 

 Bacterial strain selection: A well-established bacterial strain with known sensitivity to PAHs 252 

(Vibrio parahaemolyticus) was employed for the ecotoxicity test as described in the 253 

methodology. This choice ensured sensitivity to potential toxic effects of anthracene or its 254 

degradation products. 255 

 Test controls: Positive and negative controls were included in the ecotoxicity test. The 256 

positive control used a known toxicant (parent compound degradation products) to verify the 257 

test's effectiveness, while the negative control used only bacterial culture medium to assess 258 

background effects.  259 

 Multiple ecotoxicity organisms: Consideration was given to using multiple ecotoxicity test 260 

organisms in future studies. This would provide a more comprehensive picture of the potential 261 

environmental impact of anthracene and its degradation products on a broader range of 262 

organisms. 263 

Data analysis  264 

The optimization response surface methodology design was performed using the statistical 265 

software Design-Expert version 11.1.0.1. Validations of the optimized conditions set up were 266 

lay in a completely randomized design (CRD) (Egbewale et al., 2023). Data presented as mean 267 

values and error bars and plotted in GraphPad Prism (San Diego, CA, USA). The EC50 and TU 268 

determination and further analysis were conducted as described previously (Egbewale et al., 269 

2023). 270 

271 
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Results  272 

Optimization of anthracene biodegradation with response surface methodology 273 

Physicochemical parameters  274 

The effect of pH, temperature, biomass and substrate concentration on maximum anthracene 275 

biodegradation efficiency using the Box-Behnken Design (BBD) is shown in Table 1. 276 

Maximum  anthracene biodegradation efficiency was predicted at runs 8, 20, 21 and 22 with 277 

prediction values at 103.2%, 98.7%, 101.6% and 101.1% respectively, while run 14 was 278 

predicted to have the lowest percentage of anthracene biodegradation efficiency with 53.3 %. 279 

However, the experimental values obtained closely matched the model's predicted values 280 

except for runs 21 and 22 which significantly deviated from the predicted values with 281 

biodegradation efficiency of 66.9% and 68.3% for strain TpFLU12. Also, the ANOVA of the 282 

model and fitness significance (Table S1 and S2) reveals the accuracy of the model with an F-283 

value of 51.0 at p<0.0001.  284 

The regression model for anthracene biodegradation efficiency according to the quadratic 285 

model was highly significant (p<0.01) with a correlation coefficient of (R2) value of 0.9808 286 

(Table S3), indicating that 98.08% variability in the response factors, which was further be 287 

explained by a second-order polynomial equation in equation 1. 288 

Y = 79.12 - 16.99A – 10.75B + 0.3067C – 7.53D + 3.19AB + 7.13AC - 0.2425AD - 2.80BC + 289 

5.24BD + 1.74CD - 2.58A2 – 6.38B2 + 1.20C2 + 2.42 D2                                          Equation 2 290 

Where Y is anthracene biodegradation efficiency (%), A is pH, B is the temperature (°C), C is 291 

biomass (mm), and D is substrate concentration (mg/L). The predicted R² value of 0.9144 is in 292 

reasonable agreement with the adjusted R² of 0.9615. Thus, the high R2 values give a good 293 

estimate of the response within the studied range. The Cook’s distance analysis (Fig. S1) 294 

further strengthens the model's goodness of fit for the experimental results with no outlier 295 

points (D) above 1. In contrast, the studentized residuals (Fig. S1) analysis shows none had a 296 

value higher than two and falls within an acceptable range between −3 and +3, which attests to 297 

the model's accuracy. 298 

The interactive effect among the predicted optimized variables on the maximum anthracene 299 

biodegradation efficiency is presented in 3-dimensional response surface (3D) plots (Fig. 1A-300 

F). Among all the regression model variables, variables AB, AC, AD, BC, BD and CD were 301 

found to be significant model terms (p<0.05). The interaction between variables pH and 302 

temperature showed that the percentage of anthracene biodegradation efficiency decreases as 303 

the pH increases with temperature. In contrast, the maximum anthracene biodegradation of 304 

98.6 % was predicted at pH 4 and temperature 25°C with biomass of 20 mm and anthracene 305 
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concentration of 400 mg/L, as shown in Fig. 1A. The interaction between the variable AC (pH 306 

vs Biomass), depicted a significant decrease in maximum percentage anthracene 307 

biodegradation of 103.3 % with a pH 4 and Biomass 10 mm at a temperature of 30°C and 308 

anthracene concentration of 400 mg/L (Fig. 1B). Variable AD (pH and anthracene 309 

concentration) showed a linear increase in maximum anthracene biodegradation of 101.3 % 310 

was predicted for pH 4 and substrate concentration of 200 mg/L (Fig. 1C). Variable BC 311 

(temperature vs Biomass) predicted a decrease in percentage anthracene biodegradation 312 

efficiency as the temperature increases with biomass, while the maximum anthracene 313 

biodegradation efficiency of 90.85 % at a temperature of 25°C and Biomass of 30 mm (Fig. 314 

1D). A similar trend of percentage anthracene biodegradation efficiency was predicted for 315 

variable CD (biomass vs substrate (anthracene concentration)) (Fig 1E), Where biomass of 10 316 

mm and substrate 200 mg/L yielded a maximum anthracene biodegradation efficiency (92.93 317 

%). Additionally, the interaction between the variable BD (Temperature vs substrate) reveals 318 

a significant decrease in maximum percentage anthracene biodegradation efficiency as 319 

temperature and anthracene concentration increased. At a temperature of 25°C and 200 mg/L 320 

of anthracene, the biodegradation efficiency was 100 % while at the maximum temperature of 321 

35°C and anthracene concentration of 600 mg/L, the biodegradation efficiency decreased to 60 322 

% (Fig. 1F). 323 

Culture media 324 

The effect of media composition on anthracene biodegradation efficiency using a central 325 

composite design is shown in Table 2. Maximum anthracene biodegradation efficiency was 326 

predicted at run 44 with a value of 89.74 % under the following media conditions (gL-1); 327 

(NH4)2SO4 3.4; K2HPO4 2.1; NaH2PO4.H2O 0.65; Nacl 0.7; MgSO4 .7H2O 0.16 while the 328 

experimental values closely matched the model's predicted values. Quadratic regression of the 329 

ANOVA, contour and 3D plots (Fig. S2) of the anthracene transformation design depict the 330 

significance of the model conditions (Table S4). Quadratic regression of the anthracene 331 

transformation model was significant, with an F-value of 29.44 at p<0.0001. In addition, the 332 

predicted R2 (0.8571) and adjusted R2 (0.9207) were in good agreement with one another with 333 

a difference of less than 0.2 and thus demonstrated a strong relationship between the designed 334 

model under investigation (Table S5). The obtained coefficient of the regression equation of 335 

the model was calculated as follows. 336 

Y= 80.40+2.27A+0.7694B-1.08C-0.0012D-0.4293E+3.82AB+0.2512AC+0.0275AD+0.8037 337 

AE+0.4162BC+0.0737BD-0.0700BE-1.71CD-0.0638CE-0.3100DE+0.0111A2-0.1126B2-338 

39C2+0.2021D2-0.7923E2 Equation 3. 339 
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Where A is (NH4)2SO4, B is K2HPO4, C is NaH2PO4.H2O, D is NaCl, and E is MgSO4.7H2O. 340 

The interactive effect among the optimized variables on the maximum anthracene 341 

transformation by TlFLU1 and TpFLU12 is presented in the 3D response surface (Fig. S2A-J). 342 

The interaction between the variables AB ((NH4)2SO4, and K2HPO4) showed a linear increase 343 

with an increase in their concentrations with maximum anthracene transformation of 86.3% at 344 

(NH4)2SO4 of 3.29 g/L and K2HPO4 of 2.06 g/L as shown in Fig. S2A. The interaction between 345 

the variable AC ((NH4)2SO4  vs. NaH2PO4.H2O), showed an increase in the concentration of 346 

(NH4)2SO4  with a simultaneous decrease in NaH2PO4.H2O concentration are directly 347 

proportional to percentage anthracene transformation with maximum anthracene 348 

transformation of 82.01 % at a pH 4 (NH4)2SO4  concentration of  3.07 g/L and NaH2PO4.H2O 349 

of 0.84 g/L. Similar trend was predicted for variable AE ((NH4)2SO4  vs MgSO4.7H2O), 350 

variable BC (NaH2PO4.H2O vs K2HPO4), variable BE (K2HPO4 vs MgSO4.7H2O), variable CD 351 

(NaH2PO4.H2O vs NaCl), variable CE (NaH2PO4.H2O vs MgSO4.7H2O) and variable DE 352 

(NaCl vs MgSO4.7H2O). 353 

Validation of the predicted model conditions of BBD and fungi growth. 354 

The experimental values for runs 8 and 20 which exhibited the maximum anthracene 355 

degradation efficiency within a short incubation period, demonstrated that the optimized 356 

conditions for TlFLU1 achieved 100 % (below instrumental detection limit) maximum 357 

anthracene degradation efficiency on 8 d after the incubation period under the following 358 

conditions: pH of 4, the temperature of 30°C, biomass 20 mm and substrate concentration of 359 

200 mg/L while that of TpFLU12 was obtained 100 % at 12 d after incubation period under the 360 

following conditions: pH 5, the temperature of 25°C, biomass of 20 mm and substrate 361 

concentration of 200 mg/L. Furthermore, anthracene biodegradation efficiency increased with 362 

an increase in the incubation period. Additionally, it was observed that the fungi increased with 363 

a longer incubation period by reaching a maximum value of 91.9 mg/L and 79.2 mg/L for 364 

TlFLU1 and TpFLU12 at 10 d and 12 d, presented in Fig. 2 A and 2B, respectively. 365 

Enzymes involved in the biodegradation 366 

The enzymes involved in the biodegradation of anthracene by TlFLU1 and TpFLU12 is 367 

presented in Fig. 3A-C. Laccase production was observed to be the most abundant reaching a 368 

maximum of 4448 U/L at 8 d and 2512.6 U/L at 10 d for TlFLU1 and TpFLU12, respectively 369 

(Fig. 3A). Following Laccase, Manganese peroxidase was the second most abundant enzyme 370 

produced enzyme with a maximum production concentration of 1903.7 U/L at 10 d for 371 

TpFLU12 while TlFLU1 was 110 U/L at 2 d (Fig. 3B). Also, Lignin peroxidase maximum 372 
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production concentration of 1213.6 U/L at 10 d and 47.4 U/L at 6 d for TpFLU12 and TlFLU1 373 

(Fig. 3C). 374 

Ecotoxicity Test 375 

The time-course changes in Vibrio parahaemolyticus survival, effective concentration (EC50), 376 

and toxicity unit (TU) after 6 h exposure to anthracene degradation products from TlFLU1 and 377 

TpFLU12 is presented in Fig. 4A, 4B and Table 3. Initially, both TlFLU1 and TpFLU12 showed 378 

0 Log CFU/mL on 0 d, indicating no detectable bacterial growth with the parent compound, 379 

anthracene. For TlFLU1 degradation product, bacterial survival increased significantly with 380 

time. On 2 d, TlFLU1 showed a substantial increase to 4.4 Log CFU/mL, followed by further 381 

growth to 6.5 Log CFU/mL on 4 d. The bacterial survival count remained stable at 6.5 Log 382 

CFU/mL on 6 d, suggesting an initial adaptation phase. The count then increased to 7.6 Log 383 

CFU/mL on 8 d and reached its peak at 7.9 Log CFU/mL on 10 d by matching the positive 384 

control (CP). Statistically, the bacterial counts from 4 d to 6 d and 10 d with the CP were not 385 

significantly different (p≤0.05) (Fig. 4A). For TpFLU12 degradation products, the survival 386 

pattern showed a rapid increase to 5.4 Log CFU/mL by 2 d, followed by a slight increase to 387 

6.2 Log CFU/mL on 4 d. The count then increased to 6.6 Log CFU/mL on 6 d and further to 388 

7.0 Log CFU/mL on 8 d. By 10 d, the survival count reached 7.6 Log CFU/mL, with the highest 389 

survival of 7.9 Log CFU/mL observed on 12 d and the CP. The bacterial counts on 12 d and 390 

CP were statistically similar (p≤0.05) (Fig. 4B). Additionally, the EC50 and TU for TlFLU1 391 

degradation product was 20.92 mg/L and 4.78%, respectively, with a toxicity class of harmful. 392 

In contrast, TpFLU12 had an EC50 of 35.29 mg/L and a TU of 2.83%, also classified as harmful. 393 

Significant differences (p≤0.05) were observed in EC50 and TU between the degradation 394 

products of TlFLU1 and TpFLU12. 395 

396 

Discussion 397 

During bioremediation processes, fungi play a crucial role in breaking down polycyclic 398 

aromatic hydrocarbons (PAHs) due to their enzymes. However, PAH degradation faces several 399 

challenges such as complex compounds, PAH concentration, pH, temperature, fungal 400 

tolerance, benzene rings, and molecular weight (Dhar et al., 2022; Sakshi and Haritash, 2020). 401 

To address these obstacles and optimize PAH biodegradation, researchers employ Response 402 

Surface Methodology (RSM) (Bhatt et al., 2014; Sachaniya et al., 2020). RSM systematically 403 

explores hindrances, focusing on pH, temperature, and nutrients, helping identify optimal 404 

conditions for fungi-driven PAH degradation (Moria et al., 2022; Sachaniya et al., 2020).  405 
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This study has underscored the importance of meticulous and precise optimization of physico-406 

chemical parameters such as temperature, pH, fungal biomass, substrate concentration, and 407 

culture media composition in advancing the efficiency of anthracene biodegradation. This 408 

observation aligns with the findings of previous study (Bonatti et al., 2023), where precise 409 

optimization of physico-chemical parameters (temperature at 22°C, pH of 9.0, and substrate 410 

concentration of 50 mg/L) was linked to enhancing anthracene biodegradation efficiency to 411 

90±11% by an endophytic fungus, Didymellaceae sp. LaBioMMi 155 in comparison with 412 

unoptimized condition with 48±7% biodegradation efficiency. Similarly, a study (Behera et al., 413 

2023) attributed the pivotal significance of physico-chemical parameters at specific optimized 414 

conditions in the efficiency degradation of phenanthrene (50 mg/L) by Trichoderma sp. CNSC-415 

2 to 79.9 ± 1.67 % at pH 6 in the presence of CU2+ compared with the unoptimized conditions 416 

at efficiency degradation of 64.05±0.75 %. Also, the high significance of the model in this 417 

study, as indicated by analysis of variance (ANOVA) and the robust regression model with an 418 

R² value of 0.9808 provide confidence in the accuracy and practical applicability of the 419 

optimization approach (Bankole et al., 2022). The 3D response surface plots in this study 420 

further lend credence to this accretion where significant interactions between the optimized 421 

variables (pH vs temperature, pH vs biomass, pH vs substrate concentration, temperature vs 422 

biomass, temperature vs substrate concentration and biomass vs substrate concentration) 423 

illustrated the intricating relationships between these variables in enhancing anthracene 424 

biodegradation efficiencies. Notably, the observed inversely interaction between pH and 425 

temperature during anthracene degradation by TpFLU12 suggests that maximum 426 

biodegradation efficiency could only occur when the pH increases at a low temperature. This 427 

corroborates with the general hypothesis that an increase in metabolite accumulation during 428 

the biodegradation process could be attributed to the increase in the pH (Birolli et al., 2018). 429 

An increase from the initial pH of 5 to 7.5 triggered a 60% degradation efficiency of anthracene 430 

by Aspergillus fumigatus at a low temperature of 30 °C (Ye et al., 2011).  Similarly, a previous 431 

study (Pawar, 2015) identifies a pH of 7 -7.5 and a temperature of 30℃ as optimal conditions 432 

for enhancing the biodegradation of PAHs by fungi. Likewise, the study using 3D response 433 

surface plots under BBD illustrated how pH 7 and temperature at 30 ºC enhances the 434 

biodegradation efficiency of benzo[ghi]perylene by yeast consortium to 63.83±0.01% (Mandal 435 

and Das, 2018).   436 

Culture media were observed to play a pivotal role in providing essential nutrients and 437 

conditions for fungi growth and metabolism. The utilization of the CCD methodology proved 438 

effective in pinpointing the optimal conditions for anthracene biodegradation, yielding an 439 
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impressive maximum biodegradation efficiency of 89.74% at run 44 under specific media 440 

composition conditions, including (NH4)2SO4 at 3.4 g/L, K2HPO4 at 2.1 g/L, NaH2PO4.H2O at 441 

0.65 g/L, NaCl at 0.7 g/L, and MgSO4.7H2O at 0.16 g/L is not an unusual observation because 442 

metal ions like Mg2+ serve as enzyme co-factors, facilitating the growth of microbial mycelia 443 

cells and consequently improving degradation efficiency (Santos et al., 2008). Na2+ have been 444 

reported to play a pivotal role in membrane mechanisms and fungal cultures involved in PAH 445 

degradation while CU2+ as a trace element is known as a laccase enzyme inducer during PAHs 446 

aromatic ring oxidation (Ma et al., 2014). It is revealed that the optimal media process 447 

conditions, pinpointing KH2PO4 at 5.0 g/L, Na2SO4 at 1.00 g/L, MgSO4 at 0.20 g/L, yeast at 448 

0.05 g/L, and glucose at 0.1 g/L as the most effective combination in achieving a maximum 449 

fluorene degradation efficiency of 79.80% in comparison with maximum fluorene degradation 450 

efficiency of 11%, under media composition of KH2PO4  at 8 g/L, Na2SO4  at 3 g/L, MgSO4 at 451 

0.6 g/L, yeast at 0.15g/L, and glucose 0.3 g/L, respectively (Bankole et al., 2021). Interestingly, 452 

supplementing the culture media composition with carbon sources like glucose, lactose, and 453 

starch has no significant impact on PAHs degradation since fungi can utilize PAH as their sole 454 

carbon and energy source, as revealed in our study (Behera et al., 2023). Remarkably, the 455 

interaction between variables (NH4)2SO4 and K2HPO4 illustrates a linear increase in anthracene 456 

degradation efficiency as their concentrations rise could be attributed to the interactions 457 

between NH4+ and SO4
(2-) which are known to be always at supersaturated states 458 

with implication of influencing the solubility and availability of anthracene in the 459 

medium for easy biodegradation by fungi (Dong et al., 2007). Also, the interaction 460 

between (NH4)2SO4 and K2HPO4 concentrations influencing the anthracene degradation 461 

efficiency supports the idea that mechanisms such as enzyme production, sorption, and aeration 462 

are responsible for maximum PAHs degradation efficiency owing to the interactions between 463 

culture media such as (NH4)2SO4 and K2HPO4 (Hadibarata et al., 2012; Kotterman et al., 1994; 464 

Weigand et al., 1999). The statistical analysis of the quadratic regression model complemented 465 

by the ANOVA results further provides robust evidence of the model's reliability and 466 

significance with a high F-value of 29.44 at p<0.0001 predicted R2 (0.8571) and adjusted R2 467 

(0.9207) in predicting anthracene biodegradation outcomes similar to previous study (Sourav 468 

Bhattacharya, 2013) where the CCD ANOVA results showed R2 (0.8420) and adjusted R2 469 

(0.7030) respectively. These values were linked with the 91.6 % degradation efficiency of 470 

benzo[a]pyrene by Phanerochaete chrysosporium, which was considered suitable for 471 
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biological experiments involving soil due to the challenges of mass transfer and PAH extraction 472 

in a complex matrix. 473 

The validation of the BBD model conditions for anthracene biodegradation revealed the 474 

robustness of the predictive model through the close alignment between experimental and 475 

predicted values. In this study, the achieved 100 % anthracene biodegradation efficiency under 476 

specific optimized conditions for both TlFLU1 (pH 5, temperature 25ºC, biomass 20 mm and 477 

substrate concentration 200 mg/L) and TpFLU12 (pH 7, temperature 30 ºC, biomass 20 mm 478 

and substrate concentration 200 mg/L) align with the report (Bhatt et al., 2014) where pH 479 

ranges from 2-11 was demonstrated to enhanced biodegradation of chrysene, a PAHs by 480 

Cochliobolus lunatus Strain CHR4D. Similarly, pH 7 has been documented as considerable 481 

importance in the physiological development of fungi in fluoranthene breakdown by 482 

Aspergillus aculeatus and Mucor irregularis (Bankole et al., 2022). Also, the extension of 483 

incubation periods was found to enhance biodegradation efficiency which aligns with 484 

established biodegradation kinetics principles of PAH (perylene and benzo [ghi] perylene) by 485 

the yeast consortium (Mandal and Das, 2018). Similarly, the previous study (Agrawal and 486 

Shahi, 2017) findings demonstrated how the extension of incubation periods influenced pyrene 487 

biodegradation by Coriolopsis byrsina strain APC5. Notably, the observation of increased 488 

fungal biomass with incubation time underscores the correlation between growth dynamics and 489 

anthracene biodegradation efficiency which informs our understanding of the physiological 490 

response of the fungal strains TlFLU1 and TpFLU12 during anthracene biodegradation. 491 

Similarly, these fungi strains have demonstrated the same pattern of increased biomass over 492 

time while effectively degrading the fluoranthene (Egbewale et al., 2023). Previously, it was 493 

observed that an increase in biomass over time influenced the biodegradation efficiencies of 494 

pyrene and phenanthrene by Podoscypha elegans strain FTG4 (Agrawal et al., 2021). 495 

This study highlights the pivotal role of ligninolytic enzymes in anthracene biodegradation 496 

efficiency with Laccase (Lac) production being the most abundant, followed by Lignin 497 

Peroxidase (LP) and Manganese Peroxidase (MnP). This finding suggests that the 498 

biodegradation rate depends on the production and concentration of these enzymes and growth 499 

substrate since existing literature has documented that the choice of growth substrate has the 500 

ability to trigger organism growth and promote the synthesis of catabolic enzymes (Cao et al., 501 

2020; Cerniglia, 1992; Providenti et al., 1993). Furthermore, it is worth noting that the 502 

production of these ligninolytic enzymes has been linked with their mechanistic and catalytic 503 

contributions to the biodegradation efficiencies of other PAHs such as fluorene, pyrene, 504 
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chrysene, and benzo[a]pyrene by T. viride (EXF8977), P. chrysogenum (EXF1818) and A. 505 

aegerita (EXF3253) (Vipotnik et al., 2021).  506 

In the food chain, using marine bacterial as a test organism to monitor the survival and 507 

ecological impact of anthracene and its intermediates on the ecosystem is crucial. Integrating 508 

toxicity assessments and multidisciplinary approaches offers an insight into how the primary 509 

producer in the food chain adapt and evolve in the presence of pollutants like anthracene by 510 

ensuring robust, sustainable mitigation of PAH pollution. The observed increase in bacterial 511 

survival over the time course on anthracene degradation products from TlFLU1 and TpFLU12 512 

further lends credence to the efficiency of these strains in metabolizing anthracene to less toxic 513 

state. A previous study (Egbewale et al., 2023), highlighted the efficiency of fungal strains like 514 

TpFLU-12 in degrading PAH compound (fluoranthene) to non-toxic states and thereby 515 

demonstrating their effective potential in bioremediation. Similarly, fungi such as Polyporus 516 

sp. S133, A. fumigatus and A. sydowii BPOI have shown high anthracene degradation 517 

efficiencies ranging from 71 % to 99.8 % by employing enzymes such as MnP, LP, and Lac 518 

(Bankole et al., 2020; Hadibarata et al., 2013; Ye et al., 2011). However, initial assessments 519 

show no detectable bacterial growth at Day 0 degradation product which could be attributed to 520 

the parent compound (anthracene) recalcitrant nature and toxic properties. This finding aligns 521 

with a previous report (Kottuparambil and Park, 2019), where an exposure to anthracene led to 522 

a reduction in growth rate and photosynthetic pigment production with an implication of 523 

anthracene inhibitory effects on biological systems of Euglena agilis. Additionally, a study 524 

(Takeda et al., 2023) highlights the chronic toxicity of anthracene with a carcinogenic effect in 525 

rats and mice after prolonged exposure. The significant increase in the bacterial count for 526 

degradation product of TlFLU1 by d 2 indicates an adaptive response where the V. 527 

parahaemolyticus starts to utilize the degradation products as a carbon source by overcoming 528 

the initial inhibitory effects of anthracene due to different metabolites in the degradation 529 

products (Mahour, 2016; Wang et al., 2023). Also, the increase in bacterial count for TlFLU1 530 

degradation product by d 2 could be attributed to non-toxic metabolite accumulated during this 531 

period which then enhanced the marine bacterial to adapt, utilize them as its carbon and develop 532 

its novel metabolic activities in response to degradation products (Dell’Anno et al., 2021; 533 

Panigrahy et al., 2022).The plateau in bacterial counts observed in degradation products from 534 

Day 6 to Day 12 suggests that the bacterial population reaches a steady state, where the rate of 535 

cell growth balances the rate of cell death (Shi et al., 2021). This is consistent with the model 536 

proposed previously (Goldschmidt et al., 2018), which suggests that proliferation of harmful 537 

metabolites or the exhaustion of essential substrates hinders the growth process. Further 538 
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supporting this theory, an author (Theorell and Stelling, 2023), discuss bacterial population 539 

dynamics and reliance on complex compounds for growth by highlighting the significance of 540 

steady-state growth in microbial communities. For degradation product of TpFLU-12, the 541 

initial rapid increase in bacterial survival from 5.4 Log CFU/mL on d 2 degradation product to 542 

6.2 Log CFU/mL on d 4 degradation product suggests an effective utilization of anthracene 543 

degradation intermediates due to accumulation of non-toxic intermediates in these products. 544 

This is supported by a review (Ahmad, 2022), which reveals that the interactive effects of 545 

metabolic products of polycyclic aromatic hydrocarbons (PAHs) and bacteria can influence 546 

increase the rate of the products utilization when less toxic. Furthermore, the absence of PAHs 547 

derivatives such as quinones, phenolics, epoxides and diol in the degradation products can 548 

promote efficient bioremediation by allowing microbes in the ecosystem to effectively carries 549 

out their cellular activities such as cell division, regulation of cell cycle, and formation of 550 

biofilm (Mohapatra and Phale, 2021). The convergence in final bacterial counts for both CP 551 

and TlFLU1 and TpFLU-12 with 7.9 Log CFU/mL on degradation products of d 10 and d 12, 552 

respectively suggests eventual similar adaptation levels despite different initial growth 553 

patterns. This alignment in bacterial survival counts implies that degradation pathways and 554 

intermediates become more favourable over time due to non-toxic state of these degradation 555 

products by supporting sustained bacterial growth (Amin et al., 2020; Conde-Avila et al., 2021; 556 

Mishra et al., 2020). Also, these findings resonate with a previous study (Gross et al., 2020), 557 

which observed an increase change in E. coli population during stationary phase in culture 558 

medium. However, the differences in toxicity assessments between TlFLU1 (EC50 20.92 mg/L) 559 

and TpFLU12 (EC50 35.29 mg/L) degradation products can be attributed to the metabolites 560 

formed during the degradation process which then explains why the degradation product from 561 

TpFLU12 is less toxic than TlFLU1. This observation aligns with previous findings that 562 

established variability in toxicity levels throughout the biodegradation of aromatic 563 

hydrocarbons (Oberoi and Philip, 2017). The distinct sets of metabolites produced during 564 

degradation contribute to the differences in toxicity of TlFLU1 degradation product and 565 

TpFLU12 products (Egbewale et al., 2023; Mtibaà et al., 2018). Interestingly, both TlFLU1 566 

degradation products (TU of 4.78%) and TpFLU12 products (TU of 2.83%) are considered 567 

harmful but less toxic than pure TlFLU1. These variations suggest unique metabolite profiles 568 

resulting from the degradation processes which stems from more toxic intermediates like 569 

hydroxylated or carboxylated derivatives of anthracene accumulated in TlFLU1 degradation 570 

product to be specific which can generate reactive oxygen species causing cellular damage 571 

during degradation (Agrawal and Shahi, 2017). 572 
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Conclusion 573 

 Polycyclic aromatic hydrocarbons (PAHs) like anthracene are environmental pollutants with 574 

significant ecological and health implications which necessitate its effective remediation 575 

strategies. This study reveals the potential of indigenous fungal isolates, TlFLU1 and TpFLU12 576 

in the effective biodegradation of anthracene. Through the optimization of physicochemical 577 

parameters and culture media using RSM, it provides valuable insights into the mechanisms 578 

underlying biodegradation efficiency. The critical role of ligninolytic enzymes (Lac, LP and 579 

MnP) in anthracene degradation was elucidated. Validation of the predicted model conditions 580 

further corroborates the success of this approach, leading to 100% biodegradation under 581 

specific optimized conditions. Bacterial survival assays using Vibrio parahaemolyticus 582 

demonstrated that the degradation products from TlFLU1 and TpFLU12 resulted in different 583 

survival rates. TlFLU1 degradation product showed a higher initial bacterial survival that 584 

stabilized over time, indicating a potentially higher initial toxicity that decreased as degradation 585 

progressed. Conversely, TpFLU12 degradation products exhibited a rapid initial increase in 586 

bacterial survival, suggesting lower initial toxicity and a more consistent degradation process. 587 

The ecotoxicity tests demonstrated significant differences in effective concentration (EC50) and 588 

toxicity unit (TU) between the degradation products of TlFLU1 and TpFLU12. TlFLU1 showed 589 

higher toxicity with lower EC50 and higher TU values compared to TpFLU12, indicating that 590 

although both fungal strains effectively degrade anthracene, TlFLU1 may result in higher initial 591 

toxicity which reduces over time. Thus, these findings contribute to our understanding of 592 

bioremediation processes and offer promise for addressing environmental pollution challenges 593 

through eco-friendly remediation approaches. Additionally, future studies should explore the 594 

molecular mechanisms and genetic regulation of ligninolytic enzymes in fungal strains and 595 

their interactions with other microorganisms and environmental factors. 596 
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760 

Figure Legends: 761 

Figure 1. The interactive effect among the predicted optimized variables on the maximum 762 

anthracene biodegradation. pH vs temperature (A), pH vs Biomass (B), pH and anthracene 763 

concentration (C), temperature vs Biomass (D), biomass vs anthracene concentration (E) and 764 

Temperature vs anthracene concentration (F). 765 

Figure 2. The biodegradation of anthracene by TlFLU1 (A) and TpFLU12 (B). 766 

Figure 3. Ligninolytic enzymes Laccase (A), Manganese peroxidase (B) and Lignin peroxidase 767 

(C) involved in anthracene biodegradation by TlFLU1 and TpFLU12.768 

Figure 4. The time-course changes in Vibrio parahaemolyticus survival (Log CFU/mL) after 769 

6 h exposure to anthracene degradation products from TlFLU1 (A) and TpFLU12 (B). 770 

771 

772 
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Tables: 773 

 774 

Table 1: The effect of pH, temperature, biomass and substrate concentration on anthracene 775 

biodegradation by TlFLU1 and TpFLU12. 776 

777 

Run pH Temperature Biomass Substrate Degradation (%) 
°C (mm) (mg/L) Predicted TlFLU1 TpFLU12 

1 10 30 30 400 68.2 53.4 60.3 

2 7 35 20 200 66.7 68.4 67.7 

3 7 25 10 400 81.6 71.7 87.5 

4 7 30 10 600 73.2 75.1 74.1 

5 7 30 30 200 88.8 76.1 80.8 

6 7 35 20 600 62.1 58.9 62.5 

7 4 30 30 400 87.9 94.3 62.2 

8 4 30 20 200 103.2 LDL 73.4 

9 4 30 20 600 88.7 70.5 59.5 

10 10 30 20 200 69.7 55.9 52.1 

11 10 30 20 600 54.2 51.6 47.7 

12 7 25 20 600 73.1 71.6 74.4 

13 7 30 20 400 79.1 78.5 80.4 

14 10 30 10 400 53.3 52.1 59.5 

15 7 25 30 400 87.8 73.8 95.7 

16 10 25 20 400 60.7 60.6 59.7 

17 7 30 10 200 91.7 79.2 91.6 

18 7 30 20 400 79.1 86.2 88.1 

19 7 30 30 600 77.3 86.3 81.6 

20 7 25 20 200 98.7 74.4 LDL 

21 4 30 10 400 101.6 90.2 66.9 

22 4 25 20 400 101.1 96.2 68.3 

23 10 35 20 400 45.6 48.2 53.5 

24 7 35 30 400 60.7 65.8 65.7 

25 4 35 20 400 73.2 69.5 70.1 

26 7 35 10 400 65.7 68.2 61.3 
LDL: laboratory detection limit. 778 

779 
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Table 2: Central composite rotatable design (CCRD) for anthracene biodegradation by TlFLU1 793 

and TpFLU12. 794 

Run (NH4)2SO4  K2HPO4 NaH2PO4.2H2O NaCl MgSO4 
Degradation (%) 

Predicted TlFLU1 TpFLU12 

1 1.40 2.10 1.05 0.30 0.16 75.7 73.6 74.4 

2 3.40 2.10 1.05 0.30 0.16 86.7 86.6 86.1 

3 1.40 2.10 0.65 0.30 0.36 72.1 69.3 70.4 

4 1.40 2.10 0.65 0.70 0.16 78.1 76.8 77.7 

5 3.40 1.00 1.05 0.30 0.16 76.7 75.9 75.4 

6 3.40 2.10 1.05 0.30 0.36 87.8 87.3 87.7 

7 2.40 1.55 1.33 0.50 0.26 74.8 74.7 75.5 

8 2.40 1.55 0.85 0.50 0.26 80.4 80.3 81.4 

9 3.40 1.00 1.05 0.30 0.36 78.1 75.9 75.5 

10 2.40 1.55 0.85 0.50 0.26 80.4 82.1 82.2 

11 3.40 1.00 0.65 0.30 0.36 77.3 75.2 76.8 

12 4.78 1.55 0.85 0.50 0.26 85.9 85.6 86.2 

13 1.40 1.00 1.05 0.30 0.36 79.1 78.2 78.8 

14 3.40 1.00 0.65 0.30 0.16 75.6 74.8 74.5 

15 3.40 1.00 0.65 0.70 0.36 80.0 79.8 80.0 

16 2.40 1.55 0.85 0.02 0.26 81.6 82.9 82.3 

17 1.40 1.00 0.65 0.70 0.36 81.9 81.9 82.5 

18 2.40 1.55 0.85 0.50 0.26 80.4 78.8 78.5 

19 1.40 2.10 1.05 0.70 0.16 72.9 74.1 73.7 

20 2.40 1.55 0.85 0.50 0.02 76.9 76.6 76.9 

21 1.40 1.00 1.05 0.70 0.36 74.9 74.6 74.4 

22 2.40 1.55 0.85 0.98 0.26 81.5 79.8 80.0 

23 3.40 1.00 1.05 0.70 0.36 73.9 73.4 73.9 

24 2.40 1.55 0.85 0.50 0.26 80.4 77.9 78.8 

25 2.40 2.86 0.85 0.50 0.26 81.6 81.3 80.6 

26 2.40 1.55 0.85 0.50 0.26 80.4 81.1 81.6 

27 1.40 1.00 0.65 0.30 0.16 80.9 81.9 82.0 

28 1.40 2.10 1.05 0.30 0.36 73.5 71.8 73.0 

29 1.40 2.10 0.65 0.70 0.36 75.0 74.7 74.8 

30 1.40 1.00 1.05 0.70 0.16 77.9 75.9 76.3 

31 3.40 1.00 1.05 0.70 0.16 73.8 73.7 74.9 

32 1.40 2.10 0.65 0.30 0.16 73.9 72.6 73.4 

33 0.02 1.55 0.85 0.50 0.26 75.1 74.6 75.2 

34 2.40 1.55 0.85 0.50 0.26 80.4 78.9 79.4 

35 3.40 2.10 0.65 0.30 0.36 85.3 85.5 86.0 

36 3.40 1.00 0.65 0.70 0.16 79.6 78.0 78.3 

37 3.40 2.10 1.05 0.70 0.16 84.1 82.1 81.5 

38 2.40 1.55 0.85 0.50 0.50 74.9 74.4 74.5 

39 1.40 1.00 1.05 0.30 0.16 80.9 79.0 78.6 

40 2.40 1.55 0.37 0.50 0.26 79.9 79.0 78.9 

41 1.40 2.10 1.05 0.70 0.36 69.6 67.6 69.0 

42 3.40 2.10 1.05 0.70 0.36 83.9 82.1 83.0 

43 2.40 1.55 0.85 0.50 0.26 80.4 79.0 78.7 

44 3.40 2.10 0.65 0.70 0.16 88.2 88.8 89.4 

45 3.40 2.10 0.65 0.70 0.36 88.3 88.2 87.8 

46 3.40 2.10 0.65 0.30 0.16 84.0 81.1 82.0 

47 2.40 0.24 0.85 0.50 0.26 77.9 77.7 78.1 

48 1.40 1.00 0.65 0.70 0.16 84.7 82.8 82.6 

49 1.40 1.00 0.65 0.30 0.36 79.3 78.0 77.8 

50 2.40 1.55 0.85 0.50 0.26 80.4 80.3 79.4 
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Table 3. Acute toxicity (EC50) of the anthracene degradation products of TlFLU1 and 795 

TpFLU12. 796 

797 
Key: Very toxic (EC50 < 1 mg/L); Toxic (1 mg/L < EC50 ≤ 10 mg/L); Harmful (10 mg/L < EC50 ≤ 100 mg/L); 798 
Non-toxic (≥ 100 mg/L). Values with the same alphabet as superscripts are not statistically different (p≤0.05 799 

800 

Acute Toxicity Strain 

Profile TlFLU1 TpFLU12 

EC50 (mg/L) 20.92b 35.29a 

TU (%) 4.78a 2.83b 

Class Harmful 
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Figure S1. Cook’s distance (A), Residual vs predicted (B), leverage vs run (C), box-cox plot for 

power transformation (D) and predicted vs actual (E). 
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Figure S2. The 3D interactive effect among the predicted optimized variables on the maximum 

anthracene transformation using central composite rotatable design (CCRD). 
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Table S1: ANOVA for the Box-Behnken Design. 

 

Source Sum of Squares df Mean Square F-value p-value  

Model 6311.30 14 450.81 44.34 < 0.0001 significant 

A-pH 3462.56 1 3462.56 340.53 < 0.0001  

B-Temperature 1385.46 1 1385.46 136.26 < 0.0001  

C-Biomass 1.13 1 1.13 0.1110 0.7453  

D-Anthracene Concentration 679.51 1 679.51 66.83 < 0.0001  

AB 40.58 1 40.58 3.99 0.0711  

AC 203.21 1 203.21 19.98 0.0009  

AD 0.2352 1 0.2352 0.0231 0.8819  

BC 31.30 1 31.30 3.08 0.1071  

BD 109.73 1 109.73 10.79 0.0073  

CD 12.11 1 12.11 1.19 0.2985  

A² 18.86 1 18.86 1.86 0.2004  

B² 150.70 1 150.70 14.82 0.0027  

C² 12.70 1 12.70 1.25 0.2876  

D² 37.29 1 37.29 3.67 0.0818  

Residual 111.85 11 10.17    

Lack of Fit 85.42 10 8.54 0.3232 0.8909 not significant 

Pure Error 26.43 1 26.43    

Cor Total 6423.15 25     

Factor coding is Coded. Sum of squares is Type III – Partial. The Model F-value of 44.34 implies 

the model is significant. There is only a 0.01% chance that an F-value this large could occur due 

to noise. P-values less than 0.0500 indicate model terms are significant. In this case A, B, D, AC, 

BD, B² are significant model terms. Values greater than 0.1000 indicate the model terms are not 

significant. If there are many insignificant model terms (not counting those required to support 

hierarchy), model reduction may improve your model.  The Lack of Fit F-value of 0.32 implies 

the Lack of Fit is not significant relative to the pure error. There is 89.09% chance that a Lack of 

Fit F-value this large could occur due to noise. Non-significant lack of fit is good -- we want the 

model to fit.  
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Table S2: The fit summary for Box-Behnken Design. 

 

Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R²  

Linear < 0.0001 0.5556 0.8342 0.7820  

2FI 0.1300 0.6096 0.8710 0.7503  

Quadratic 0.0014 0.8909 0.9604 0.9069 Suggested 

Cubic 0.5385 0.9487 0.9619 0.9177 Aliased 

  

 

Table S3. Regression model for Box-Behnken Design. 

 

Std. Dev. 3.19  R² 0.9826 

Mean 76.58  Adjusted R² 0.9604 

C.V. % 4.16  Predicted R² 0.9069 
   Adeq Precision 23.7883 

The Predicted R² of 0.9069 is in reasonable agreement with the Adjusted R² of 0.9604; i.e. the 

difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater than 

4 is desirable. Your ratio of 23.788 indicates an adequate signal. This model can be used to navigate 

the design space. 
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Table S4: ANOVA for central composite rotatable design (CCRD). 

 

 Factor coding is Coded. Sum of squares is Type III – Partial. The Model F-value of 29.44 implies 

the model is significant. There is only a 0.01% chance that an F-value this large could occur due 

to noise. P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, E, 

AB, AE, CD, C², E² are significant model terms. Values greater than 0.1000 indicate the model 

terms are not significant. If there are many insignificant model terms (not counting those required 

to support hierarchy), model reduction may improve your model. The Lack of Fit F-value of 0.93 

implies the Lack of Fit is not significant relative to the pure error. There is a 58.80% chance that a 

Lack of Fit F-value this large could occur due to noise. TA non-significant lack of fit is good -- 

we want the model to fit. 

 

Source 
Sum of 

Squares 
df Mean Square F-value p-value  

Model 954.12 20 47.71 29.44 < 0.0001 significant 

A-(NH4)2SO4 223.71 1 223.71 138.04 < 0.0001  

B-K2HPO4 25.64 1 25.64 15.82 0.0004  

C-NaH2PO4.2H2O 50.62 1 50.62 31.24 < 0.0001  

D-NaCl 0.0001 1 0.0001 0.0000 0.9951  

E-MgSO4. 7.98 1 7.98 4.93 0.0344  

AB 466.96 1 466.96 288.13 < 0.0001  

AC 2.02 1 2.02 1.25 0.2734  

AD 0.0242 1 0.0242 0.0149 0.9036  

AE 20.67 1 20.67 12.76 0.0013  

BC 5.54 1 5.54 3.42 0.0746  

BD 0.1740 1 0.1740 0.1074 0.7455  

BE 0.1568 1 0.1568 0.0968 0.7580  

CD 93.30 1 93.30 57.57 < 0.0001  

CE 0.1300 1 0.1300 0.0802 0.7790  

DE 3.08 1 3.08 1.90 0.1789  

A² 0.0069 1 0.0069 0.0043 0.9485  

B² 0.7047 1 0.7047 0.4348 0.5148  

C² 16.44 1 16.44 10.15 0.0034  

D² 2.27 1 2.27 1.40 0.2464  

E² 34.88 1 34.88 21.52 < 0.0001  

Residual 47.00 29 1.62    

Lack of Fit 35.02 22 1.59 0.9307 0.5880 not significant 

Pure Error 11.97 7 1.71    

Cor Total 1001.12 49     
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Table S5: Fit Statistics for central composite rotatable design (CCRD). 

The 

Predicted R² of 0.8571 is in reasonable agreement with the Adjusted R² of 0.9207; i.e. the 

difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater than 

4 is desirable. Your ratio of 22.690 indicates an adequate signal. This model can be used to 

navigate the design space. 

Std. Dev. 1.27 R² 0.9531 

Mean 79.33 Adjusted R² 0.9207 

C.V. % 1.60 Predicted R² 0.8571 

Adeq Precision 22.6900 
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of two or more fused aromatic rings with a varying 
degree of carcinogenicity, genotoxicity, and mutagen-
icity (Slámová et  al. 2017). They are formed during 
incomplete combustion, pyrolysis processes and from 
anthropogenic sources such as industrial food pro-
cessing methods (heating, drying and smoking pro-
cesses), home food preparation (grilling and roasting 
processes), municipal seep and oils spillages (Singh 
et  al. 2016). Anthracene is considered a marker in 
the environmental assessment of PAHs, owing to its 
frequent detection in indoor suspended particles (air), 
surface water and groundwater that receive wastewa-
ter effluent (Adeniji et  al. 2018). Primary target for 
anthracene includes the skin, hematopoietic system, 
lymphoid system, and gastrointestinal tract with vary-
ing degrees of toxicity and carcinogenicity (Hu et al. 
2009). Also, its metabolites (quinones) have been 
implicated in acute and chronic toxicity of aquatic 
organisms, such as reduction in photosynthesis rate 
and population growth repression (Othman et  al. 
2012; Šepič et al. 2003).

Despite efforts from regulatory agencies like the 
United States Environmental Protection Agency, the 
European Union Scientific Committee on Food, the 
Joint FAO/WHO Expert Committee on Food Addi-
tives (JECFA) and the International Programme on 
Chemical Safety (IPCS), PAHs persist in the envi-
ronment, necessitating new strategies to mitigate 
their acute and chronic effects (Zelinkova and Wenzl 
2015). Several treatment methods, including physical, 
chemical, and biological methods or their combina-
tions have been developed (Forján et al. 2020; Haneef 
et al. 2020). Among these, biological methods which 
relies on the use of microorganisms for enzymatic 
breakdown of PAHs offer many advantages such as 
low-cost, safety, reduced energy requirements, opera-
tion under milder conditions, and avoid generation of 
toxic compounds (Asemoloye et al. 2020). However, 
these methods have drawbacks, such as the need for 
long incubation times, mycelia ageing in the case of 
fungi, generation of a waste stream and possible for-
mation of more toxic compounds (Ali et al. 2017).

To overcome these limitations, purified lignino-
lytic enzymes (Laccase, Manganese peroxidase and 
Lignin peroxidase) have been proposed as alterna-
tives to whole cells owing to their low energy input 
requirement, moderate operational conditions, the 
specificity in the minimization of the undesirable 
products, ability to retain extremophilic property and 

stability under harsh conditions (Kumar and Chandra 
2020).

Laccase (EC 1.10.3.2, benzenediol: dioxygen oxi-
doreductase) belonging to a multicopper oxidase 
family has become an attractive candidate for an eco-
friendly degradation of persistent organo-pollutants 
into an innocuous state (Janusz et  al. 2020) due to 
its stability, low cost, feasible production, broad sub-
strate range and low substrate specificity (Agrawal 
et  al. 2018). Compared to commercially available 
Laccases, isolated enzymes from whole cells offer 
several potential advantages. They are eco-friendly, 
utilizing molecular oxygen and yielding water as the 
sole by-product (Mayolo-Deloisa et  al. 2020). Fur-
thermore, the immobilization of Laccase enhances 
its stability and reusability, making it a more efficient 
and cost-effective option (Brandi et al. 2006; Fernán-
dez-Fernández et  al. 2013; Ren et  al. 2020). These 
factors, combined with its ability to oxidize a wide 
range of substrates, make isolated Laccase a supe-
rior choice for various industrial and environmen-
tal applications. However, recent studies highlight a 
critical challenge of the low degradation efficiency of 
Laccases towards PAHs due to their specific molecu-
lar structure (Xu et  al. 2020). Redox mediators like 
2,2′-azino-bis(3-ethyl-benzothiazoline-6-sulfonic 
acid) (ABTS) have shown promise in improving this 
degradation efficiency (Grassi et  al. 2011; Wu et  al. 
2008).

According to available literature, a crucial gap in 
our understanding lies in the impact of these Laccase-
mediated degradation products on living organisms. 
This lack of knowledge hinders a complete picture 
of the environmental safety of Laccase-based biore-
mediation. This study addresses this critical gap 
by investigating the oxidation and detoxification of 
anthracene by purified Laccases from two specific 
fungal strains: Trichoderma lixii FLU1 and Talaro-
myces pinophilus FLU12. We explore the significance 
of the Laccase-mediator ABTS system in enhancing 
anthracene degradation and elucidate degradation 
kinetics and pathways through metabolite profiling. 
Furthermore, to assess the environmental safety of 
this approach, we evaluate the acute toxicity of the 
resulting degradation products on a marine bacte-
rium, Vibrio parahaemolyticus, which represents a 
potential ecological recipient of PAH contamination. 
Additionally, we investigate the cytotoxicity of these 
products on a mouse hippocampal neuronal cell line 
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(HT-22) to explore potential neurotoxic effects, link-
ing back to the established connection between PAHs 
and neurodegenerative diseases (Tang et  al. 2003). 
Also, we analyze the effects on genes associated 
with Alzheimer’s disease, providing further insight 
into potential neurotoxicity. By investigating these 
aspects, this study aims to comprehensively evaluate 
the environmental safety of Laccase-mediated PAH 
degradation, providing valuable insights for its poten-
tial application in bioremediation strategies.

Material and methods

Reagents

ABTS (2,2-azino-bis-(3-ethyl-benzothiazoline-6-sul-
phonic acid)), anthracene and ethyl acetate of ana-
lytical grade with ≥ 98% purity were purchased from 
Merck (St. Louis, MI, USA). The mouse hippocam-
pal neuronal cell line was a gift from Salk Institute 
for Biological Studies, La Jolla, CA, USA. The PAH 
anthracene was selected for this study based on its 
toxicological profile as a known or reasonably antici-
pated human carcinogen on the US EPA’s priority 
pollutants list (Zelinkova and Wenzl 2015).

Enzyme production and purification

Laccase production was carried out in cotton-plugged 
Erlenmeyer flasks (250  mL) containing basal salt 
medium (BSM) supplemented with anthracene 
(200 mg/L) as an inducer to a final volume of 150 mL 
prior to the set-up. The media were sterilized by auto-
claving at 121  °C for 15  min. Inoculation was done 
directly into individual Erlenmeyer flasks using two 
20 mm mycelial disks of each strain before incubat-
ing at 30 ℃ and shaking at 180 rpm for 10 days in 
complete darkness (MRC laboratory instrument, 
Essex, U.K). The pH of the flask containing strain 
TlFLU1 was adjusted to 4 using 1 M HCl while that 
of TpFLU12 was adjusted to 7 using 1 M NaOH. The 
rationale behind the variation in the culture media 
pH values was due to its optimized condition dur-
ing anthracene degradation with 100% degradation 
at 12 days during our previous study. Also, the fun-
gal strains whole cell showed tolerance to fluoran-
thene (Egbewale et al. 2023) and anthracene (data not 
shown) with zero growth inhibition at 400  mg/L of 

fluoranthene and 400 mg/L of anthracene for TlFLU1 
except for TpFLU12 with no growth inhibition at 
600 mg/L of anthracene. The detailed composition of 
the BSM media, including specific components and 
their concentrations, is provided in Table S1.

The purification was done according to the previ-
ously described method (Othman et  al. 2018) with 
some modifications. Briefly, crude extract from 
TlFLU1 (TlFLU1L abbreviated for Laccase from 
TlFLU1) and TpFLU12 (TpFLU12L abbreviated for 
Laccase from TpFLU12) was individually centrifuged 
at 5000×g for 20 min at 4 ℃ to obtain a clear super-
natant. Protein from each supernatant was sequen-
tially precipitated to saturation with 60% (NH4)2SO4 
under a gentle continuous stirring at 4 ℃ overnight. 
The protein pellets were recovered by centrifuga-
tion at 10,000×g for 20  min, dissolved in sodium 
acetate buffer (50  mM, pH 5) and dialyzed against 
a large volume of the same buffer using 30 kDa cut 
off size dialysis tubing cellulose membrane (Merck, 
Burlington, MA, USA). The protein was further puri-
fied using DEAE liquid chromatography column 
(1.5 × 9 cm) at room temperature before eluting with 
100 mM NaCl in 50 mM sodium acetate buffer (pH 
7) at a flow rate of 0.5 mL/min. Six fractions show-
ing Laccase enzymes activity of substrate ABTS 
were pooled and applied on Sephadex G-100 col-
umn (2.0 × 9  cm) size exclusion column before elu-
tion with 50  mM sodium acetate buffer (pH 7). All 
fractions with Laccase activity were pooled, desalted, 
filter-sterilized, and stored at 4℃ until further usage.

The Laccase purity and molecular mass was visu-
alized with SDS-PAGE using a 12% resolving gel and 
a 5% stacking gel. At the end of electrophoresis, the 
gel was stained with Coomassie brilliant blue (Lae-
mmli 1970). The Laccases were purified to homo-
geneity with a specific activity of 34  U/mg protein. 
TlFLU1L was characterized as a yellow Laccase 
while TpFLU12L was a blue Laccase with a molecu-
lar mass of 44 kDa and 68.7 kDa, respectively. Both 
showing remarkable stability in various organic sol-
vents, detergents, inhibitors, and metal ions with 
excellent residual activity.

Assay for laccase activity

Laccase activity was measured as described previ-
ously (Zungu et al. 2020). Briefly, Laccase (370 μg) 
was mixed with 800 μL of 20 mM Na-Acetate buffer 
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(pH 5) and 100  μL of 5  mM ABTS. After 15  min 
incubation period at 30  °C, the reaction was termi-
nated with 50  μL of 20% (v/v) trichloroacetic acid 
(TCA) solution. One unit of Laccase is the amount of 
enzyme that produces 1 µM of oxidized product per 
minute (ε420nm = 36,000 /M/cm for oxidized product).

Degradation of anthracene by Laccases

Anthracene degradation was determined as previously 
described (Cambria et  al. 2008) with some modifi-
cations. The reaction mixture (10  mL) consisted of 
anthracene (200 mg/L) and Laccase (2 U/mL, pH 5) 
in Na–Acetate buffer (50 mM, pH 5). Tween 80 (1%) 
was added to the mixture to enhance anthracene bio-
availability and incubated at 30  °C in the dark for 
96  h, with continuous shaking at 80  rpm to avoid 
precipitation. The pH of 5 was adopted for this study 
due to the observed 100% residual activity after 24 h 
reaction during the enzyme characterization assays 
in our previous study. The sample aliquots (1  mL) 
were drawn every 24 h and 50 μL of a 20% (v/v) TCA 
solution added to stop further enzymatic oxidation. 
All the experiments were performed in triplicates and 
a control (heat-denatured Laccase) set-up was carried 
out under the same experimental condition. The con-
centration of residual anthracene in the reaction mix-
ture was measured as described previously (Mot et al. 
2020) with slight modifications. Briefly, the reaction 
mixture aliquots were mixed with ethyl-acetate (1:4 
v/v) in a separating funnel, vigorously shaken for 
5  min and allowed to stand for 20  min to enhance 
the separation of aqueous and organic phases. The 
organic phase was collected, dried over 10  g anhy-
drous Na2SO4 and evaporated to dryness at 40  °C 
under reduced pressure. The dried fractions were then 
re-dissolved with the same extraction solvent and 
diluted tenfold with ethyl-acetate before quantifying 
the anthracene by measuring optical density at scan-
ning mode from wavelength 200–400 nm as well as 
at wavelength 265 nm using Agilent Cary60 UV–Vis 
spectrophotometer (Santa Clara, CA, USA).

Detection of the metabolites by GC–MS analysis

The extracted fractions from the aliquots collected 
were pooled together, dried at 40  °C under reduced 
pressure and redissolved to a final volume of 1  mL 
with n-hexane. 1 µL of samples were injected into 

Rxi-PAH capillary GC column (GCMS-QP2010 SE 
Shimadzu scientific, Kyoto, Japan) for metabolite 
detection under the following conditions: split injec-
tion (injector temperature 330  °C, split 1/8 for sam-
ples and 1/20 for standard samples); oven temperature 
programmed from 60 °C (held for 2 min) to 300 °C 
(15  min) at 10  °C/min. The carrier gas used was 
helium at a flow rate of 1 mL/min. The metabolites 
were analyzed at a full scanning mode at 10–220 m/z 
using the NIST library (National Institute of standard 
technology, USA) (Teh and Hadibarata 2014). 

Influence of Laccase‑mediator system on anthracene 
degradation

The influence of ABTS as a mediator on anthracene 
oxidation was determined by adding ABTS at a var-
ying concentration (200  µM to 10  mM) to the Lac-
case solution (2 U/mL). Subsequently, anthracene 
(200 mg/L) was correspondingly added into the Lac-
case-mediator solutions in a final volume of 10  mL 
containing Na-Acetate buffer (50 mM) and Tween 80 
(1%). Each reaction mixture solution was adjusted to 
pH 5 and incubated in the dark at 30 °C, with shak-
ing at 80 rpm for 96 h. Aliquots (1 mL) were drawn 
from each reaction every 24  h and residual anthra-
cene concentration, metabolite detection and change 
in the functional group of the detected metabolite 
were determined as described above. All the experi-
ments were performed in triplicates and a control 
(heat denatured enzyme) set-up was carried out under 
the same experimental condition. It is worth not-
ing that the choice for ABTS as a mediator, concen-
tration (200 µM to 10 mM and pH 5 condition were 
based on the higher binding activity of the Laccases 
towards ABTS in comparison to other mediators dur-
ing the enzyme characterization study, which aligns 
with previous studies Camarero et al. 2008; Liu et al. 
2017), where optimum pH for oxidation of ABTS 
was reported to range between 4 and 7 with the high-
est activity with ABTS. The stability and reusability 
of ABTS@MIL-100(Fe) as a Laccase mediator make 
it a promising tool for dye removal (Liu et al. 2017).

Determination of kinetic parameters of the 
Laccase‑mediator system

The kinetic parameters of the Laccase and Lac-
case-mediator were determined using anthracene 
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concentrations ranging from 50 to 400  mg/L, fol-
lowing the assays described above (de Freitas et  al. 
2017). A non-linear regression model was used to 
estimate the Michaelis–Menten constant Km and 
vmax for the substrate disappearance. The changes in 
the anthracene concentrations were monitored over a 
96-h period immediately after reaction initiation by 
the addition of 3 U Laccase and 10  mM ABTs (for 
Laccase-mediator set-up) at 30  °C. Anthracene con-
centrations above 400 mg/L could not be used due to 
the solubility issue.

Ecotoxicity analysis

Ecotoxicity analysis of the anthracene degradation 
products (metabolites) was carried out to assess the 
potential risk on biota using time-course acute toxic-
ity effects on a marine bacterium, Vibrio parahaemo-
lyticus (ATCC 17802) as a model organism, being the 
primary consumer in the food web. The acute toxic-
ity of pure anthracene (control), Laccase degraded 
and Laccase-mediator (degradation products/h) on 
V. parahaemolyticus (100 μL of diluted standardized 
overnight culture broth) was monitored based on a 
modified liquid-to-plate micro-counting method as 
described previously (Egbewale et  al. 2023; Rotini 
et al. 2018).

Cytotoxicity assay

The cytotoxicity assay was performed using mouse 
hippocampal neuronal (HT-22) cell line as the sec-
ondary consumer. The time course cytotoxic effect 
of the degradation product on HT-22 cells was car-
ried out using an MTT assay. The MTT assay was 
based on the colorimetric test of cell proliferation 
and percentage cell viability of the degradation 
product/h. Briefly, cells maintained in DMEM sup-
plemented with 10% FBS and 100  mg/L streptomy-
cin and 100  IU/mL penicillin at 37  °C in a humidi-
fied atmosphere of 5% CO2 were plated at a density 
of 1.28 × 105 cells/mL in 96 well plates. The cells 
were exposed to each degradation product (1:4 v/v) of 
400 mg/L anthracene concentration in a 96-well plate 
and allowed to incubate for 48  h. Metabolites from 
the degradation of anthracene at an initial concentra-
tion of 400  mg/L were used due to the presence of 
residual anthracene at the end of the reaction period.

Cell morphology evaluation

The evaluation of HT-22 cells for viability, morphology 
and overall health was done by capturing multiple field 
views for each experimental condition to ensure repre-
sentative analysis using a high-resolution microscope, 
Invitrogen EVOS™ Floid EN61326 equipped with 
phase contrast or fluorescence capabilities (Thermos-
Fisher Scientific, Waltham, MA, USA).

Alzheimer’s related gene expression analysis

Alzheimer’s related gene expression analysis in HT-22 
cells incubated with control (pure anthracene), oxida-
tion products of 72 h (anthracene 37 mg/L and 32 mg/L 
incubated with 3 U of TlFLU1L and TpFLU12L, respec-
tively) and 96  h (anthracene 139  mg/L and 58  mg/L 
incubated with 3 U of TlFLU1L and TpFLU12L, 
respectively) was performed using RT-qPCR (CFX 
Connect Real-Time PCR System, Bio-Rad CFX 976, 
Hercules, CA, USA). Total RNA from HT-22 cells was 
extracted using GeneJET RNA purification Kit (Ther-
mos-Fisher Scientific, Waltham, MA, USA). cDNA was 
synthesized from 100 ng of total RNA using the Max-
ima First-strand cDNA Synthesis Kit (Thermos-Fisher 
Scientific, Waltham, MA, USA). RT-qPCR conditions 
were as follows: 40 cycles of 95 °C for 30 s, 95 °C for 
0.05 s, 60 °C for 30 s, and 72 °C for 20 s. Melting curve 
analysis was performed from 65 to 95 °C. The primer 
pairs used are shown in Table  1. Triplicate analyses 
were carried out for each cDNA sample along with the 
‘no reverse transcriptase’ and ‘no template’ controls. 
The specificity of the amplicons was confirmed through 
melting curve analysis and size determination on 2% 
agarose gels. Gene expression was quantified using the 
relative standard curve method.  Different dilutions of 
cDNA synthesized from RNA extracted from untreated 
HT-22 cells were used to plot the standard curves for 
each gene. BACE-1, ADAM-10, TAU, PPARγ and APP 
mRNA expression were presented as fold regulation 
(negative inverse of fold change).

Quality control measures

Recovery study

We have included a recovery study using ster-
ile Na-acetate buffer with heat-denatured Laccase 
spiked with a known concentration of anthracene 
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as standard. This step assesses potential losses dur-
ing sample preparation and extraction. The average 
recovery of anthracene in our study was 98.7 ± 3.53%.

Standard curve

A standard curve was generated using known anthra-
cene concentrations (with an R2 value of 0.972) to 
ensure accurate quantification of residual anthracene 
in the reaction mixtures.

Triplicate experiments

All experiments were performed in triplicates to 
account for experimental variability and enhance data 
reliability.

Control experiment

A control experiment using heat-denatured Laccase 
was included under the same conditions as the treat-
ment groups to account for non-enzymatic degrada-
tion of anthracene.

Blank control

Blank controls included a well containing all reac-
tion components except the enzyme sample. This 

controls for background absorbance at the measure-
ment wavelength.

Substrate controls

Substrate controls included wells with only substrate 
and buffer (no enzyme) and only enzyme and buffer 
(no substrate) to assess potential non-enzymatic 
conversion of the substrate and background enzyme 
activity, respectively.

Serial dilution of enzyme

A serial dilution of the enzyme sample was carried 
out to ensure the measured activity falls within the 
linear range of the assay.

Cell viability assay

Cell viability assay alongside the ecotoxicity test 
was conducted to distinguish between growth inhi-
bition and cell death caused by the degradation 
products.

No template control (NTC)

NTV included a reaction mixture containing all com-
ponents except the cDNA template. This controls for 

Table 1   Primers sequences to amplify genes associated with Alzheimer’s disease in HT-22 cells

F = Forward, R = Reverse

Genes Primers (5′–3′) Size (bp) References

Housekeeping gene β-actin (ACTB) F ATC​TGG​CAC​CAC​ACC​TTC​TAC​AAT​GAG​
CTG​CG

120 Hu et al. (2022)

R CGT​CAT​ACT​CCT​GCT​TGC​TGA​TCC​ACA​
TCT​GC

ADAM-10 (a disintegrin and metallopro-
teinase)

F GCC​AGT​TCT​GAT​GGC​AAA​GATG​ 90 Ao et al. (2022)
R AGA​CCC​TGT​ACT​GCC​ACA​AGT​TGA​

TAU (microtubule-associated protein tau) F CAA​GTG​TGG​CTC​AAA​GGA​CAA​TAT​C 55 Yi et al. (2019)
R TCA​ATC​TTC​TTA​TTC​CCT​CCT​CCA​G

PPARγ (peroxisome proliferator-activator 
recepter gamma)

F CTC​CCA​GCT​GTC​GCA​AGG​TGC​ 174 Pesantet al.(2006)
R GCA​ATC​GAT​AGA​AGG​AAC​ACT​

APP (amyloid precursor protein) F AAT​GTG​GAT​TCT​GCT​GAT​GCG​GAG​- 657 Ko et al. (2004)
R CCC​ATT​CTC​TCA​TGA​CCT​GGGA​

BACE-1 (beta-secretase 1) F CAT​TGG​AGG​TAT​CGA​CCA​CTC​GCT​ 624 Tamagno et al. (2006)
R CCA​CAG​TCT​TCC​ATG​TCC​AAG​GTG​
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potential contamination from reagents or amplifica-
tion of nonspecific products.

Positive control

A reference gene (β-actin) with known stable expres-
sion in the HT-22 cell line was used to verify the 
functionality of reverse transcription and PCR steps.

Melt curve analysis

Melt curve analysis after amplification was carried 
out to ensure the generation of a single specific prod-
uct for each gene of interest.

Efficiency testing

The amplification efficiency of each primer was 
measured using a standard curve to ensure accurate 
quantification of gene expression levels.

Anthracene and ABTS treatments after studies

The anthracene and ABTS used in the experiment 
were treated according to the South African Depart-
ment of Water and Forestry (DWAF 1996; Pillay 
and Olaniran 2016) waste treatment protocol and 

standards. After the reaction with Laccase, the anthra-
cene and ABTS were neutralized and safely disposed 
of per environmental regulations to prevent poten-
tial environmental issues. Although the degradation 
products of ABTS were not found to pose a risk to 
the environment yet we took care of it to ensure that 
all waste generated during the experiment was prop-
erly managed to minimize any adverse impact on the 
environment.

Statistics analysis

All measurements were carried out in triplicates. The 
data were expressed as the means ± standard devia-
tions. Statistics was performed using the Graph-Pad 
Prism v3.0 (Boston, MA, USA). To determine the Km 
and vmax, experimental data was fitted to reciprocal 
form of the Michaelis–Menten equation (v = vmax[S]/
(Km + [S])) using Graph-Pad Prism v3.0.

Results

Oxidation of anthracene by Laccases

The residual anthracene (%) after oxidation by 
purified Laccase from Trichoderma lixii FLU1 
(TlFLU1L) and Talaromyces pinophilus FLU12 
(TpFLU12L) is shown in Fig. 1A and Table S2. Both 

Fig. 1   A The percentage of residual anthracene concentration 
after the oxidation by TlFLU1L (filled square) and TpFLU12L 
(filled triangle) and no enzyme controls (filled circle); B Effect 

of TlFLU1L (filled square) and TpFLU12L (open square) con-
centrations on oxidation of anthracene (200  mg/L), at pH 5, 
temperature 30 °C, after 96 h incubation period
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enzymes reduced the anthracene concentration dur-
ing the 96-h incubation period. TlFLU1L (2 U/mL) 
and TpFLU12L (2 U/mL) could oxidise 55.1% and 
49.9% of anthracene (200 mg/L) as 44.9% and 50.1% 
of anthracene concentration was recorded after 96 h 
incubation, respectively. As the concentration of Lac-
cases increases, a significant reduction in the concen-
tration of anthracene was observed after 96 h incuba-
tion period (Fig. 1B, Table S3). 3 U/mL of TlFLU1L 
and TpFLU12L could oxidise 55.7% and 57.5% 
while 8 U/mL of respective enzyme oxidized about 
71.3% and 96.1% of anthracene, respectively, after 
96  h incubation period. No residual anthracene was 

detected when 10 U/mL concentration of Laccases 
was used, indicating 100% anthracene oxidation.

Oxidation of anthracene by Laccases in the presence 
of ABTS

The in  vitro oxidation of anthracene in the pres-
ence of varying concentration of mediator (ABTS) 
by purified TlFLU1L and TpFLU12L is shown in 
Fig. 2A, B. 2 U/mL of purified TlFLU1L (Fig. 2A, 
Table S4) and TpFLU12L (Fig. 2B, Table S5) incu-
bated with ABTS concentration (10  mM) before 
adding to 200  mg/L of anthracene showed higher 

Fig. 2   The influence of 
mediator (ABTS) concen-
tration on invitro oxidation 
of anthracene by TlFLU1L 
(A) and TpFLU12L (B)

198



Biodegradation	

1 3
 

reduction in the anthracene as compared to when 
only enzymes was added to the reaction. Addition of 
200 µM ABTS drastically increased the anthracene 
degradation by both enzymes just after 3–24  h of 
incubation period. There was no residual anthracene 
concentration observed after 6  h when 5–10  mM 
of ABTS were added to the reactions. TpFLU12L 
could reduce anthracene concentrations to 4.1% and 
6.0% after 24 h of incubation when 5 or 10 mM of 
ABTS was added, respectively. The results indicate 
that just after 3 h of incubation, 200 µM of ABTS 
enhances anthracene degradation by 41% and by 
100% after 12 h in presence of 5–10 mM of ATBS 
in case of TlFLU1L.

The degradation kinetics analysis

The degradation kinetics of anthracene mediated by 
TlFLU1L and TpFLU12L in the absence and pres-
ence of mediator (ABTS) is presented in Fig.  3 and 
Table  2. In the absence of ABTS, vmax values of 
3.51 ± 0.06  mg/L/h and 3.44 ± 0.06  mg/L/h with 
Km 173.2 ± 0.06  mg/L and 73.3 ± 0.07  mg/L were 
recorded for TlFLU1L and TpFLU12L, respec-
tively, during in  vitro degradation of anthracene. 
Interestingly, in the presence of a mediator (ABTS), 
vmax values increased to 8.63 ± 0.16  mg/L/h and 
9.89 ± 0.22  mg/L/h while Km values decreased to 
58.5 ± 0.19 mg/L and 54.6 ± 0.25 mg/L, respectively, 
for TlFLU1L and TpFLU12L (Fig. 3, Table 2).

Fig. 3   Laccase-ABTS 
kinetics of anthracene 
(200 mg/L) oxidation by 
TlFLU1L (filled diamond), 
TpFLU12L (open cir-
cle), TlFLU1L + ABTS 
(filled triangle) and 
TpFLU12L + ABTS (filled 
square). Conditions: pH 5, 
temperature 30 °C, Lac-
cases concentration (3 U/
mL), ABTS concentration 
(10 mM) and incubation 
period 96 h

Table 2   Michaelis–Menten kinetic parameters of the in vitro degradation of anthracene by TlFLU1L and TpFLU12L

Value in each column is the mean ± standard error. Anthra: Anthracene

vmax (mg/L/h) Km (mg/L) R2

TlFLU1 TpFLU12 TlFLU1 TpFLU12 TlFLU1 TpFLU12

Anthra 3.51 ± 0.06 3.44 ± 0.06 173.2 ± 0.06 73.3 ± 0.07 0.997 0.997
Anthra + ABTS 8.63 ± 0.16 9.89 ± 0.22 58.5 ± 0.19 54.6 ± 0.25 0.997 0.996
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The proposed degradation pathway depicted by GC–
MS

The GC–MS data analysis proposed that dur-
ing anthracene degradation, five metabolites were 
detected which are anthracene-9,10-quinone at a 
retention time (RT): 16.1 min and m/z: 180) and ben-
zoic acid (RT: 9.3 min and m/z: 105), respectively, in 
TlFLU1L incubated tube and 3-hydroxy-2- naphthoic 
acid (RT: 17.5  min and m/z: 170), anthrone (RT: 
11.8 min and m/z: 194), chromone (RT: 11.1 min and 
m/z: 146), benzoic acid (RT: 9.3  min and m/z: 9.3) 
in TpFLU12L incubated tube. Based on the theoreti-
cal arrangement of the detected transient products, 
anthracene degradation was proposed to undergo two 
metabolic pathways, namely hydroxylation and car-
boxylation of C-1 and C-2 position of anthracene to 
form 3-hydroxy-2-naphthoic acid, before undergoing 
dioxygenation and side chain removal to form chr-
omone which was later converted into Benzoic acid 
and CO2 release as a dead-end product. In addition, 
the second route was only observed in the absence of 
the mediator (ABTS) and proceeded via dioxygena-
tion at C9–C10 position to form anthracene-9,10-qui-
none before its further conversion to anthrone via 
oxygenation which is broken down into chromone 
through dioxygenation and undergo carboxylation to 
form benzoic acid as a dead-end product (Fig. 4).

Ecotoxicity and cytotoxicity analysis of the 
metabolites of anthracene degradation

Time-course changes in toxicity of anthracene degra-
dation metabolites on V. parahaemolyticus (log CFU/
mL) are presented in Fig.  5A, B. In the absence of 
a mediator (ABTS), the marine bacterium survival 
was recorded at 53.8% and 44.3%, in assays contain-
ing TlFLU1L and TpFLU12L, respectively, and the 
percentage survival increased with an increase in the 
number of days when the degradation products were 
collected. However, a significantly high survival of 
V. parahaemolyticus (7.9 log CFU/mL) was obtained 
with metabolites collected from the degradation assay 
in presence mediator (ABTS) after 24 h of incubation.

The time-course changes in the cytotoxic effect of 
anthracene degradation metabolites on HT-22 cells are 
presented in Fig. 6A, B. Without the mediator ABTS, a 
slight reduction in the cell viability (10% and 13% for 
metabolites collected after 24 h and 48 h, respectively) 

during anthracene degradation by TlFLU1L, while 
metabolite from TpFLU12L degradation resulted in 
86% cell viability (for 24  h degradation product) and 
70% cell viability (for 48 h degradation product). How-
ever, cell viability of 100% and 93% were obtained 
after 72-h degradation with TlFLU1L and TpFLU12L, 
respectively. In the presence of the ABTS mediator, up 
to 115% and 106% cell viability was obtained when 
treated with metabolites obtained after 24 h degradation 
by TlFLU1L and TpFLU12L, respectively.

Micrograph analysis of HT-22 cells treated with 
fluoranthene oxidation product from TlFLU1L and 
TpFLU12L is shown Fig.  7A, B. A distinct differ-
ence was noted between the control (blank) and 
HT-22 cells treated with anthracene oxidation prod-
uct. In the control group and HT-22 cells treated with 
anthracene + ABTS oxidation product from TlFLU1L 
and TpFLU12L, cells exhibited a healthy morphol-
ogy with a characteristic neuronal-like appearance 
with elongated, spindle-shaped bodies, well-defined 
nuclei, and uniform neurite processes. In contrast, the 
treated cells with anthracene only (positive control) 
and anthracene oxidation product from TlFLU1L and 
TpFLU12L, exhibited cytotoxic effects with cellular 
shrinkage, increased membrane blebbing, and loss of 
neurite extensions. The cells appeared smaller, with 
disrupted cell membranes and fragmented neurites, 
indicating impaired connectivity and reduced cell via-
bility. Overall, the treated cells displayed decreased 
density, suggesting cell death caused by oxidation 
products.

The effect of anthracene degradation metabo-
lites on genes associated with Alzheimer’s disease 
in HT-22 cells is presented in Fig. 8. The expression 
of genes BACE-1 (1.7-fold), ADAM-10 (3.6-fold), 
TAU (1.5-fold), PPARγ (4.7-fold) and APP (2.8-fold) 
genes were upregulated in cells treated with degrada-
tion products of TlFLU1L 1 in comparison with the 
cell treated with degradation product of control group 
(Uncatalyzed anthracene). Conversely, in the degra-
dation products of TpFLU12L, TlFLU1L + ABTS and 
TpFLU12L + ABTS, down-regulation of BACE-1, 
ADAM-10, TAU, PPARγ and APP was observed.

Discussion

The results of in-vitro enzymatic degradation of 
anthracene lend credence to the report that purified 
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Laccase has broad substrate specificity due to its abil-
ity to degrade a wide range of aromatic compounds 
like PAHs (Ezike et  al. 2021; Wu et  al. 2010). The 
obtained low residual anthracene concentration in the 

tube incubated with purified Laccase from TlFLU1 
(TlFLU1L) compared to that of purified laccase from 
TpFLU12 (TpFLU12L) can be linked to the intrin-
sic properties of the yellow Laccase from TlFLU1 

Fig. 4   A proposed pathway for anthracene degradation by TlFLU1L and TpFLU12L
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(TlFLU1L) such as its structure/specific amino acid 
composition which could render it to be more effi-
cient in catalyzing the oxidation of anthracene’s 
aromatic rings than their blue counterpart. Pozdnia-
kova et  al. (2006) opined that the yellow Laccase is 
superior in degradation efficiency compare to its blue 
counterparts leading to  into an innocuous state in 
the absence of mediators. Likewise, the low residual 
anthracene concentration in the tube incubated with 
TlFLU1L could be attributed to its enigmatic prefer-
ence for radical-forming aromatic substrate like PAHs 
which in return boosts its enzyme activity and stabil-
ity during the catalytic reaction (Fig. 1A) (Mot et al. 
2020).

Laccase concentration played a significant role in 
the degradation process as evident by the observed 
low residual anthracene concentration with an 
increase in TlFLU1L concentrations (Fig. 1B) aligns 
with the expected enzyme–substrate kinetics. Higher 
Laccase concentration provides more catalytic sites 
available for anthracene oxidation, leading to faster 
degradation rates. This observation is consistent with 
previous studies on Laccase-mediated PAH degra-
dation where efficient degradation of several PAHs 
increase with an increase in pure Laccase concentra-
tion during an aged soil amendment (Wu et al. 2008). 
Some authors have demonstrated that PAHs degrada-
tion in water is proportional to Laccase concentration 
in the beads of a Laccase-loading spider-type reactor 

(LSTR) (Niu et al. 2013). Also, the removal of PAHs 
is known to be influenced by low ionization potentials 
(IPs) (Kadri et al. 2017) while anthracene having an 
IP of 7.43 eV (Kukhta et al. 2009) could explain the 
rapid degradation of anthracene. Furthermore, PAHs 
with IP ≤ 7.55 eV are more susceptible to enzymatic 
degradation by fungi to quinonic metabolites, a sub-
strate easily mineralized to CO2 by microbial popula-
tions and could naturally undergo polymerization to 
become part of the humus pool (Pozdnyakova 2012). 
The mechanism for PAHs degradation by Laccase 
could be attributed to Ips and Laccase can effec-
tively degrade PAHs with IP below 7.45 eV (Li et al. 
2010b).

Although several purified Laccase from fungi have 
been reported to degrade PAHs, its high production 
cost is a major challenge for commercial application. 
Hence, it becomes imperative to assess the influ-
ence of mediators on low Laccase concentration as 
an alternative to reduce high Laccase concentration 
usage. The observed low residual anthracene con-
centrations at 3 U of TlFLU1L and TpFLU12L in the 
presence of high mediator (ABTs) concentration sug-
gests a synergistic effect between Laccase and media-
tor leading to a rapid generation of ABTS radicals 
due to high Laccase activity which then promote an 
attack at the PAHs benzene rings. This observation 
is consistent with the report of Naghdi et  al. (2018) 
where ABTS was demonstrated to acts as a redox 

Fig. 5   Time-course changes in toxicity of anthracene degradation products of TlFLU1L, TpFLU12L, TlFLU1L + ABTS and 
TpFLU12L + ABTS on V. parahaemolyticus (log CFU/mL)
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mediator by readily accepting electrons from laccase 
and transferring them to xenobiotics, facilitating its 
oxidation and subsequent degradation. Another pos-
sible explanation for this observation is that ABTS 
could function as an “electron shuttle” between the 
free enzyme and the substrate. This aligns with the 
report of (Dodor et  al. 2004), where the mechanism 
of overall catalytic efficiency of Laccase in degrad-
ing anthracene was linked to ABTS acting as an 

“electron shuttle” between Laccase and the substrate 
(anthracene).

The degradation kinetics reaction of anthra-
cene and TlFLU1L under free- and mediator sys-
tem revealed that the reaction undergoes first-order 
kinetics, where the rate of the reaction was inde-
pendent of the substrate concentration but depend-
ent on the amount of the enzyme used. This obser-
vation is in accordance with a previous report 

Fig. 6   Time-course 
changes in toxicity 
of anthracene deg-
radation products of 
TlFLU1L, TpFLU12L, 
TlFLU1L + ABTS and 
TpFLU12L + ABTS on on 
HT-22 cell-line
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(Dodor et  al. 2020) where PAHs degradation by 
fungi Laccase obeys first-order kinetics. The rela-
tively lower Km values of the mediator immobilized 
Laccases compared to the free enzyme indicate a 
potential conformational change of the enzyme due 

to mediator immobilization, leading to a higher 
affinity for ABTS used as a substrate for the enzyme 
activity assay. Likewise, the oxidization state(s) of 
ABTS and the pH of the reaction medium (acidic) 

Fig. 7   The micrograph of 
the HT-22 cell-line grown 
on anthracene degrada-
tion products. A Control 
(Blank), B Control (Anthra-
cene), C TlFLU1L treated 
cell line and D TpFLU12L 
treated cell line. Arrow 
shows dead cells

Fig. 8   Effect of anthracene 
degradation products on 
expression of genes linked 
with Alzheimer’s in HT-22 
cells
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can be considered as major factors which influenced 
the anthracene degradation (Li et al. 2010a).

Interestingly, two possible pathways were pro-
posed for anthracene degradation by the Laccases 
investigated in this study. The first degradation route 
is initiated in the presence of the mediator alone 
(Table 3) with hydroxylation and carboxylation with 
ring cleavage at the C-1 and C-2 position of anthra-
cene to form 3-hydroxy-2-naphthoic acid, before 
undergoing decarboxylation and side chain removal 
to form chromone which is later converted to ben-
zoic acid and carbon dioxide through carboxylation 
and ring cleavage as a dead-end product. This same 
degradation product in our proposed pathway has 
been documented during anthracene metabolism in a 
halophilic bacterium, Martelella sp. AD-3, suggest-
ing that it is a common metabolic pathway for anthra-
cene (Cui et al. 2014). Conversely, the second degra-
dation pathway was mainly observed during the free 
Laccase degradation of anthracene which proceeded 
through dioxygenation of C-9, and the C-10 position 
of the anthracene ring to form anthracene-9,10-qui-
none which is later converted to anthrone via oxy-
genation before yielding benzoic acid as a dead-end 
degradation product. This same degradation pathway 
has been identified during anthracene degradation by 
marine fungi Cladosporium sp. CBMAI 1237 (Birolli 
et al. 2018). Also, the appearance of only anthracene-
9,10-quinone in the TlFLU1L tube and anthrone 
alone in the TpFLU12L tube suggest that those prod-
ucts are not stable and agree with various research-
ers who have well-confirmed anthraquinone/anthrone 

as a dead-end metabolite of anthracene (Aranda et al. 
2017). The observation in the TpFLU12L tube is con-
sistent with a previous report (Jove et al. 2016) where 
fungi ligninolytic enzymes initiate anthracene degra-
dation at C-9 and C-10 positions to form anthrone, 
which was later converted to benzoic acid.

Ecotoxicity tests are rapid tests commonly used to 
determine the impact of contaminants on living organ-
isms (Clasen and Lisbôa 2019). The obtained data on 
ecotoxicity revealed that the formation of one or more 
metabolites could induce acute toxicity despite a sig-
nificant reduction in parent compound concentration. 
A similar observation was reported where biodegra-
dation of bisphenol by fungi produces metabolites of 
higher toxicity than the parent compound (Mtibaà et al. 
2018). Since quinone derivatives such as chromones 
are known toxicity inducers which act as a direct-acting 
mutagen, this could explain the low survival of V. para-
haemolyticus (log CFU/mL) when exposed to anthra-
cene degradation product of TpFLU12L-mediator 
(Fig. 5B) within 6 h degradation period (Chibwe et al. 
2017; Menzie et al. 1992). Also, the slight reduction in 
V. parahaemolyticus survival (log CFU/mL) as the pri-
mary decomposer in the ecosystem and the percentage 
cell viability of HT-22 cell line as a tertiary consumer 
could be attributed to the presence of 9-oxo-9H-flu-
orene-1-carboxylic acid. This observation corroborate 
previous finding which demonstrated that carboxylation 
on C-1 of fluorene which yielded fluorene-1-carboxylic 
acid as a metabolite increased acute toxicity in zebrafish 
than its parent compound (fluorene) (Kim et al. 2020). 
It is worth noting that the variation in log CFU/mL of 

Table 3   GC–MS profile of the metabolites accumulated during anthracene degradation by TlFLU1L and TpFLU12L

M = metabolite

M Retention Major m/z of fragment ions Tentative metabolite Laccase source

Time (min) (% relative abundance) Identification TlFLU1L TpFLU12

1 19.8 76 (6, M+), 88 (4), 89 (8), 150 (4), 151 (6), 152 (7),
176 (14),177 (8),178 (100), 179 (16)

Anthracene xx

2 17.5 63 (14, M+), 71 (25), 88 (12), 113 (18), 115 (16), 3-Hydroxy-2-naphthoic acid x xxxA
142 (80), 170 (100), 171 (13), 188 (46)

3 16.1 50 (19, M+), 75 (17), 76 (44), 150 (15), 151 (78), Anthracene-9,10-quinone xx x
152 (78), 180 (100), 181 (14), 208 (98), 209 (15)

4 11.8 63 (3, M+), 82 (7), 139 (4), 163 (7), 164 (6), Anthrone x xx
165 (53),166 (10),193 (9), 194 (100), 195 (15)

5 11.1 50 (11, M+), 63 (20), 64 (14), 89 (11), 90 (12), Chromone x xxxA
92 (40), 118 (62), 120 (24), 146 (100), 147(10)
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the primary decomposer and the tertiary consumer per-
centage cell viability per each PAHs degradation prod-
uct has revealed that toxicity is not a function of con-
taminant concentrations but its molecular structure and 
exposure time-dependent (Lukić et al. 2016). Also, the 
most probable explanation for the observed cell viabil-
ity exceeding 100% in the ABTS degradation products 
exposed cells further attests to the non-toxic nature of 
these degradation products with the possibility of the 
cell line utilizing one or more metabolites, leading to 
the enhanced metabolic activity of the cell line. This 
phenomenon is well-documented in various studies, 
such as those investigating the effects of X-ray irra-
diation on human lens epithelial cells (Dehankar et al. 
2015), the viability of human melanoma cells following 
drug and proton irradiation treatments (Petrović et  al. 
2007), and the relationship between cell viability and 
treatment outcomes in acute myeloid leukaemia (Maha 
et al. 2008) where no toxic product increased cell viabil-
ity. Furthermore, a review (Stoddart 2011) highlighted 
that cell viability could exceed 100% under certain cir-
cumstances, often due to enhanced metabolic activities 
resulting from cell line treatments. This situation com-
monly arises when calculating the ratio between treated 
and non-treated cells’ optical density (OD) values. For 
example, if the OD value of treated cells is 0.9 and the 
OD value of non-treated cells is 0.8, then the cell viabil-
ity percentage is calculated as 0.9/0.8 × 100 = 112.5%. 
This indicates an increase in metabolic activity or cell 
numbers in treated cells compared to non-treated cells.

There is a relatively limited number of existing 
studies that utilize transcriptomic analysis to inves-
tigate the toxicity of metabolic products of polycy-
clic aromatic hydrocarbons (PAHs). This scarcity of 
research has prompted us to employ HT-22 cells as a 
model system to gain further insights into the ecologi-
cal implications of fluoranthene degradation products. 
This decision was made based on the low survival rate 
of bacteria observed and the perceived decrease in cell 
viability. The observed increase in the expression level 
of BACE-1, ADAM-10, TAU, PPARγ, and APP genes 
in the positive control group (uncatalyzed, anthracene 
only), as well as in cells treated with TlFLU1L degra-
dation product, suggests that these products are neuro-
toxic and capable of inducing neurodegeneration like 
Alzheimer’s disease (AD). This observation lends cre-
dence to the previous report where these genes were 
attributed to the production and aggregation of amy-
loid beta peptides and neurofibrillary tangles, which 

are the primary causes of neuronal damage and death 
in AD (Hardy and Selkoe 2002). However, the degra-
dation products of TpFLU12L, TlFLU1L + ABTS, and 
TpFLU12L + ABTS showed decreased expression of 
these genes, indicating lower neurotoxicity and a poten-
tial for neuroprotection (Fig.  8). These compounds 
might prevent or reduce the formation and accumula-
tion of amyloid beta peptides and neurofibrillary tangles 
by modulating the activity or expression of BACE-1 
and ADAM-10, which are critical enzymes in the pro-
cessing of amyloid precursor protein (APP) (Vassar 
et  al. 2014). Also, the exhibited healthy morphologi-
cal characteristics such as neuronal-like appearance 
with elongated, spindle-shaped bodies, well-defined 
nuclei, and uniform neurite processes (Fig. 7C, D) fur-
ther attest to the lower neurotoxicity of the degrada-
tion product from TpFLU12L, TlFLU1L + ABTS, and 
TpFLU12L + ABTS. The exhibited cytotoxic effects 
with cellular shrinkage, increased membrane blebbing, 
and loss of neurite extensions in HT-22 treated cells 
with positive control (anthracene only) and anthracene 
oxidation products from TlFLU1L and TpFLU12L can 
be linked to the neurodegeneration potential of these 
products due to decrease in cell viability because of 
swelling and decrease in the microvilli content, vary-
ing degrees damages to the cellular membrane integrity, 
sparse chromatin, very wide gap mitochondria ridge 
gap and scarcity of the microfilament and microtubule 
density (Chen et al. 2023).

Conclusion

This study explored the potential of Laccases from 
TlFLU1 (TlFLU1L) and TpFLU12L for the biodeg-
radation of anthracene. Our findings demonstrate 
the superior efficiency of TlFLU1L, particularly 
when coupled with a Laccase-mediator system. 
This combined approach enhanced degradation and 
displayed greater stability compared to the free Lac-
case system. However, GC–MS analysis revealed a 
crucial finding: the degradation pathways differed 
between methods. The mediator system produced 
benzoic acid through a potentially less harmful 
route involving hydroxylation and carboxylation, 
while the free Laccase system utilized a dioxygena-
tion pathway. Significantly, ecotoxicity tests suggest 
that some degradation products might be more toxic 
than anthracene. This underscores the importance 
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of evaluating not only degradation efficiency but 
also the environmental and health impacts of the 
resulting metabolites. Overall, this study estab-
lishes TlFLU1L with its Laccase-mediator system 
as a promising candidate for eco-friendly biore-
mediation of anthracene-contaminated environ-
ments. The observed differences in degradation 
pathways highlight the need for further research to 
fully understand the enzymatic mechanisms and the 
fate of these metabolites in real-world ecosystems. 
Additionally, in-vivo studies are crucial to assess 
the potential risks and benefits of these Laccases for 
practical environmental clean-up applications. By 
elucidating the structure–activity relationship of the 
degradation products, we can develop more sustain-
able strategies that maximize contaminant removal 
while minimizing the generation of harmful byprod-
ucts. This knowledge is essential for ensuring the 
safe and effective implementation of enzymatic 
bioremediation in the field.
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Table S1. The percentage of residual Anthracene concentration after the degradation by TlFLU1L and TpFLU12L 
(2U). 

Table S2. The influence of TlFLU1L and TpFLU12L concentrations on in vitro degradation of anthracene (96 h). 

nd=not detected 

Table S3. The influence of mediator (ABTS) concentration on invitro oxidation of anthracene by TlFLU1L and 
TpFLU12L (2U). 

nd=not detected 

Table S4. The influence of mediator (ABTS) concentration on invitro oxidation of anthracene by TlFLU1L and 
TpFLU12L (2U). 

nd=not detected 

Time (h) Control TlFLU-1 TpFLU-12 
0 99.9±0.2 99.9±0.2 99.9±0.2 

24 99.9±0.2 73.9±5.1 83.1±7.2 
48 99.9±0.2 60.1±1.3 77.3±8.4 
72 99.9±0.2 52.1±6.1 62.0±3.1 
96 99.9±0.2 44.9±3.0 50.1±9.2 

U/mL TlFLU-1 TpFLU-12 
0 99.9±0.2 99.9±0.2 
3 44.3±8.1 42.5±4.1 
6 36.5±3.1 19.3±8.8 
8 28.7±8.5 3.9±3.1 

10 nd nd 

Time (h) 0 mM 200 µM 500 µM 1 mM 5 mM 10 mM 

0 99.9±0.2 99.9±0.2 99.9±0.2 99.9±0.2 99.9±0.2 99.9±0.2 
3 96.1±7.2 55±1.7 53.9±4 49.6±7 48.8±6 44.3±5 
6 88.1±2.1 47.3±3 46.9±3 44.9±2 41.7±5 38±2 

12 80.1±3.3 11.4±3 6.9±3 6.6±3 nd nd 
24 72.5±5.1 6.1±2 5.9±5 4.3±3 nd nd 
48 64.5±4.3 nd nd nd nd nd 
72 56.6±6.4 nd nd nd nd nd 
96 44.3±1.5 nd nd nd nd nd 

Time (h) 0 mM 200 µM 500 µM 1 mM 5 mM 10 mM 
0 99.9±0.2 99.9±0.2 99.9±0.2 99.9±0.2 99.9±0.2 99.9±0.2 
3 96.8±4.2 57.1±5.6 56.8±1 55.3±3.3 53.9±2.5 53.4±5.4 
6 93.6±5.8 50.2±4.6 49.1±7.5 48.8±1.2 48.2±1.7 47.2±6 

12 84±3.5 10.3±5.5 9.3±3.2 8.7±6.4 8.4±7.2 7.3±5.4 
24 71.3±3.7 8.5±3.9 8.8±1.7 6.6±2 4.1±1.2 6±3.8 
48 64.9±2.2 nd nd nd nd nd 
72 48.9±9.2 nd nd nd nd nd 
96 42.5±3.1 nd nd nd nd nd 
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Abstract 35 

Polycyclic aromatic hydrocarbons (PAHs) like fluoranthene poses a significant environmental 36 

threat due to their persistence and toxicity. The Laccases from Trichoderma lixii FLU1 37 

(TlFLU1L) and Talaromyces pinophilus FLU12 (TpFLU12L) are shown to act as biocatalysts 38 

for fluoranthene degradation in this study. Both Laccases effectively reduced residual 39 

fluoranthene concentration with reductions of 46.1% and 38.6% for TlFLU1L and TpFLU12L 40 

respectively, at 3 U/mL after 96 h. Higher enzyme concentrations further improved degradation 41 

with residual fluoranthene concentration reaching 33.1% and 37.4% for TlFLU1L and 42 

TpFLU12L at 8 U/mL. Complete elimination of residual fluoranthene occurred in some cases 43 

with 10 U/mL of either enzyme, while the addition of the mediator (ABTS) significantly 44 

enhanced degradation by virtually eliminating residual fluoranthene within 3-24 hours at 200 45 

µM ABTS. Degradation kinetics analysis revealed similar vmax values for TlFLU1L (7.73 ± 46 

0.23 mg/L/h) and TpFLU12L (7.97 ± 0.18 mg/L/h), but TpFLU12L exhibited higher affinity 47 

with a lower Km value of 26.6 ± 0.21 mg/L compared to TlFLU1L (54.8 ± 0.27 mg/L) in the 48 

presence of ABTS. Without ABTS, vmax values were 1.35 ± 0.02 mg/L/h and 1.29 ± 0.02 49 

mg/L/h for TlFLU1Land TpFLU12L, respectively, with Km values of 119.2 ± 0.02 mg/L and 50 

170.8 ± 0.03 mg/L for TlFLU1L and TpFLU12L, respectively. GC-MS analysis revealed two 51 

distinct degradation pathways. TlFLU1L generated a broad spectrum of products including 9-52 

oxo-fluorene-1-carboxylic acid, 9H-fluoren-9-one, and phthalic acid. In contrast, TpFLU12L 53 

favoured simpler transformations by producing 9,10-phenanthrenedione and benzene-1,2,3-54 

tricarboxylic acid as metabolites. However, TlFLU1L initiated the degradation pathway with 55 

dioxygenation at the C1-C2 carbon bond of fluoranthene, leading to the formation of 9-oxo-56 

fluorene-1-carboxylic acid before undergoing decarboxylation to form 9H-fluoren-9-one and 57 

phthalic acid as the dead-end product. TpFLU12L followed a second pathway with 58 

dioxygenation and ring cleavage at the C2-C3 carbon bond of fluoranthene to form 9,10-59 

phenanthrenedione which later underwent hydrolysis to generate benzene-1,2,3-tricarboxylic 60 

acid as the dead-end product. Ecotoxicity and cytotoxicity analysis indicate a potential toxicity 61 

from TlFLU1L degradation products towards marine bacteria, while those of TpFLU12L which 62 

are primarily benzene derivatives were found to be harmless. 63 

 64 

Keywords: Laccase, Biocatalytic pathways, fluoranthene, ABTS-mediated bioremediation, 65 

Sustainability 66 

 67 

 68 
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Introduction 69 

Polycyclic aromatic hydrocarbons (PAHs) constitute a class of organic pollutants that have 70 

gained significant attention due to their environmental persistence and detrimental effects on 71 

ecosystems and human health (Robin and Marchand, 2022). Among these compounds, 72 

fluoranthene, a four-ring PAH, is of particular concern due to its widespread occurrence in 73 

contaminated sites, resistance to degradation, and potential carcinogenicity (Ahmed and 74 

Ahmed, 2014). Fluoranthene contamination arises from anthropogenic activities like industrial 75 

processes, incomplete combustion of fossil fuels and waste disposal (Mojiri et al., 2019). 76 

Traditional remediation methods, including physical and chemical techniques, often need to 77 

improve in effectively mitigating PAH pollution due to their high cost, limited efficacy, and 78 

potential generation of harmful by-products (Egbewale et al., 2023). 79 

Bioremediation, an eco-friendly approach that exploits the metabolic capabilities of 80 

microorganisms, has emerged as a promising alternative for remediating PAH-contaminated 81 

environments (Sangwan and Dukare, 2018). Enzymatic degradation has shown immense 82 

potential among the bioremediation strategies, with Laccases being pivotal enzymes in this 83 

context (Kumar et al., 2021). Laccases also known as multicopper oxidases, oxidise wide range 84 

of substrates by reducing molecular oxygen to water (Salas and Camarero, 2021). Their ability 85 

to oxidize various aromatic and non-aromatic compounds, including PAHs, makes them 86 

valuable candidates for bioremediation applications (Agrawal et al., 2019). However, Laccases' 87 

inherently low substrate specificity and limited stability often impede their practical use in 88 

environmental cleanup (Adamian et al., 2021). 89 

To overcome these challenges, the ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic 90 

acid)) mediator system has emerged as a promising strategy to enhance Laccase activity 91 

(García-Morales et al., 2018). This mediator system facilitates electron transfer from the 92 

enzyme to the recalcitrant pollutant, effectively expanding the substrate range of Laccases and 93 

improving their degradation efficiency (Bhardwaj et al., 2022). By harnessing the synergy 94 

between indigenous fungal isolates, Laccases, and the ABTS mediator system, this research 95 

aims to develop an innovative and sustainable approach for enhanced bioremediation of 96 

fluoranthene-contaminated environments. This multidisciplinary study at the intersection of 97 

microbiology, enzymology, and environmental chemistry holds great promise for advancing 98 

our understanding of enzyme-mediated degradation and providing a practical solution to 99 

address the pressing issue of PAH pollution more efficiently and environmentally friendly. 100 

The link between toxicity and carcinogenicity in polycyclic aromatic hydrocarbons (PAHs) 101 

underscores the need to comprehend the effects of Laccase-mediated degradation pathways on 102 
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ecosystems for accurate environmental risk assessment. PAHs and their breakdown products 103 

are linked to brain-related issues like tumorigenesis, neurotransmitter enzyme inhibition, and 104 

nervous system dysfunction (Mesnil et al., 2020). This study employs cell lines to investigate 105 

PAH mechanisms and degraded product cytotoxicity to explore these concerns. The research 106 

aims to analyze the influence of ABTS in enhancing the biodegradation of fluoranthene by 107 

Laccases from Trichoderma lixii FLU1L (TlFLU1L) and Talaromyces pinophilus FLU12L 108 

(TpFLU12L). Moreover, the study assesses the Laccase-mediator ABTS system's potential in 109 

degrading fluoranthene, outlining degradation kinetics and biocatalytic pathways by profiling 110 

metabolites. Additionally, the investigation presents empirical data on metabolite acute toxicity 111 

to Vibrio parahaemolyticus marine bacteria and cytotoxicity to rat hippocampal neurons (HT-112 

22 cell line). 113 

 114 

Material and methods 115 

Reagents  116 

ABTS, fluoranthene, ethyl acetate (≥ 98% purity) procured from Merck (St. Louis, MI, USA). 117 

All the reagents used were of analytical grade. Fluoranthene was selected as listed as human 118 

carcinogen on the US EPA’s list (Zelinkova and Wenzl, 2015).  119 

Laccases production, purification and activity assay 120 

The blue and yellow Laccase (Mr. 44 kDa and 68.7 kDa) were produce by TlFLU1 and 121 

TpFLU12, respectively, and purified to homogeneity (Egbewale et al., 2024a; Egbewale et al., 122 

2024b). To measure enzyme activity, Laccase (370 μg) was mixed in Na-Acetate buffer (800 123 

μl of, 20 mM, pH 5) with ABTS (100 μl, 5 mM) for 15-minute at 30 °C  followed by reaction 124 

termination with 50 μl of a 20% (v/v) trichloroacetic acid (Zungu et al., 2020). 1 µM of oxidized 125 

product (ε420 nm =36,000 M-1cm-1) produced per minute was defined as 1 unit of Laccase. 126 

The Laccases showed a specific activity of 34 U/mg protein. Both the enzymes exhibited 127 

excellent residual activity in various metal ions, organic solvents, detergents and inhibitors 128 

(Egbewale et al., 2024a; Egbewale et al., 2024b) 129 

Degradation of fluoranthene by Laccases 130 

The degradation studies were conducted by mixing 200 mg/L fluoranthene with 2 U/ml 131 

Laccase in 10 mL Na-Acetate buffer (50 mM, pH 5, 1% Tween 80) (Cambria et al., 2008; 132 

Egbewale et al., 2024b) at 30°C in darkness for 96 h and shaking at 80 rpm. Further 133 

experimental procedures were explained elsewhere (Egbewale et al., 2024b; Teerapatsakul et 134 

al., 2016). The average recovery of 97.9±7.17 % fluoranthene was considered. The GC-MS 135 

analysis and specific conditions used are described previously (Teerapatsakul et al., 2016; Teh 136 
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and Hadibarata, 2014). The effect of ABTS (200 µM to 10 mM) on the fluoranthene oxidation 137 

by the Laccase solution (2 U/mL) was studied as described previously (Egbewale et al., 2024b).   138 

To determine kinetic parameters, 50 to 400 mg/L of fluoranthene was used (de Freitas et al., 139 

2017). Km and vmax were determined by using non-linear regression model and applying 140 

Michaelis-Menten equation (v=vmax[S]/(Km+[S])) (Egbewale et al., 2024b). 141 

Ecotoxicity and cytotoxicity analysis 142 

To address the risk assessment on biota, ecotoxicity analysis of the fluoranthene degradation 143 

metabolites was conducted on Vibrio parahaemolyticus (ATCC 17802) and the cytotoxicity 144 

assay was performed using rat hippocampal neuronal cell line (HT-22 cell line) as described 145 

previously (Egbewale et al., 2023; Egbewale et al., 2024b; Rotini et al., 2018). All the data 146 

were carried out in triplicates and expressed as the means ± standard deviations. Throughout 147 

the manuscript, TlFLU1L and TpFLU12L stands for purified enzymes unless otherwise stated. 148 

 149 

RESULTS 150 

Fluoranthene Degradation by Laccases 151 

The percentage of residual fluoranthene after the degradation by TlFLU1L and TpFLU12L) is 152 

shown in Fig. 1 and Table S1. Throughout the 96-h reaction period, both enzymes consistently 153 

reduced residual fluoranthene concentration. At 3 U/mL of TlFLU1L and TpFLU12L, the 154 

residual concentration was recorded at 49.5% and 61.0% respectively. However, as the 155 

concentration increased to 8 U/mL, the residual fluoranthene concentration dropped further to 156 

33.1% and 37.4% for TlFLU1L and TpFLU12L while at a concentration of 10 U/mL, the 157 

residual fluoranthene concentration reached its lowest concentration with 19.2% for TlFLU1L 158 

and 28.7% for TpFLU12L. 159 

Degradation of Fluoranthene by Laccases in the Presence of ABTS 160 

The influence of ABTS concentration on the degradation of fluoranthene by TlFLU1L and 161 

TpFLU12L is shown in Fig. 2 (A-B). At 3 U/mL TlFLU1L (Fig. 2A, Table S2) and TpFLU12L 162 

(Fig. 2B, Table S3), reaction with 10 mM ABTS and 200 mg/L of fluoranthene resulted in a 163 

significant reduction in residual fluoranthene with no residual concentration for both enzymes 164 

at 24 h compared to 49.5±8.68% and 61.0±0.95% residual concentration for TlFLU1L and 165 

TpFLU12L when only the enzymes (without ABTS) was added. Interestingly, the addition of 166 

200 µM ABTS to 3 U/mL of the enzymes drastically increased fluoranthene degradation within 167 

24 h with residual concentrations of 28.0±0.39% for TlFLU1L and 21.8±0.46% for TpFLU12L. 168 

This trend continued by revealing a further decrease in residual fluoranthene at higher ABTS 169 

concentrations over subsequent time intervals. 170 
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The degradation kinetics analysis 171 

Fig. 3, Table 1 and Table S4 presents degradation kinetics data. In the absence of ABTS, Km 172 

values of 119.2  0.02 mg/L and 170.8  0.15 mg/L  and vmax values of 1.35  0.02mg/L/h and 173 

1.29  0.15 mg/L/h were recorded for TlFLU1L and TpFLU12L, respectively, while, in the 174 

presence of a mediator (ABTS), Km values decreased to 54.8  0.23 mg/L and 26.6  0.28 mg/L 175 

and vmax values increased to 7.73  0.23 mg/L/h and 7. 97  0.28 mg/L/h while for TlFLU1L 176 

and TpFLU12L, respectively. 177 

The degradation pathway proposed by GC-MS 178 

The GC-MS data has shown that during fluoranthene degradation, five different intermediate 179 

products apart from the parent compound (fluoranthene with retention time (RT): 28.2 with 180 

molecular ion (M+) m/z: 202) were detected in TlFLU1L and TpFLU12L Laccase incubated 181 

tubes. In the TlFLU-1L tube, 9-oxo-fluorene-1-carboxylic acid (RT: 14.8 min and m/z: 224), 182 

and Phthalic acid (RT: 17.5 min and m/z: 104), while 9,10-phenanthrenedione, Benzene-1,2,3-183 

tricarboxylic acid (RT: 12.7 min and m/z: 148) and Benzoic acid (RT: 9.3 mins and m/z: 105) 184 

was observed in TpFLU-12L (Fig. 4 and Table 2). However, based on the theoretical 185 

arrangement of these detected intermediate products, fluoranthene degradation is proposed to 186 

occur through two main pathways. The first route, as observed in the TlFLU1L route, begins 187 

with dioxygenation at the C1-C2 carbon bond of fluoranthene, leading to the formation of 9-188 

oxo-fluorene-1-carboxylic acid before undergoing decarboxylation which then yields 9H-189 

fluoren-9-one. Subsequently, this intermediate undergoes ring cleavage in one of the aromatic 190 

rings to form phthalic acid before entering the protocatechuate pathway. However, the second 191 

pathway, which is observed in TpFLU12L, begins with dioxygenation and ring cleavage at the 192 

C2-C3 carbon bond of fluoranthene to form 9,10-phenanthrenedione and subsequently 193 

undergoes hydrolysis to generate benzene-1,2,3-tricarboxylic acid which later then enters the 194 

protocatechuate pathway. Noteworthy, the 9H-fluoren-9-one was not detected in our GC-MS 195 

analysis 196 

Ecotoxicity and cytotoxicity analysis of fluoranthene degradation metabolites 197 

Fig. 5 (A-B) shows the toxicity of fluoranthene degradation metabolites on V. parahaemolyticus 198 

survival (log CFU/mL). Overall, in the absence ABTS, each degradation products from TlFLU1L 199 

and TpFLU12L support the marine bacterium survival. Notably, TpFLU12 displayed a more 200 

pronounced V. parahaemolyticus survival particularly at 72 and 96 h with log CFU/mL value 201 

of 5.49 and 7.79, respectively, when compared to TlFLU1 which shows 3.95 log CFU/mL at 72 202 

h and a slight decrease to 2.86 log CFU/mL at 96 h (Fig. 5 A). However, when the degradation 203 
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products obtained in the presence mediator (ABTS) and tested on V. parahaemolyticus, a 204 

significant increase in the bacterium survival was obtained with the growth reaching 7.3 and 7.9 205 

log CFU/mL at 24 h degradation products (Fig. 5B).  206 

Fig. 6 (A - B) and Fig. S1 shows the cytotoxic effect of fluoranthene degradation metabolites on 207 

HT-22 cells. Without ABTS, cell viability reduction observed during the exposure to TlFLU1L 208 

degradation product from 97.2 % at 72 h degradation product to 87.3 % at 96 h degradation 209 

product was obtained (Fig. 6 A) while that of TpFLU12L was increasing with from 49.2 % cell 210 

viability at 24 h degradation product to 93.9 % at 96 h degradation product (Fig. 6 B). In the 211 

presence of a mediator, cell viability was increased on each degradation product per h with 212 

maximum cell viability of 100 % for both TlFLU1L and TpFLU12L, respectively. 213 

 214 

Discussion 215 

Laccase enzymes, particularly those from Trichoderma, Fusarium, and Pleurotus fungi, have 216 

shown potential in degrading PAHs, but their efficiency is limited (Behera et al., 2024; Cañas 217 

and Camarero, 2010). Immobilization of Laccase can enhance its storage and operational 218 

stabilities, but further improvements are needed (Fernández-Fernández et al., 2013; Xia et al., 219 

2023). The use of high-potential Laccases, particularly those from non-mushroom-forming 220 

fungi, could address this issue (Senthivelan et al., 2016). Additionally, the Laccase-mediator 221 

system, which uses natural mediators like phenolic compounds, has been proposed as a more 222 

efficient approach for PAH degradation because it capitalizes on electron shuttles between the 223 

Laccase and the substrate in degrading the PAHs into an innocuous state (Bueno-Nieto et al., 224 

2023; Cañas and Camarero, 2010). These advancements highlight the potential of Laccase 225 

enzymes in bioremediation, but further research is needed to optimize their performance for 226 

efficacy. 227 

In this study, Laccase enzymes from TlFLU1L and TpFLU12L displayed promising results in 228 

degrading fluoranthene with a significant reduction in its residual concentration at varying 229 

Laccase concentrations within a 96-hour reaction period. This observation can be attributed to 230 

the supplementation of the reaction buffer with Tween 80, which has been documented to 231 

enhance fluoranthene solubility and promote its degradation, as well as to improve Laccase 232 

stability and protect it from oxidative damage (Arca-Ramos et al., 2012; Yang et al., 2021). 233 

Also, the addition of Tween 80 has been found to enhance the biodegradation and 234 

detoxification of anthraquinone dye, an anthracene derivative by Laccase from an electron 235 

beam irradiated endophytic fungus (Navada et al., 2018).  236 
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Fungi-derived Laccases are known to degrade PAHs efficiently but face cost barriers and 237 

labour intensiveness, but exploring mediators at lower concentrations and low enzyme 238 

concentrations could aid in reducing expenses for commercial viability. The substantial 239 

decrease in residual fluoranthene concentrations across various levels of the mediator (ABTS) 240 

underscores the pivotal role of the mediator in augmenting Laccase activity and enhancing the 241 

biodegradability of fluoranthene. This observation aligns with the findings of (Kumar et al., 242 

2022), who demonstrated that Laccase derived from Pleurotus ostreatus, cultivated on cassava 243 

waste remarkably improved the degradation of 91% of PAHs, particularly the low molecular 244 

weight variants, and facilitated a 65% reduction in phenolic compounds concurrently. 245 

Similarly, (Daniel E Dodor, 2004) established the enhanced efficacy of Laccases sourced from 246 

Trametes versicolor in catalyzing the in vitro oxidation of anthracene and benzo[a]pyrene when 247 

co-oxidized with ABTS.  248 

The kinetic degradation of fluoranthene by free Laccases from TlFLU1L and TpFLU12L 249 

reveals insights into their biocatalytic dynamics, with both Laccases demonstrating similar 250 

Vmax values and a great affinity for fluoranthene as a substrate with an implication of breaking 251 

down into different compound potentials. This observation is not a usual observation since 252 

fungal Laccases are known to have broad substrate affinities (Xia et al., 2023). Similarly, this 253 

same enzyme has been reported to be involved in the biotransformation and degradation of 254 

pyrene by Trichoderma sp. F03 (Al Farraj et al., 2020). Also, the observation of how 255 

TpFLU12L displays a significantly higher affinity for the substrate (fluoranthene) at lower Km 256 

suggests that there are subtle structural differences impacting its active site (Liu et al., 2006). 257 

However, the presence of the mediator ABTS facilitates electron transfer between the enzyme 258 

and the substrate (fluoranthene), leading to efficient fluoranthene degradation (Saha and 259 

Mukhopadhyay, 2021). This interaction also leads to improved substrate binding, potentially 260 

due to conformational changes optimizing the active site for fluoranthene interaction (Zhou et 261 

al., 2021). The role of the mediator-enzyme-substrate interactions in fluoranthene degradation 262 

kinetics is further highlighted with TpFLU12L, which demonstrates higher intrinsic affinity 263 

(Humel et al., 2023). 264 

The GC-MS data analysis revealing transient products during fluoranthene degradation 265 

presents intriguing insights into the process. Apart from the parent compound, fluoranthene, 266 

five distinct transient products, namely of 9-oxo-fluorene-1-carboxylic acid, 9,10-267 

phenanthrenedione, Benzene-1,2,3-tricarboxylic acid, Phthalic acid, and Benzoic acid emerged 268 

during the reaction period with Laccases TlFLU-1L and TpFLU-12L. These products indicate 269 

diverse pathways in fluoranthene degradation, with TpFLU-12 generating a broader spectrum 270 
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of products and TlFLU-1L favouring a simpler transformation which has been reported as part 271 

of fluoranthene degradation pathways (Weissenfels et al., 1990). Similarly, these same 272 

products have been reported in the biocatalytic pathways of fluoranthene, where Laccase was 273 

one of the major mechanisms (Hadibarata and Kristanti, 2015). Also, the observation of two 274 

distinct pathways based on C1-C2 and C2-C3 dioxygenation aligns with our past findings, such 275 

as the initial cleavage at C1-C2 leading to 9-oxo-fluorene-1-carboxylic acid followed by 276 

decarboxylation and ring cleavage has been reported in the metabolic biodegradation of 277 

fluoranthene by Trichoderma lixii and Talaromycess pinophillus (Egbewale et al., 2023) and 278 

formation of 9,10-phenanthrenedione via C2-C3 cleavage followed by hydrolysis and benzoic 279 

acid generation have been observed in Celeribacter indicus P73T (Cao et al., 2015). Notably, 280 

the non-appearance of 9H-fluoren-9-one in our GC-MS analysis could be attributed to factors 281 

like rapid conversion to subsequent metabolites or limitations of the detection method. 282 

The time-dependent effects of fluoranthene degradation products from TlFLU1L and 283 

TpFLU12L, respectively on ecotoxicity and cytotoxicity give an insight into their potential 284 

threat to human health and ecosystems. The obtained data on reduction in V. parahaemolyticus 285 

survival (log CFU/mL) and cell viability mainly in degradation products from TlFLU1L 286 

without a mediator (ABTS) revealed that metabolites induce acute toxicity despite a significant 287 

reduction in parent compound concentration. This similar observation aligns with the report by 288 

(Diniz et al., 2015; Eom et al., 2007), where they demonstrated how the formation of 289 

metabolites during the degradation of contaminants leads to increased toxicity. Also, the report 290 

of (Kim et al., 2020) further strengthened the reason for the slight reduction in V. 291 

parahaemolyticus survival (log CFU/mL) and the cell viability. Conversely, the notable 292 

increase in the V. parahaemolyticus survival Tlflu-1 in the presence of ABTS, V. 293 

parahaemolyticus survival and cell viability of the HT-22 cell lines of degradation products 294 

from TpFLU12L both without ABTS and in the presence of ABTS suggests that the 295 

fluoranthene degradation products intermediates do not possess any environmental and health 296 

risks due to the presence of benzene derivatives (Benzene-1,2,3-tricarboxylic acid and Phthalic 297 

acid) as the end products. (Amorim et al., 2013; Zhou et al., 2011) both similarly highlight that 298 

the degradation products of various pollutants, including PAHs and benzene derivatives, do 299 

not pose significant environmental or health risks. Also, studies by (Bankole et al., 2022; 300 

Nembudani and Chirwa, 2019; Sheng and Lyu, 2023; Yao et al., 2023) confirm that 301 

fluoranthene degradation produces harmless benzene derivatives resulting in the elimination of 302 

environmental/health concerns. Similarly, the dead-end metabolites of PAHs, after degradation 303 
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by Mycobacterium sp. strain SNP11, showed a significant reduction in their toxic potential 304 

(Pagnout et al., 2006).  305 

 306 

Conclusion 307 

This study underscores the promising potential of TlFLU1L and TpFLU12L particularly in 308 

conjunction with mediator (ABTS), for environmentally friendly and efficient bioremediation 309 

of fluoranthene-contaminated environments. Both enzymes exhibited efficient fluoranthene 310 

reduction with higher concentrations leading to further degradation and complete removal 311 

achievable at optimized levels. The kinetic degradation analysis revealed the improved binding 312 

and catalytic efficiency of Laccases in the presence of ABTS, highlighting its crucial role in 313 

facilitating fluoranthene biotransformation. Also, the GC-MS analysis provided insights into 314 

the degradation pathways by identifying two distinct routes employed by the enzymes: C1-C2 315 

dioxygenation and C2-C3 dioxygenation. Interestingly, while some intermediate products 316 

exhibited negligible toxicity towards Vibrio parahaemolyticus and human HT-22 cells, others 317 

displayed slight acute toxicity. However, the complete detoxification achieved in the presence 318 

of ABTS suggests the formation of nontoxic end products such as benzene derivatives.  319 
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 479 

Figure Legends: 480 

Figure 1. The percentage of residual fluoranthene concentration after the degradation by 481 

different concentrations of purified Laccase from TlFLU1L and TpFLU12L at 96 h. 482 

Figure 2. The influence of mediator (ABTS) concentration on the degradation of fluoranthene 483 

by purified TlFLU1L (A) and TpFLU12L (B) at 96 h. 484 

Figure 3. The degradation kinetics of fluoranthene mediated by TlFLU1L and TpFLU12L in 485 

the absence and presence of a mediator (ABTS). 486 

Figure 4. The proposed fluoranthene degradation pathway by TlFLU1L and TpFLU12L. 487 

Figure 5. Time-course changes in toxicity of fluoranthene degradation products from TlFLU1L 488 

(A) and TpFLU12L (B) on V. parahaemolyticus survival (log CFU/mL).  489 

Figure 6. Time-course changes in the cytotoxicity effect of fluoranthene degradation products 490 

from TlFLU1L (A) and TpFLU12L (B) on HT-22 cells.  491 
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Tables: 504 

Table 1. The degradation kinetics of fluoranthene mediated by TlFLU1L and TpFLU12L in 505 

the absence and presence of a mediator (ABTS) 506 

Value in each column is the mean ± standard error 507 
 508 

 509 
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 526 

 527 

 528 

 529 

 530 

 

vmax (mg/L/h) Km (mg/L) R2 

TlFLU1  TpFLU12  TlFLU1  TpFLU12  TlFLU1  TpFLU12  

Fluoranthene 1.35±0.02 1.29±0.15 119.2±0.02 170.8±0.15 0.999 0.996 

Fluoranthene + 

ABTS 7.73±0.23 7.97±0.28 54.8±0.23 26.6±0.28 0.993 0.996 
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Table 2: GC-MS profile of the metabolites accumulated during PAHs degradation by purified from Trichoderma lixii FLU1 and Talaromyces 531 

pinophilus FLU12. 532 

 533 
 534 

PAH 

Compounds 
Metabolites 

Retention Major m/z of fragment ions Tentative metabolite  Laccase source 

time(min) (% relative abundance) identification TlFLU1L TpFLU12L 

       

Fluoranthene 

1 28.2 88 (3, M+), 100 (5), 101 (9), 174 (2), 175 (2), Fluoranthene 
 

  199 (2), 200 (15), 201 (12), 202 (100), 203 (17)  

    

2 14.8 75 (6, M+), 76 (5), 126 (5), 150 (15), 151 (22),  9-oxo-9H-fluorene-1- 

carboxylic acid 
  

  152 (37), 153 (5),180 (100), 181 (14), 224 (18) 

       

 3 10.8 39 (2, M+), 50 (3), 63 (8), 76 (17), 87(20), 98(2) 9,10-phenanthrenedione    

   126 (7), 152 (38), 180 (100), 208 (22)    

       

 
3 12.7 18 (15, M+), 44 (11), 50 (15), 64 (13), 74 (19), 

Benzene-1,2,3-

tricarboxylic acid 
 
  

   75 (23), 76 (31),92 (25), 104 (44), 148 (100),    

       

 4 17.5 17 (14, M+), 18 (63), 37 (11), 38 (19), 50 (44), Phthalic acid    

   74 (17), 75 (10), 76 (86), 104 (100), 148 (37)   

      

 5 9.3 50(19, M+), 51 (3), 74 (8), 76 (6), 77 (66), Benzoic acid   

   78(6), 105(100), 106 (7),122 (83),123 (7)   
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Table S1. The influence of purified Laccase concentration on in vitro degradation of 
fluoranthene 

U/mL TlFLU1 TpFLU12 
0 98.4±1.61 98.4±1.61 
3 49.5±8.68 61.0±5.66 
6 47.6±3.19 44.8±6.09 
8 33.1±9.02 37.4±3.60 
10 19.2±5.95 28.7±1.25 

Table S2. The influence of mediator (ABTS) concentration on invitro oxidation of 
fluoranthene by purified Laccase from TlFLU1 

Time (h) 0 mM 200 µM 500 µM 1 mM 5 mM 10 mM 
0 98.4±1.61 98.4±1.61 98.4±1.61 98.4±1.61 98.4±1.61 98.4±1.61 
3 90.6±1.15 50.2±0.33 55.1±0.84 90.4±0.2 90.4±0.28 70.2±0.98 
6 82.7±0.76 44.9±0.72 44.1±0.56 40.9±0.47 40.9±0.12 26.4±0.30 

12 74.2±0.82 38.4±0.54 36.0±0.74 34.8±0.49 31.7±0.53 20.7±0.46 
24 49.5±0.72 28±0.39 19.1±0.1 15.7±0.99 16.3±0.68 nd 
48 40.7±0.53 nd nd nd nd nd 
72 32.4±1.79 nd nd nd nd nd 
96 23.5±1.72 nd nd nd nd nd 

Table S3. The influence of mediator (ABTS) concentration on invitro oxidation of 
fluoranthene by purified Laccase from TpFLU12 

Time (h) 0 mM 200 µM 500 µM 1 mM 5 mM 10 mM 
0 98.4±1.61 98.4±1.61 98.4±1.61 98.4±1.61 98.4±1.61 98.4±1.61 
3 94.2±0.78 91.9±0.64 77.4±0.02 57.5±0.92 25.8±0.17 16.9±0.2 
6 88.3±0.99 52.8±0.75 42.1±0.55 31.8±0.69 19.3±0.34 14.7±0.05 
12 82.9±0.13 30.6±0.54 29.2±0.77 29.6±0.36 15.2±0.82 6.9±0.9 
24 61.0±0.95 21.8±0.46 20.2±0.1 25.6±0.73 9.7±0.23 nd 
48 54.8±0.74 nd nd nd nd nd 
72 49.7±0.84 nd nd nd nd nd 
96 43.7±0.78 nd nd nd nd nd 

Table S4. The degradation kinetics of fluoranthene mediated by purified Laccase from 
TlFLU1 and TpFLU12 in the presence and absence of mediator (ABTS) 

Concentration 
(mg/L) TlFLU1+ABTS TpFLU12+ABTS TlFLU1 TpFLU12 

50 3.8±0.24 5.06±0.17 0.39±0.13 0.27±0.14 
100 4.7±0.3 6.43±0.56 0.64±0.14 0.51±0.13 
200 6.38±0.15 7.25±0.46 0.83±0.15 0.68±0.15 
400 6.68±0.2 7.25±0.35 1.05±0.1 0.91±0.18 
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(PAHs) bioremediation, delignification or second-generation ethanol production, pulp bleaching, dye decolori-
zation and detoxification of xenobiotics7–10.

Laccase (Benzenediol oxygen oxidoreductases, EC 1.10.3.2) belongs to the multi-copper class of enzymes 
with the potential of oxidizing aromatic and non-aromatic compounds to an innocuous state, unlike other ligni-
nolytic enzymes such as Manganese peroxidase (MnP) and Lignin peroxidase (LiP), which require hydrogen 
peroxide for activity11. Laccases ubiquitously found in fungi, higher plants, some insects, and a few bacteria12. 
The production of these enzymes is always triggered in response to environmental stress and nutrient depletion7. 
The physiological function of Laccase varies depending on the organisms; in plants these enzymes are involved 
in the lignification processes13, in insects, it aids the formation of cuticles during the sclerotization process14, in 
fungi, it helps the morphogenesis process (formation of spores, pigments of fruiting bodies)15,16, pathogenesis17, 
virulence18, lignin degradation, monomer cross-linking, polymer degradation19, and also the breakdown of aro-
matic rings19. The precise role of Laccase in bacteria remains unclear but few studies have shown its functions in 
industrial applications requiring activity at high pH and temperatures as robust biocatalysts20. Fungal Laccases 
are glycoproteins which exist as monomer, homodimer, heterodimer, and multimer forms, with four redox-active 
copper atoms used in oxidizing substrates using oxygen as electron acceptor and its subsequent reduction to form 
water molecule21. The molecular mass and isoelectric point (pl) of Laccases ranges from 50 to 100 kDa and 3–7, 
respectively22. Typical Laccase consists of three Cu centres (Type I, II and III) with UV–vis spectrum absorption 
between 280 to 610 nm and a shouldering at 330 nm23. Type I Cu is responsible for the intense blue colour with 
UV–vis absorption spectrum at 605 nm and detectable in electro paramagnetic resonance (EPR) spectrum with 
narrow hyperfine coupling characteristics due to an S-Cu LMCT transition (ligand-to-metal charge transfer)24,25. 
Type II, unlike type I, is colourless and EPR detectable, while Type III Cu, on the other hand, has a pair of Cu 
atoms which have weak absorbance in the UV–vis spectrum and lacks an EPR spectrum24. Both. Type II and III 
Cu, forms the trinuclear cluster of Laccases where dioxygen binds and four-electron reduction to water takes 
place26. Different fungal species with blue Laccase production characteristics and PAHs degradation potential 
includes Trametes versicolor27, Trichoderma viride (EXF8977), Penicillium chrysogenum (EXF1818) and Irpex 
lacteus (MUM 04.98)28, while the use of a monomeric yellow Laccase in Leucoagaricus gongylophorus (Lac1Lg) 
has been documented in the oxidization of anthracene29.

Despite the wide distribution and importance of Laccases, detailed studies on different Laccases in asco-
mycetes and their potential application in transforming organo-pollutants like PAHs into an innocuous state 
are scanty. Additionally, systematic spectral studies and bioinformatic analyses of ascomycete Laccases remain 
limited. Hence, this study aims to fill these knowledge gaps and contribute to the development of more effective 
strategies for PAH bioremediation using ascomycete Laccases by purifying and characterizing  from Trichoderma 
lixii FLU1 and Talaromyces pinophilus FLU12, two ascomycetes isolated from benzo(b)fluoranthene activated 
sludge and known for degrading anthracene and fluoranthene. Furthermore, the substrate binding mechanism,  
homology modelling and prediction of their three-dimensional structure were determined.

Materials and methods
Reagents
ABTS (2,2-azino-bis-(3-ethyl-benzothiazoline-6-sulphonic acid)), Basal Salt Medium (BSM), anthracene, benzo 
(b) fluoranthene (BbF), 2,6-dimethoxyphenol (DMP), (NH4)2SO4 DEAE-cellulose and Sephadex G-100 were
purchased from Merck (Burlington, MA, USA). All other chemicals used were of the highest purity and analyti-
cal grade.

Fungal strains and molecular identification
The isolation and identification of the two fungal strains, Trichoderma lixii FLU1 (TlFLU1) and Talaromyces 
pinophilus FLU12 (TpFLU12), used in this study have been reported previously30. Briefly, the strains were isolated 
from benzo(b)fluoranthene-enriched activated sludge which was later serially diluted and plated on potato dex-
trose agar (PDA) medium containing 100 mg/L of benzo(b)fluoranthene. The plates were incubated at 30 °C for 
7 days and observed for the appearance of fungal colonies. The colonies that showed clear zones  were selected 
as potential benzo(b)fluoranthene-degrading fungi, purified by repeated subculturing on fresh PDA plates and 
maintained on PDA slants at 4 °C. Due to the hydrophobic nature of benzo(b)fluoranthene, a superficial con-
centration of 100 mg/L was achieved on a PDA agar plate by evenly spreading it across the surface using a sterile 
glass rod and then left in the laminar hood for 2 h to allow the solvent used to prepare benzo(b)fluoranthene to 
evaporate which ensures a strict adherence of benzo(b)fluoranthene to the agar surface.

Later, the purified fungal strains were identified by morphological and molecular methods. The morphological 
characteristics of the fungal strains were examined by light microscopy and compared with standard references. 
The molecular identification was performed by extracting the genomic DNA from the fungal strains and ampli-
fying the internal transcribed spacer (ITS) region of the ribosomal RNA gene by PCR. The PCR products were 
sequenced and compared with the sequences available in the GenBank database. The phylogenetic analysis was 
conducted by using the MEGA software.

Culture conditions for Laccase production
Each fungal strain was separately cultured in cotton-plugged Erlenmeyer flasks (250 mL) containing BSM and 
anthracene (200 mg/L) as an inducer to a final volume of 150 mL prior to the set-up. The media were sterilized 
by autoclaving at 121 °C for 15 min. Inoculation was done directly into individual Erlenmeyer flasks using two 
20 mm mycelial disks of each strain before incubating at 30℃ and shaking at 180 rpm for 10 days in complete 
darkness (MRC laboratory instrument, Essex, U.K). The pH of the flask containing strain TlFLU1 was adjusted 
to 4 using 1 M HCl while that of TpFLU12 was adjusted to 7 using 1 M NaOH. The details of the specific243
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components and concentration for the BSM media and PDA are presented in Table S1. The variation in the cul-
ture media pH was observed due to optimized condition during anthracene degradation with 100% degradation 
efficiency after 12 days.

Purification of Laccase
The purification was carried out according to the previously described method (Othman et al., 2018) with some 
modifications. Briefly, crude extract from TlFLU1 and TpFLU12 was individually centrifuged at 5,000 × g for 
20 min at 4℃ to obtain a clear supernatant. Protein from each supernatant was sequentially precipitated to satu-
ration with 60% (NH4)2SO4 under a gentle continuous stirring at 4℃ overnight. The protein pellets were recov-
ered by centrifugation at 10,000 × g for 20 min, dissolved in sodium acetate buffer (50 mM, pH 5) and dialyzed 
against a large volume of the same buffer using 30 kDa cut off size dialysis tubing cellulose membrane (Merck, 
Burlington, MA, USA). The protein was further purified using DEAE liquid chromatography column (1.5 × 9 cm) 
at room temperature before eluting with 100 mM NaCl in 50 mM sodium acetate buffer (pH 7) at a flow rate 
of 0.5 ml/min. Six fractions showing Laccase enzymes activity of substrate ABTS were pooled and applied on 
Sephadex G-100 column (2.0 × 9 cm) size exclusion column before elution with 50 mM sodium acetate buffer (pH 
7). All fractions with Laccase activity were pooled, desalted, filter-sterilized, and stored at 4℃ until further usage.

Protein quantification and enzyme activity
The protein concentrations were determined as described previously31 using bovine serum albumin (BSA) as 
standard. Laccase activity was determined according to previously described method32 with slight modifications. 
Briefly, the reaction mixture contained 100 μL of 50 mM ABTS and 800 μL of 20 mM sodium acetate buffer (pH 
5) and an appropriately diluted purified enzyme (370 μg). The mixture was incubated at 30℃ for 15 min and the 
reaction was terminated with 40 μL of 20% trichloroacetic acid. One unit of Laccase is the amount of enzyme 
that produces 1 µM of oxidized product per minute (ε420 nm = 36,000 M−1 cm−1 for oxidized product).

Zymogram analysis
Non-denaturing polyacrylamide gel electrophoreses (Zymogram) were used to confirm the protein purity and 
activity33. The sample loading buffer was prepared without the addition of β-mercaptoethanol (non-reducing 
condition), and the samples (100 µg for TlFLU1 and 75 µg for TpFLU12 of total protein) were not heated before 
loading into the wells. To detect the Laccase activity after the electrophoresis, the gel was washed once with a 
mixture of equal parts of isopropanol-sodium acetate buffer (50 mM, pH 5.0) for 30 min and once with sodium 
acetate buffer for 30 min, to remove the SDS, fix the proteins in the gel, and to reduce the pH to 5.0. The gel was 
then transferred onto a glass plate before layering with ABTS-agar (20 mg of ABTS, 400 mg of agar, 40 mL of 
water; heated to dissolve agar). These layers were incubated at 25 °C until the appearance of green bands.

UV–visible absorption spectrum and FTIR analysis
To study the copper active centre of purified enzymes, 1 mL of enzymes (370 µg of total protein) was added 
to a 10 mm optical path quartz cuvette and absorbance was measured in a scanning mode wavelength from 
200–800 nm using Agilent Cary 60 UV–Vis spectrophotometer (Agilent, Santa Clara, CA, USA)34. To monitor 
functional groups of the purified proteins (370 µg of total protein), FTIR analysis was performed as described 
previously30.

Catalytic properties of the purified Laccases
 Laccase activity was assayed by using several substrates. Assays were performed in 50 mM of the appropriate 
buffer and pH, and the oxidized products were read at the appropriate wavelength, as follows: 5 mM ABTS 
(ε420 = 36.00 cm-1 mM−1), 5 mM 2,6-DMP (ε469 = 49.60 cm−1 mM−1), 5 mM guaiacol (ε465 = 12.10 cm−1 mM−1) and 
5 mM caffeic acid (ε312 = 11.20 cm−1 mM−1). The optimum pH for Laccase activity was investigated by using puri-
fied enzyme prepared in a reaction mixture containing the appropriate substrate in buffers as follows: 50 mM 
citrate buffer pH 1–6, 50 mM acetate buffer pH 3–5, 50 mM phosphate buffer pH 6–8 and 50 mM Tris buffer 
at pH 7 and 11. The optimum temperature of Laccase activity was investigated by using each purified enzyme 
(370 µg of total protein) for TlFLU1 and TpFLU12, respectively) prepared separately in a reaction mixture 
containing 5 mM ABTS in 50 mM acetate buffer pH 5, which was incubated at different temperatures (5, 10, 20, 
30, 40, 50, 60, 70, 80, 90 and 100 °C) for 1 h. Also, the pH stability and thermal stability of the purified Laccase 
were studied by determining the residual activity for each enzyme (370 µg of total protein) after 24 h incubation 
under the same assay conditions for the optimum pH and temperature in darkness using ABTS as substrate. The 
reaction was monitored at 420 nm using Agilent Cary 60 UV–Vis spectrophotometer (Agilent, Santa Clara, CA, 
USA). The effect of appropriate substrate concentration (ABTS, 2,6-DMP, guaiacol and caffeic acid) on initial 
reaction velocity catalysed by purified Laccase was also investigated at constant enzyme concentration (370 µg 
of total protein). Therefore, as described above, the purified enzyme was assayed using varying concentrations 
(1–5 mM) of each substrate in 50 mM acetate buffer pH 5 and 7 at 30 and 50 °C for Laccase from TlFLU1 and 
TpFLU12, respectively. Michaelis–Menten reciprocal plots were used to determine the kinetic constants (vmax, 
Km, kcat and kcat/Km) for appropriate substrate using the Graph-Pad Prism 8.0 (San Diego, USA) software. The 
residual enzyme activity at varied concentrations of metal ions (10, 50 and 100 mM: Al3+, As5+, Ca2+, Cd2+, Co2+, 
Cu2+, Fe2+, K+, Li+, Mg2+, Mn2+, Mo+, Na+, Ni2+ and Zn2+), Organic solvent (10, 50 and 90%: 1,4 Dioxane, acetone, 
acetonitrile, butanol, DMSO, ethanol, ethyl-acetate, isopropanol, methanol and toluene) and inhibitors (DTT, 
0.01 and 0.1 mM; EDTA, 1 and 10 mM; NaN3, 0.05 and 0.1 mM, SDS 5 and 10 mM; Urea, 20, 50 and 100 mM) 
was investigated by pre-incubating the purified enzymes (370 µg of total protein) for 24 h.
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In‑gel trypsin digestion and identification of the purified Laccase in ESMS
Purified Laccase (100 μg) from TlFLU1 and TpFLU12 was loaded onto 10% SDS-PAGE and stained with Coomas-
sie blue R250. Protein bands were excised, digested with trypsin and subjected to electrospray mass spectrometry 
(ES-MS) for amino acid fragment identification at the Central Analytical Facility of Stellenbosch University, 
Stellenbosch, South Africa. The raw files generated by the mass spectrometer were imported into Proteome 
Discoverer v1.4 and processed using the Sequest algorithm against the UniProt (www.​unipr​ot.​org) Trichoderma 
genus and Talaromyces genus database, limited to Laccases. The peptide sequences were inferred from these 
matches with validation using the Target-Decoy PSM validator node. The search results were further validated 
using Scaffold Q + 35.

Template‑based structure prediction, homology modelling and Laccase ligand binding site 
prediction for Laccase
The three-dimensional structure of the protein was predicted by submitting the amino acid sequence to the 
I-TASSER servers36. LOMETS approach was used to search for templates of similar folds from the PDB library37,38.
Ten templates were used to build homology models while the top model structure was selected to optimize
using the PyMOL Molecular Graphics System program (Schrödinger LLC., USA). The model quality validation 
through the 3D protein structure assessment, Errat and Ramachandran plot was performed using the Schrödinger 
Maestro software (Schrödinger LLC., NY, USA). Structural homology alignment was constructed with Jalview
2.11.2.439. Additionally, the Laccase ligand binding sites residues, their molecular function, biological process,
and cellular components were predicted using I-TASSER servers in accordance with the ancestor chart of the
EMBL’s European Bioinformatics institute gene ontology (GO) terms.

Sequence alignment
Detection of Laccase amino acid sequences from TlFLU1 and TpFLU12 similarities with amino acid sequences 
of Laccase from Trichoderma species and Talaromyces species deposited at UniProtKB were analysed using the 
BLAST tool (http://​unipr​ot.​org/​blast). A phylogenetic approach was used to determine the taxonomic clas-
sification while amino acid sequence alignment was performed using muscle (multiple sequence comparison 
by UMPGA) as implanted in MEGA 11. Alignments were examined manually and a phylogenetic tree was 
constructed with a neighbour-joining likelihood approach and bootstrap resampling of 1000 replicates using 
MEGA 1140.

Degradation of PAHs by Laccase
The two PAHs (fluoranthene and anthracene) were selected based on their designated profile as known or 
reasonably anticipated human carcinogens on US EPA’s priority pollutants list41. The assays were carried out 
as described previously42 with some modifications. Briefly, 5 mL reaction mixture contained anthracene and 
fluoranthene (200 mg/L) individually in a 15 mL centrifuge tube, Laccase (2 U/ml) and sodium acetate buffer 
(50 mM, pH 5 and 7 for TlFLU1 and TpFLU12, respectively). Tween 80 (1%) was added to the mixture to enhance 
PAH bioavailability and shaken continuously at 80 rpm to avoid PAHs precipitation at 30 °C in darkness for 
96 h (MRC Lab suspension mixer SM-3600, U.K). The set up was performed in triplicate while samples were 
drawn every 24 h for residual PAHs quantification. 50 μl of 20% (v/v) TCA solution was constantly added to 
each draw sample before quantifying residual PAHs to stop further enzymatic oxidation. A control set up was 
carried out under the same experimental condition except for the Laccase being heated denatured. However, 
extraction and quantification of the residual PAHs was carried out as previously30. The mixture was then vigor-
ously shaken for 5 min and allowed to stand for 20 min to enhance the separation of aqueous and organic phases 
using the standard extraction method. The organic phase was collected, dried over 10 g anhydrous Na2SO4 and 
evaporated to dryness at 40 °C under reduced pressure. The dried fractions were then redissolved with the same 
extraction solvent and diluted tenfold with ethyl-acetate before quantifying the residual anthracene in a scanning 
spectrum mode using Agilent Cary 60 UV–Vis spectrophotometer from a wavelength of 200 to 400 nm. The 
absorption spectrum of anthracene and fluoranthene shows peaks at λmax 286 and 265 nm respectively, using 
a quartz cuvette with an optical path of 10 mm. However, the reaction medium’s anthracene and fluoranthene 
residual concentrations were determined through extrapolation from a standard curve with an R2 value of 0.972 
and 0.958 respectively. Also, a recovery study was carried out in triplicate with a sterile sodium acetate buffer 
with heated-denatured Laccase to an appropriate volume of known concentrations of each PAH compounds as 
standard, under static conditions and subjected to PAH determination with an average recovery of 98.7 ± 0.53% 
and 97.9 ± 7.17%, respectively, for anthracene and fluoranthene.

Statistics analysis
All data were collected in triplicates. Data were statistically analysed using the Graph-Pad Prism 8.0 (San Diego, 
USA) software and expressed as the means ± standard error. For determining Km and vmax, the Michaelis–Menten 
equation was fitted directly to the experimental data using the nonlinear least-squares fitting procedure of the 
Graph-Pad Prism 8.0 software.

Results
Purification of Laccases
Table 1 shows the purification summary of Laccases from TlFLU1 and TpFLU12. Laccase from TlFLU1 was 
purified to 25.3-fold showing specific activity of 4003 U/mg of protein and a total yield of 7.0% while Laccase 
from TpFLU12 was purified to 5.6-fold showing specific activity of 790 U/mg of protein and a total yield of 
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5.5%. The purified Laccase from TlFLU1 showed a single band with molecular mass of 44 kDa (Fig. 1a, Fig. S1), 
while TpFLU-12 showed a molecular mass of 68.7 kDa (Fig. 1b, Fig. S2). The activity staining zymogram gel 
corresponding to the Laccase’s bands confirmed the nature of the enzymes (Fig. 1c, Fig. S3).

UV–visible and FTIR spectra of purified Laccases
The purified Laccases from TlFLU1 and TpFLU12 showed the absorption peak at wavelengths 270 nm and 600, 
respectively, measured by UV–visible spectrophotometer (Fig. 2). The FTIR spectra of Laccase from TlFLU1 
showed the intense peaks at 3270 cm−1, 2148 cm−1, 1652 cm−1, 1066 cm−1 and 594 cm−1 attributing to –NH2 and 
–OH of amides A and B, OH/NH of Amide II, C=O stretching of α helix, C=C and C–N stretching of Amides II, 
respectively (Fig. 3, curve A, Table 2). The FTIR spectra of Laccase from TpFLU12 showed the peaks at 3260 cm−1,
2148 cm−1, 1646 cm−1 and 600 cm−1 attributing to –NH2 and –OH of amides A, B, OH/NH of Amide II, ß-sheets 
of peptide and C=C stretching and C-N stretching of Amides II, respectively (Fig. 3, curve B, Table 2).

Optimum pH, optimum temperature and stabillity
Purified Laccases from TpFLU1 and TpFLU12 showed optimum activity at pH 5 and pH 7, respectively (Fig. 4a). 
TpFLU1 Laccase showed 80–100% residual activity at pH 5–9 while TpFLU12 showed 60–100% residual activity 
at pH 1–5 after 24 h of incubation period prior to the assay (Fig. 4b). Furthermore, Laccases from TpFLU1 and 

Table 1.   Purification summary of Laccases purified from TlFLU1 and TpFLU12. % Yield = relative to 21,198.8 
considering 100%; Purification (fold) = relative to specific activity (U/mg) considering 1.

Strains Purification step Volume (mL) Total activity (U) Total protein (mg) Specific activity (U/mg) Yield (%) Purification (fold)

TlFLU1

Crude enzyme 50 21,198.8 134 158 100 1

(NH4)2SO4 precipitation (80%) 10 12,389.2 6.53 1897 58.4 12.0

Dialysis 20 8359.8 3.2 2612 39.4 16.5

Ion-Exchange Chromatography (DEAE-
Cellulose) 10 4121.7 1.4 2944 19.4 18.6

Gel filtration on Sephadex G-100 5 1481 0.37 4003 7.0 25.3

Crude enzyme 50 17,271 123 140 100 1

TpFLU12

(NH4)2SO4 precipitation (80%) 10 12,102 75.1 161 70.1 1.1

Dialysis 20 7287 21.97 332 42.2 2.4

Ion-Exchange Chromatography (DEAE – 
Cellulose) 7 1292 3.18 406 7.5 2.9

Gel filtration on Sephadex G-100 5 948 1.2 790 5.5 5.6

Figure 1.   SDS-PAGE and native page showing single bands and in gel activity of Laccases. (A) Lane M: protein 
marker, Lane 1: purified Laccase from TlFLU1; (B) Lane M: protein marker, Lane 1–2 purified Laccase from 
TpFLU12; (C) Lane M: protein marker, Lane 1: In gel activity of purified Laccase from TlFLU1, Lane 2: In gel 
activity of purified Laccase from TpFLU12.
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Figure 2.   UV–vis spectrum of the purified Laccase from TlFLU1 (curve A) and TpFLU12 (curve B).

Figure 3.   FTIR spectral of the purified Laccase from TlFLU1 (curve A) and TpFLU12 (curve B).

Table 2.   Attribution of the infrared spectra absorbance bands of purified Laccase from TlFLU1 and TpFLU12.

Frequency (cm−1) Attribution

 > 3000 –NH2 and –OH of Amides A, B

2142–2148 OH/NH of Amide II

1600–1700 Amide I

1650–1658 C=O stretching of α helix

1620–1646 ß-sheets

594–1400 C=C stretching and C–N stretching of Amides II
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TpFLU12 showed optimum activity at temperatures 30 °C and 50 °C, respectively (Fig. 4c). After 24 h of incuba-
tion at 10–30 °C, Laccases from TpFLU1 retained 100% activity and dropped to 90% at 50 °C, 70% at 60 °C, 50% 
at 70 °C and finally lost activity at 100 °C. TpFLU12 Laccase residual activity was found to be very much stable 
between a temperature 50–60 °C. The enzyme showed 80% residual activity at temperatures 30 °C and 80 °C 
while retained 85% residual activity at 70 °C (Fig. 4d).

Effect of metal ions, organic solvents and inhibitors on activity
Table 3 summarises the activity of Laccases in the presence of metal ions, organic solvents, and inhibitors. Laccase 
from TlFLU1 showed 100%, 121%, 100%, 100%, 102%, 98.0% and 107% relative activity in the presence of Ca2+, 
Cu2+, Fe2+, Mg2+, Mn2+, Na+ and Zn2+, respectively, at 10 mM concentration, however, the activity was decreased 
with increased metal ion concentrations. Laccase from TpFLU12 showed 104%, 100%, 101%, 119% and 100% 
relative activity in presence of Ca2+, Cd2+, Co2+, Cu2+and Na+ at concentration of 10 mM, while a relative activity 
of 100% was recorded in the presence of 50 mM Cu2+and Na+.

The relative activity of Laccase enzyme from TlFLU1 and TpFLU12 in the presence of organic solvents is 
shown in Table 4. Enzyme from TlFLU1 showed decreased relative activity with an increase in the organic 
solvents’ concentrations. 100% relative activity was recorded in the presence of acetone, acetonitrile, and ethyl-
acetate while a relative activity of 127% was recorded in the presence of toluene at a concentration of 10%. The 
purified Laccase from TpFLU12 was more active in organic solvents up to 90% of concentration. Maximum 
relative activity of 100% was recorded in the presence of acetonitrile and ethyl-acetate at a concentration of 10%. 
Relative activity of 100% was recorded in the presence of acetone and ethyl-acetate at a 50 and 90% concentra-
tion, respectively.

The enzymatic acvity of Laccase from both the isolates, TlFLU1 and TpFLU12 were significantly inhibited 
by the tested inhibitors (Fig. 5). NaN3 significantly inhibited Laccases from both strains showing 81% and 97% 
inhibition at a concentration of 0.05 and 0.1 mM for enzyme from TlFLU1. In comparison, 97% and 100% inhi-
bition were recorded at a concentration of 0.05 and 0.1 mM for enzyme from TpFLU12.

Kinetic parameters analysis
Table 5 shows the kinetics parameters values for Laccase from TlFLU1 and TpFLU12 when assayed with various 
substrates. Among all the phenolic compounds used as substrates, Laccase from TlFLU1 and TpFLU12 showed 
lowest Km values 10.8 µM and 8.20 µM, for substrate ABTs, followed by guaiacol with Km values of 12.7 µM and 

Figure 4.   Optimum pH (A) and pH stability (B), optimum temperature (C) and temperature stability (D) of 
purified Laccase from TlFLU1 and TpFLU12.
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11.6 µM while 13.03 µM and 14.91 µM for 2,6-DMP, respectively. Caffeic acid showed the lowest affinity as a 
substrate for both the enzymes from TlFLU1 and TpFLU12 with the Km values of 43 µM and 38.60 µM.

ES‑MS analysis of tryptic digested proteins
ES-MS analysis of tryptic digested Laccase from TlFLU1 and TpFLU12 showed 12 and 18 protein clusters, respec-
tively, when searched in UniProt Laccase database (Fig. S4a,b). The protein purified from TlFLU1 showed 100% 
similarity with 386 amino acids long Laccase from Trichoderma asperellum strain OX with Uniprot accession 
number A0A6V8QJQ4 while protein purified from TpFLU12 showed 100% similarity with 619 amino acids 
long Laccase from Talaromyces marneffei strain PM1 with Uniprot accession number A0A093UKS0 (Fig. S4c). 
Interestingly, no common proteins were detected between the Laccase from both strains at a 100% false discovery 
rate (FDR), and it quite raises concerns about relying soley on MS data sequence accuracy which might lead 
to unreliable models and inaccurate biophysical property predictions of the protein 3D structures. To address 
these limitations, a phylogenetic analysis using RSB PDB sequences of Laccases from both Trichoderma and 
Talaromyces families was conducted (Figs. S2 and S3). This approach provides a more robust understanding of 
the evolutionary relationships between the studied Laccases and their known counterparts, potentially offering a 
more reliable basis for modelling and prediction. Upon analysis, Laccase from TlFLU1 was observed to share the 
same cluster with that of Laccase from Trichoderma asperellum with Uniprot accession number A0A6V8QJQ4 
(Fig. S5), while Laccase from TpFLU12 shared the same cluster with Laccase from Talaromyces marneffei PM1 
with Uniprot accession number A0A093V1A3 (Fig. S6).

Table 3.   Effect of metal ions on the activity of purified Laccase enzyme from TlFLU1 and TpFLU12. Each 
value in the same column are the mean ± standard error.

Strains

Relative activity (%)

Ions 10 mM 50 mM 100 mM

TlFLU1

Control 100.0 ± 0.64 100.0 ± 0.64 100.0 ± 0.64

Al3+ 37.0 ± 0.26 16.0 ± 0.15 10.0 ± 0.84

As5+ 80.0 ± 0.02 83.0 ± 0.17 62.0 ± 0.21

Ca2+ 100.0 ± 0.99 74.0 ± 0.77 22.7.0 ± 0.98

Cd2+ 70.0 ± 0.47 64.0 ± 0.27 42.0 ± 0.81

Co2+ 85.0 ± 0.64 87.0 ± 0.05 65.0 ± 0.16

Cu2+ 121.0 ± 0.93 84.0 ± 0.46 63.0 ± 0.88

Fe2+ 100.0 ± 0.15 33.0 ± 0.27 32.0 ± 0.97

K+ 33.0 ± 0.61 33.0 ± 0.32 30.0 ± 0.62

Li+ 46.0 ± 0.02 30.0 ± 0.18 25.0 ± 0.68

Mg2+ 100.0 ± 0.32 61.0 ± 0.05 48.0 ± 0.23

Mn2+ 102.0 ± 0.29 79.0 ± 0.54 18.0 ± 0.68

Mo+ 72.0 ± 0.81 70.0 ± 0.33 61.0 ± 0.38

Na+ 98.0 ± 0.36 96.0 ± 2.93 31.0 ± 4.95

Ni2+ 67.0 ± 0.37 81.0 ± 0.55 54.0 ± 0.19

Zn2+ 107.0 ± 0.21 89.0 ± 0.55 18.0 ± 0.79

TpFLU12

Control 100.0 ± 0.66 100.0 ± 0.66 100.0 ± 0.66

Al3+ 75.0 ± 0.35 46.0 ± 0.39 27.0 ± 0.56

As5+ 83.0 ± 0.19 64.0 ± 0.41 79.0 ± 0.75

Ca2+ 104.0 ± 0.93 89.0 ± 0.22 70.0 ± 0.81

Cd2+ 100.0 ± 0.87 74.0 ± 2.17 41.0 ± 0.41

Co2+ 101.0 ± 0.65 75.0 ± 0.91 82.0 ± 0.17

Cu2+ 119.0 ± 076 100.0 ± 0.44 17.0 ± 0.58

Fe2+ 84.0 ± 0.81 57.0 ± 0.89 39.0 ± 0.65

K+ 73.0 ± 0.15 38.0 ± 0.53 16.0 ± 0.22

Li+ 74.0 ± 0.04 46.0 ± 0.74 19.0 ± 0.35

Mg2+ 82.0 ± 0.76 61.0 ± 0.27 49.0 ± 0.86

Mn2+ 81.0 ± 0.67 53.0 ± 0.41 34.0 ± 0.70

Mo+ 84.0 ± 0.49 76.0 ± 0.95 70.0 ± 0.13

Na+ 100.0 ± 0.81 100.0 ± 0.68 73.0 ± 0.82

Ni2+ 82.0 ± 0.25 66.0 ± 0.53 71.0 ± 0.18

Zn2+ 85.0 ± 0.75 73.0 ± 0.23 65.0 ± 0.23
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Homology sequence alignment
The homology sequence alignment of Laccases from TlFLU1 and TpFLU12 were constructed with PDB template 
IGW0 (Laccase from Melanocarpus albomyces) (Fig. S7) and 4X4KA (Laccase from Botrytis aclada) (Fig. S8), 
respectively, using LOMETS threading programs of the I-TASSER server. Laccases from TlFLU1 shared 13% 
sequence identity with the template IGW0 in the threading aligned region with the query sequence, 24% sequence 
identity of the whole template chains with the query sequence, 81% coverage of the threading alignment and 

Table 4.   Effect of organic solvents on the relative activity of purified Laccase enzyme from TlFLU1 and 
TpFLU12. Each value in the same column is the mean ± standard error.

Strain Organic solvent

Relative activity (%)

10% 50% 90%

TlFLU1

Control 100.0 ± 0.71 100.0 ± 0.54 100.0 ± 0.49

1,4-Dioxane 70.0 ± 0.34 69.0 ± 0.29 65.0 ± 0.24

Acetone 100.0 ± 0.31 68.0 ± 0.53 43.6 ± 0.68

Acetonitrile 100.0 ± 0.21 51.0 ± 0.24 19.0 ± 0.96

Butanol 96.0 ± 0.85 88.0 ± 0.42 51.0 ± 0.25

DMSO 66.0 ± 0.23 67.0 ± 0.83 41.7 ± 0.86

Ethanol 73.0 ± 0.81 62.0 ± 0.14 51.5 ± 0.82

Ethyl acetate 100.0 ± 0.42 73.0 ± 0.83 42.0 ± 0.67

Isopropanol 89.0 ± 0.31 75.0 ± 0.27 61.3 ± 0.62

Methanol 84.0 ± 0.63 77.0 ± 0.85 44.0 ± 0.77

Toluene 127.0 ± 0.97 96.0 ± 0.5 53.4 ± 0.82

TpFLU12

Control 100.0 ± 0.99 100.0 ± 0.65 100.0 ± 0.16

1,4-Dioxane 93.0 ± 0.63 93.0 ± 0.13 44.1 ± 0.14

Acetone 88.0 ± 0.20 100.0 ± 0.87 100.0 ± 0.45

Acetonitrile 100.0 ± 0.03 97.0 ± 0.68 37.0 ± 0.68

Butanol 70.0 ± 0.61 98.0 ± 0.79 82.0 ± 0.75

DMSO 77.0 ± 0.93 99.0 ± 0.64 68.0 ± 0.92

Ethanol 82.0 ± 0.61 89.0 ± 0.35 98.0 ± 0.77

Ethyl acetate 100.0 ± 0.43 100.0 ± 0.82 100.0 ± 0.14

Isopropanol 83.0 ± 0.51 97.0 ± 0.77 98.0 ± 0.17

Methanol 76.0 ± 0.43 88.0 ± 0.52 97.0 ± 0.73

Toluene 62.0 ± 0.71 83.0 ± 0.62 81.0 ± 0.63

Figure 5.   The percentage inhibition of inhibitors on Laccase activity from TlFLU1 and TpFLU12.
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1.78 normalized Z-score of the threading alignments. Amino acids sequence WADNLINGYRLLNYWFNPDN-
PVNTLPNDPGVAVLNPRRWRHI (42 sequences) were observed as the consensus sequence between template 
IGW0. Laccase from TpFLU12 shared 16% sequence identity with the template 4X4KA in the threading aligned 
region with the query sequence, 18% sequence identity of the whole template chains with the query sequence, 
73% coverage of the threading alignment and 5.85 normalized Z-score of the threading alignments. Amino acids 
sequence DTGTHWHGQCPQPTCINLGDGFLINGFIDHLTVIANDVVARYTPPGSDNPLDDSKNNDNLNP-
SEITG (67 sequences) were observed as the consensus sequence between template 4X4KA.

Template based structure prediction
Template-based structure modelling and ligand binding site residues of Laccases were predicted on iterative 
threading assembly refinement (I-TASSER) and shown in Fig. 6A–D and Table 6. The investigation revealed that 
the Laccase from TlFLU1 shares 13% sequence identity with the IGW0 template within the threading-aligned 

Table 5.   Kinetic characterization of purified Laccase from TlFLU1 and TpFLU12. ε: Extinction coefficient.

Strain Substrate Absorbance (nm)
ε
(cm−1 mM−1)

Km
(µM)

Kcat
(S−1)

Kcat/Km
(µM−1S−1)

TlFLU1

ABTS 420 36.00 10.80 88.25 8.17

2,6-DMP 469 49.60 13.00 90.20 6.94

Guaiacol 465 12.10 12.70 90.20 7.10

Caffeic acid 312 11.20 43.00 116.20 2.70

TpFLU12

ABTS 420 36.00 8.20 85.38 10.41

2,6-DMP 469 12.10 11.60 89.17 7.69

Guaiacol 465 49.60 14.90 92.20 6.19

Caffeic acid 312 11.20 38.60 106.50 2.76

Figure 6.   Structural models for Laccases from TlFLU1 and TpFLU12. Molecular surface structure with the 
binding sites (A) and (B); 3D cartoon (C) and (D); binding sites (E) and (F) of the Laccase from TlFLU1 and 
TpFLU12, respectively. The yellow ball colour (T1) is the Cu2+ of the protein. 251
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region and exhibits 24% sequence identity with the complete template chains. Furthermore, the threading align-
ment covers 81% of the sequence and the normalized Z-score amounts to 1.78 (Fig. 6A). Likewise, the Laccase 
derived from TpFLU12 shares 16% sequence identity with the 4X4KA template within the threading-aligned 
region and shows 18% sequence identity with the entire template chains. The threading alignment coverage 
encompasses 73% of the sequence, with a normalized Z-score of 5.85. Employing Jalview workbench align-
ment, 3-D models that conform to spatial restraints were generated, exhibiting high precision as evidenced by 
minimal restraint violations (Fig. 6B). Further, The I-TASSER server-generated predicted protein structures for 
TlFLU1 and TpFLU12, manifest a moderate degree of structural similarity based on the TM-score (0.48 ± 0.15 
and 0.53 ± 0.15, respectively). However, these models exhibited moderate structural deviation, as indicated by 
the root mean square deviation (RMSD) values of 1.13 ± 0.5 Å and 1.15 ± 0.5 Å, respectively. Notably, the aligned 
sequences display a relatively low sequence identity (24% and 18%, respectively), implying a limited proportion 
of identical residues. Nevertheless, the alignment covered a substantial portion of the hit structure, as indicated 
by the coverage (Cov) values of 81% and 73%, respectively.

To evaluate the quality of the models, verified 3D visualization using polymol was employed. The assess-
ment revealed that the protein model derived from TlFLU1 exhibited good 3D-1D scores for 43.95% of the 
total residues, while the model obtained for TpFLU12 demonstrated good scores for 90% of the total residues. 
Structural analysis of the TlFLU1 protein model unveiled the presence of four α-helices, with the absence of 
β-strands, β-α-β motifs, and β-hairpins. In contrast, the TpFLU12 model displayed 104 α-helices, 60 β-sheets, 
one β-α-β motif, and two β-hairpins. Also, the Ramachandran plots (not shown) of the final minimized model 
suggested that the protein residues from TlFLU1 was 9% most favourable, 12.11% additional allowed, 79% gener-
ously allowed and 0% disallowed, while that of TpFLU12 had 72.7% most favourable regions, 17.3% additional 
allowed regions, 0% generously allowed regions and 0% disallowed regions. When compared with the template 
and results obtained from COACH and COFACTOR, 21 catalytic residues such as Pro-177, Ala-178, Aap-179, 
Lys-180, Lys-182, Asp-183, Ser-258, Ala-259, Leu-260, His-261, Val-263, Arg-298, Thr-300, Leu-312, Asp-313, 
Ala-314, Pro-315, Ala-316, Asn-355, Trp-356 and Ile-358 were obtained for Laccase from TlFLU1 (Fig. 6C) 
while only Laccase from TpFLU12 showed three combinations of catalytic residues namely His-19, Ile-60 and 
Arg-62 with Cu2+ (T1) residues at the binding site (Fig. 6D). The 21 ligands binding sites residues of Laccase from 
TlFLU1 were shown to be associated with molecular functions related to copper ion binding, oxidoreductase 
activity and Laccase activity; biological process related to oxidation–reduction, lignin metabolism, phenylpro-
panoid catabolic, aromatic compound metabolism and cellulose metabolism; and cellular component related to 
extracellular structure; according to the gene ontology (GO). There were 3 binding residue sites (His-19, Ile-60 
and Arg-62) of Laccase from TpFLU12 were predicted with molecular functions related to copper ion binding, 
oxidoreductase activity and oxygen oxidoreductase activity; biological process related to oxidation–reduction, 
biological adhesion, cellular metabolism, cellular metal ion homeostasis, aromatic compound metabolism; and 
cellular component related to extracellular structure (Table 6).

Table 6.   The Laccase ligand binding sites residues and predicted functions.

Strain
Ligand binding
Site residues

Consensus prediction of GO 
terms GO terms code GO terms functions GO-score

TlFLU1

Pro-177, Ala-178, Molecular function GO:0005507 Copper ion binding 0.65

Asp-179, Lys-180, GO:0016682 Oxidoreductase activity 0.36

Lys-182, Asp-183, GO:0008471 Laccase activity 0.34

Ser-258, Ala-259,

Leu-260, His-261, Biological process GO:0055114 Oxidation—reduction 0.65

Val-263, Arg-298, GO:0009808 Lignin metabolism 0.4

Thr-300, Leu-312, GO:0046271 Phenylpropanoid catabolic 0.4

Asp-313, Ala-314, GO:0006725 Aromatic compound metabolism 0.4

Pro-315, Als-316 GO:0030243 Cellulose metabolism 0.4

Asn-355, Trp-356,

Ile-358 Cellular component GO:0044421 Extracellular structure 0.4

TpFLU12

His-19, Ile-60, Molecular function GO:0005507 Copper ion binding 0.44

Arg-62 GO:0016724 Oxidoreductase activity 0.57

GO:0052716 Oxygen oxidoreductase activity 0.46

Biological process GO:0055114 Oxidation—reduction 0.57

GO:0022610 Biological adhesion 0.46

GO:0044237 Cellular metabolism 0.44

GO:0006875 Cellular metal ion homeostasis 0.44

GO:0018955 Aromatic compound metabolism 0.44

Cellular component GO:0044421 Extracellular structure 0.4
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Biophysical properties
The amino acid sequences (386 and 619 amino acids for Laccases from TlFLU1 and TpFLU12, respectively) were 
submitted to ProtParam to predict their biophysical properties (Table 7). Molecular mass of 43.8 and 68.6 kDa, 
theoretical pI value of 9.33 and 5.41 were predicted for Laccases from TlFLU1 and TpFLU12, respectively. The 
extinction coefficient values of 68,995 M−1cm−1 and 85,050 M−1cm−1 assuming all pairs of Cys residues form 
cystines while 68,870 M−1cm−1 and 84,800 M−1cm−1 when assuming all Cys residues are reduced were exhibited 
by Laccase from TlFLU1 and TpFLU12, respectively. However, Laccase from TlFLU1 was predicted to have an 
estimated half-life of 4.4 h in mammalian reticulocytes (in vitro), > 20 h in yeast (in vivo) and > 10 h in E. coli 
(in vivo) while that of TpFLU12 Laccase was estimated to have a half-life of 1.1 h in mammalian reticulocytes 
(in vitro), > 3 min in yeast (in vivo) and > 10 h in E. coli (in vivo), confirming their stability in eukaryotic and 
prokaryotic cells. The predicted instability, aliphatic index, and grand average of hydropathicity (GRAVY) values 
of 39.54, 33.43; 76.58, 77.50 and -0.508, -0.578 for Laccases from TlFLU1 and TpFLU12, respectively, classify 
them as stable, thermophilic, and non-polar.

Degradation of PAHs by purified Laccase
A general reduction in the residual PAHs (Fluoranthene and anthracene) concentrations were observed after 
96 h incubation period (Fig. 7A,B). For fluoranthene, a residual concentration of 61.0% of 200 mg/L initial 
concentration was recorded in TlFLU1 Laccase incubated tube while that of the TpFLU12 Laccase incubated 
tube accounted for 52.8% residual fluoranthene concentration in comparison with the control tube (no Laccase 
addition) where no reduction was recorded in its initial concentration (100%). Therefore, 39.0% and 47.2% 
transformation of fluoranthene was recorded by Laccases from TlFLU1 and TlFLU12, respectively (Fig. 7A). 
Also, during anthracene degradation, a residual concentration of 44.9% was recorded at 96 h incubation period 

Table 7.   The Biophysical and chemical properties of Laccase from TlFLU1 and TpFLU12.

Property TlFLU1 TpFLU12

Number of amino acids 386 619

Molecular weight (kDa) 43.8 68.6

Theoretical pI 9.33 5.41

Extinction coefficients (M−1 cm−1)

 Cys residues from cystines 68,995 85,050

 Cys residues are reduced 68,870 84,800

Estimated half-life

 Mammalian reticulocytes (In-vitro) 4.4 h 1.1 h

 Yeast (In- vivo)  > 20 h 3 min

 E. coli (In-vivo)  > 10 h  > 10 h

Instability index 39.54 (stable) 33.43 (stable)

Aliphatic index 76.58 (Thermophilic) 77.50 (Thermophilic)

Grand average of hydropathicity (GRAVY) − 0.508 (hydrophilic) − 0.578 (hydrophilic)

Figure 7.   Biotransformation of PAHs fluoranthene (A) and anthracene (B) by purified Laccase from TlFLU1 
and TpFLU12. The % transformation of fluoranthene and anthracene is 100% residual concentration. Control 
experiment curves are overlapping the x-axis. 253
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in the TlFLU1 Laccase incubated tube while that of the TpFLU12 Laccase incubated tube showed a residual 
concentration of 50.0% at the same incubation period in comparison with the control tube (no Laccase addition) 
where no reduction was recorded in its initial concentration (100%). There was 55.1% and 50.0% transformation 
of fluoranthene was recorded by Laccases from TlFLU1 and TlFLU12, respectively (Fig. 7B).

Discussion
The capability of TlFLU1 and TpFLU12, investigated in this study, to produce active Laccases with a robust cold-
adaptation and thermostability using anthracene as the sole carbon source corroborates previous study33, where 
the use of anthracene as a sole carbon source for growth and production of Laccase with high pH stability and 
temperature stability in an ascomycete fungus, Fusarium solani MAS2.

In this study, the obtained low purification fold with high protein-specific activities of purified Laccases 
from both strains following adoption of chromatographic techniques like ion-exchange (DEAE-cellulose) and 
gel filtration (Sephadex G-100) in chronological order is an indication that Laccases were the most abundant 
among the extracellular enzymes released into the media43. Similarly, the purification fold falls within the range 
of a previously reported purified Laccase from Ganoderma lucidum with a purification fold of 25.444. The absence 
of a peak near 600 nm in the UV–vis spectrum at 270 nm observed in Laccase from TlFLU1 suggests the pres-
ence of a type 2 copper centre with unique Laccase peptide interactions, which is characteristic of white Laccase 
enzymes45. Also, the absence of type 1 spectrum (blue Laccase) could be due to incomplete oxidation of copper 
ions which then results in the formation of one copper atom at the catalytic site in combination with metal ions 
like zinc, iron or manganese, which give it four active reaction sites46. Similarly, the presence of white/yellow 
Laccase in ascomycete fungi might may be due to the quenching of the type 1 Laccase (blue Laccase) through 
an exogenous bond of aromatic group harnessed from the carbon source used during production, which then 
acts as a redox mediator in its high redox potential25. In addition, the UV–vis spectrum absorption at 600 nm by 
Laccase from TpFLU12 is a characteristic of blue Laccase due to the type 1 spectrum peak24. Fourier-transform 
infrared spectroscopy (FTIR) analysis is an effective tool used in analysing proteins and polypeptides structures. 
In TpFLU-12 Laccase, the observed vibrational bands at wavenumber 1646 cm−1 attributing to β-sheets, absorp-
tion at 600 cm−1 (amides II) and amide A, B (bands > 3000 cm−1) is an indication of blue Laccase24 while the 
peaks at 594–1066 cm−1, 1652 cm−1 and > 3000 cm−1 in purified Laccase from TlFLU1 could be linked to α helix, 
amides II and amide A, B of white Laccase structures45. It is important to note that the peaks at 2142 cm−1 and 
2148 cm−1 observed in both purified Laccases represent the presence of O–H stretching due to water interaction 
with the protein and its polypeptide structures.

Under denaturing and native conditions, the single band of both Laccases with a molecular mass of 44 
and 68.7 kDa from TlFLU1 and TpFLU12, respectively, is consistent with other documented fungal Laccases 
(40–66 kDa) (Kumar et al. 2017). A Laccase with molecular mass of 45 kDa have been previously reported to 
be produced by Ceriporiopsis subvermispora (Jung et al. 2002). Another Laccases showing a molecular mass 
of ~ 67kD47 and with a molecular mass of 70 kDa from ascomycete fungus, Thielavia sp. HJ2248 are also reported 
previously, very close to Laccase purified from TpFLU12 (68.7 kDa) in this study.

In this study, the catalytic rate of Laccases and their stability were significantly influenced by pH and tem-
perature which is of industrial advantage compared to previous reports. The optimum pH activity (5 and 7) 
and stability at a wide range of pH for both Laccases corroborate with the previous study49 where optimum pH 
activity of white Laccase was reported at pH 4 and stable from pH 2–7. Similarly, relative activities of two Laccase 
isoforms (Lacc1 and Lacc2) from Agaricus bisporus CU13 were optimum at pH of 5 and 7, respectively, while 
the stability was reported at pH 7 and pH 950. Here, optimum temperature of 30 °C and 50 °C were recorded for 
Laccase from TlFLU1 and TpFLU12, respectively, is corroborated with previous report51 where a temperature of 
30 °C best-enhanced Laccase activity of a Laccase from white-rot fungus Trametes hirsute and maintained its 80% 
activity at a temperature between 20 to 40 °C. Likewise, an optimum temperature of 50 °C has been implicated 
in enhancing the maximum activity for purified Laccase from Lentinus tigrinus52. The temperature stability of 
purified Laccase from TlFLU1 (white Laccase), which is from 5 to 50 °C with over 90% residual activity after 
24 h incubation period, is inconsonant with the previous report53, where thermo-stability reported between 50 
and 70 °C for Laccase from Trichoderma harzianum strain HZN10. Notably, the observed difference in Laccase 
activity between TlFLU1 and TpFLU12 at 5 °C could be attributed to the inherent genetic and physiological dif-
ferences between the two strains54–56. TlFLU1 might have a more robust cold-shock response mechanism that 
allows it to maintain higher Laccase activity at lower temperatures compared to TpFLU12. This aligns with a 
previous report, where Laccase from Thielavia terrastris Co3Bag1 retains 86% of its activity after 12 d storage 
at 4 ˚C due to cold-shock response57. Similarly, it has been reported that Laccases from fungi can retain activity 
at low temperature (4–7 °C)58. Conversely, the substantial loss of activity in TpFLU12 below 20 °C after 24 h of 
incubation could be since Laccase like many enzymes, has an optimal temperature range for activity59. At higher 
temperatures, fungi Laccases have been reported to possess characteristics of retaining more activity above 20 °C 
after 24 h57. Also, Psychrophilic Laccases, such as those produced by Kabatiella bupleuri G3 IBMiP which have 
been documented to have exhibit an optimal temperature range of 30–40 °C, with a significant decrease in activ-
ity below this ranges but still retains some activity even at 10 °C. This behaviour further attests to the substantial 
loss of activity in TpFLU12 below 20 °C after 24 h of incubation period.

The effect of different metal ion concentrations on Laccase stability is highly imperative in assessing the 
enzyme’s biotechnological applications. The significant low activity of Laccase from TlFLU1 in the presence of 
metal ions (Al3+ and K+) at a low concentration (10 mM) implies that these metal ions are activity inhibition 
stimulator which interferes with the electron transport system of Laccase activity. Similarly, a previous report 
linked Laccase inhibition with interaction of Fe2+ with the electron transport system of Laccase60. Laccase from 
Ganoderma lucidum showed complete activity inhibition in the presence of Fe2+ during the effect of metal ions 254
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on reactive dye decolourization61. 1 mM K+ reported to show 54% inhibition activity of Laccase from Lentinula 
edodes62. A detailed study on the inhibitory effect of metal ion concentration of 12.5 mM showed that Al3+ 
inhibit 55.9% and Mn2+ inhibit 63.5% Laccase activity on Laccase activity63. It is worth noting that the signifi-
cant decrease in activity of Laccase from TlFLU1 at concentrations above 10 mM suggests that Laccase activity 
is a function of the metal ions concentration63. Conversely, the increase in activity of Laccase from TpFLU12 
in the presence of high Ca2+, Cd2+, Co2+, Cu2+ and Na2+ concentrations suggest them as a potent Laccase activ-
ity activator due to the oxidation state (divalent cations) of the metal ions. It is opined that divalent cations of 
metal ions enhance Laccase activity and stability which aided in its binding to the carboxylic group of aspartic 
and glutamic acid residues for better complete substrate consumption and catalytic effect activation64. Also, the 
stability of Laccase activity to a high concentration of Cu2+ (100 mM) might be due to the type-2 copper-binding 
sites filled by the copper ions62.

The phenomenon of Laccase activity stability at a varying concentration of hydrophobic and hydrophilic 
organic solvents in this study could be ascribed to the stripping-off of the crucial bound-water monolayer 
from the enzyme molecule64. Also, the variability in the stability of purified Laccase from TpFLU12 observed 
at high organic solvents concentrations could be linked to each solvent’s physical and chemical properties, the 
mixture pH, log P of the solvent and thermodynamic activity of water in mixed systems23,65. Unlike Laccase 
from TpFLU12, Laccase from TlFLU1 could not tolerate low water content systems containing organic solvents, 
which explains why high organic solvent concentrations inhibited its stability. A similar observation has been 
reported previously66, where Laccase stability was inhibited at high organic solvent concentrations after an hour 
incubation period which was credited to a low water content of the solvent.

The extent of the inhibitory effect of metalloenzymes and detergents varied greatly with their concentrations. 
The high inhibitory effect of NaN3 in both strains is due to internal electron transfer obstruction at the types 2 
and 3 Laccase copper atom binding sites65. The high inhibition rate of the chelating agent (EDTA), denaturing 
agents DDT and SDS at varying concentrations could be justified by their interactions between the substrate 
and the Laccase active site leading to the unfolding of the compact protein structure during the catalytic enzyme 
activity48. Likewise, the high inhibition by NaN3 and EDTA is due to the chelating effect on the Cu atoms, which 
leads to inactivation of the Laccase12, while high inhibition by DTT suggests the strong inhibitory effect on the 
di-sulphide bonds present at the Laccase active domain33.

The obtained Km and Kcat values established the superior affinity of the purified Laccases towards substrate 
ABTS as compared to other phenolic substrates (2,6 DMP, caffeic acid and guaiacol). This observation agrees with 
the previous reports48, where strong affinity towards ABTS as substrate was documented during the characteriza-
tion of Laccase from an ascomycetes fungi, Thielavia sp. In comparison with that of Laccase from TpFLU12 (blue 
Laccase), the observed high Km and vmax values for purified Laccase of TlFLU1 (white Laccase) in the presence 
ABTS, 2,6 DMP, caffeic acid and guaiacol confirm the characteristics of a yellow Laccase of fungi origin24,44.

The ES-MS generated unique Laccase peptides from Laccases from TlFLU1 and TpFLU12 and showed dif-
ferent numbers of protein clusters suggesting that these ascomycetes fungi produce two types of Laccases. The 
most likely explanation for this observation is that the number of Cys residues in the putative copper-binding 
site in the peptide sequence leads to the formation of two disulphide bridges which are known to be titratable 
in non-reducing conditions, a sole characteristic type-I copper (blue Laccase)67. Also, changes in the valence 
state of the Laccase Cu2+ residues and Fe2+ residues with a low spin electronic configuration account for the 
lack of blue colouration in white Laccase from TlFLU1 could be attributed to the differences in the numbers of 
protein clusters and unique Laccase peptides49. The variation in ascomycetes amino acids sequence number and 
structural differences in sensu stricto Laccases is linked to variation in the number of their encoding genes68.

Sequence homology analysis according to the LOMETS threading programs of the I-TASSER server revealed 
that variation in consensus sequence of Laccases from TlFLU1 and TpFLU12 which ranges between 42 and 67 
suggests these sites as a major contributing factor to the protein stability due to non-covalent interactions69. 
Similarly, a previous report, demonstrated how 20 consensus mutation sequence cloned into Saccharomyces 
cerevisiae was linked to stabilizing Laccase with high-redox without compromising its catalytic activity70.

Prediction of binding site residues such as Pro-177, Ala-178, Aap-179, Lys-180, Lys-182, Asp-183, Ser-258, 
Ala-259, Leu-260, His-261, Val-263, Arg-298, Thr-300, Leu-312, Asp-313, Ala-314, Pro-315, Ala-316, Asn-355, 
Trp-356 and Ile-358, His-19, Ile-60 and Arg-62 in Laccases from both strains further strengthen the result of 
this study that the purified enzyme is Laccase with high catalytic activity since their high conservation across the 
amino acid sequences have been linked in the stabilization of the protein secondary structure leading to correct 
formation of the copper-binding site71. Similarly, it is opined that positively charged amino acids like Arg), His 
and Lys are responsible for the favourable conformation changes in Laccase leading to an increase in its catalytic 
activity69. It is previously demonstrated how binding residues such as Ala191, Pro192, Glu235, Leu363, Phe371, 
Trp373, Phe427, Leu429, Trp507 and His508 are crucial in the oxidation of phenolics during the structure–func-
tion studies of Melanocarpus albomyces Laccase72. Additionally, the Laccase gene ontology predicted molecular 
functions such as copper ion binding, oxidoreductase activity and Laccase activity, biological processes such as 
oxidation–reduction, lignin metabolism, phenylpropanoid catabolic, biological adhesion, cellular metabolism, 
cellular metal ion homeostasis, aromatic compound metabolism and cellulose metabolism and cellular compo-
nent such as extracellular structure is not surprising because Laccases are known as oxidoreductases68, with Cu 
atoms in the active site, capable of lignin metabolism73,74, phenylpropanoid75, biological adhesion74, aromatic 
compound metabolism like fluorene76, cellular metal ion homeostasis77 and cellulose metabolism78.

The TM-score (0.48 ± 0.15 and 0.53 ± 0.15), and RMSD values (1.13 ± 0.5 Å and 1.15 ± 0.5 Å) observed in the 
model structure prediction for Laccases from TlFLU1 and TpFLU12, respectively, indicted a moderate degree 
of structural similarity with the PDB hit template used for model prediction since TM score close to 1 is classi-
fied as a perfect match with template structure, while a lower RMSD indicates a better structural alignment or 
match with template structure36,37. Despite covering a substantial portion of the hit structure, as indicated by 255
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the coverage (Cov) values of 81% and 73% for Laccases from TlFLU1 and TpFLU12, respectively, the aligned 
sequences displayed a relatively low sequence identity (24% and 18%). The most probable explanation for this 
observation can be linked to evolutionary divergences between the taxa of the template used and that of Laccases 
from TlFLU1 and TpFLU1279. Similarly, a previous study opined further that as species diverge evolutionarily, 
the sequence identity between their protein-coding regions may decrease due to changes in selective pressures 
and the fixation of different alleles80. Further, verify3D is a commonly used method for evaluating the quality 
of protein models. It compares the 3D environment of each residue in the model with high-resolution struc-
tures, assigning a 3D-1D score based on compatibility81. The predicted protein structure model obtained a high 
3D-1D score in this study, indicating its excellent quality and similarity in overall shape and active site with the 
template structure82. The underlying assumption of verify3D is that a good 3D-1D score implies a similar struc-
tural arrangement to well-established protein structures83. Therefore, if the model’s residues exhibit comparable 
structural characteristics and environments to those in known high-quality structures, it suggests that the model 
itself is likely of good quality.

Bioinformatics analysis by ProtParam further lends credence to this study finding that the two strains possess 
two different Laccase types. The predicted molecular weight of 44 and 68.6 kDa and theoretical pI values 5.22 
and 6.32 agree with previous studies, where Laccase amino acids sequence of 566–600 aa, a molecular weight 
of 61.83–66.84 KDa and pl of pH 4–6 have been documented in Trichoderma Laccases68. While an amino acids 
sequence of 594 and with a molecular weight of 66.6 kDa close to this study has been reported in Talaromyces 
marneffei (strain ATCC 18,224/CBS 334.59/QM 7333). The predicted low instability indices (39.54 for TlFLU1 
and 33.43 for TpFLU12) further gave an insight that the enzyme could be stable under harsh conditions. This 
prediction agrees with the previous report84 where low instability indices of 31.92 was linked to the Laccase from 
Kurthia huakuii stability under harsh conditions. Similarly, a report85 documented how low Laccase instability 
indices of 34.70 close to this study’s prediction gave 40% of the Laccase relative activity at 70 °C after 60 min 
incubation period. In addition, the predicted aliphatic index values of the Laccase proteins ranged from 76.58 
to 77.50 with a GRAVY index values mostly negative suggesting this protein to be thermophilic and hydrophilic 
nature. This prediction is in corroborated with previous reports86 where aliphatic index values of the Laccase 
proteins ranged from 74.44 to 90.4 with negative values of GRAVY index were attributed to the thermophilic 
and hydrophilic nature of Laccase during the comparative modelling and molecular docking analysis of white, 
brown and soft rot fungal Laccases using lignin model compounds for understanding the structural and func-
tional properties of Laccases.

The findings of this study suggest that Laccase enzymes from TlFLU1 and TpFLU12 have the potential 
to degrade fluoranthene and anthracene, two commonly encountered PAHs of environmental concern. This 
observation is consistent with previous research highlighting the ability of fungi Laccase (50 U) purified from 
Leucoagaricus gongylophorus in degrading 10 ppm of anthracene (72 ± 1%), fluorene (40 ± 3%) and phenanthrene 
(25 ± 3%), respectively at pH 6 and 30 °C under 24 h incubation period28. Similarly, a previous study demonstrated 
the degradation of chrysene (75.8%) and Benzo[a]pyrene (35.6%), using a Laccase from Trametes versicolor29.

Conclusion
The study demonstrated the utilization of anthracene as carbon and energy sources by TlFLU1 and TpFLU12, 
resulted in the production of Laccase enzymes with broad catalytic potentials. The enzymes with molecular mass 
of 44 kDa and 68.7 kDa respectively, exhibit different optimum pH and temperature ranges with an implication 
potential application across various conditions. Despite the differences, both enzymes showed an enhanced activ-
ity under diverse metal ions and organic solvents. Structural predictions suggest that the differing in the copper 
atoms in the active sites contribute to their varied optimal pH. Additionally, the functional analysis indicates 
their involvement in key biological processes such as oxidation–reduction, lignin metabolism and aromatic com-
pounds metabolism. This study provides valuable insights into the potential of Laccase-based systems for PAH 
removal and highlighting the potential of these enzymes as eco-friendly alternative for xenobiotic degradation.
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Data is provided within the manuscript or supplementary information files.
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Figure S3: Raw gel for figure 1c. Area shown in the box was cropped and presented as Figure 1c. 
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Figure S4: Venn diagram of the protein cluster (A), amino acid sequence (B) and scaffold view 

Laccases from TlFLU1 and TpFLU12 (C). 
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Figure S5. Neighbourhood-joining phylogenetic tree of 8 Laccases from the Trichoderma 
family and the reference RSB PDB sequence used as template for modelling the protein 
structure. 
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Figure S6. Neighbourhood-joining phylogenetic tree of 9 Laccases from the Talaromyces 
family and the reference RSB PDB sequence (4X4K) used as template for modelling the 
protein structure. 
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Figure S7. The homology sequence alignment of TlFLU1 Laccase and IGW0 (Melanocarpus 
albomyces) template from the LOMETS threading programs of the I-TASSER server 
constructed with Jalview workbench. 

a) Ident1 is the percentage sequence identity of the templates in the threading aligned 
region with the query sequence. 

b) Ident2 is the percentage sequence identity of the whole template chains with query 
sequence. 

c) Cov represents the coverage of the threading alignment and is equal to the number of 
aligned residues divided by the length of query protein. 

d) Norm. Z-score is the normalized Z-score of the threading alignments. Alignment with 
a Normalized Z-score >1 mean a good alignment and vice versa. 

e) The aligned sequence was selected in order of their ranking from the following 
threading programs: 1: FFAS-3D   2: SPARKS-X   3: HHSEARCH2   4: HHSEARCH 
I   5: Neff-PPAS   6: HHSEARCH   7: pGenTHREADER   8: wdPPAS   9: 
PROSPECT2   10: SP3.  

In the consensus, ‘−’ is a gap, ‘+’ is an ambiguous position with no consensus while the most 
conserved residues are highlighted in a blue box. 
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Figure S8. The homology sequence alignment of TpFLU12 Laccase and 4x4kA (Botrytis 
aclada) template from the LOMETS threading programs of the I-TASSER server constructed 
with Jalview workbench. 

a) Ident1 is the percentage sequence identity of the templates in the threading aligned
region with the query sequence.

b) Ident2 is the percentage sequence identity of the whole template chains with query
sequence.

c) Cov represents the coverage of the threading alignment and is equal to the number of
aligned residues divided by the length of query protein.

d) Norm. Z-score is the normalized Z-score of the threading alignments. Alignment with
a Normalized Z-score >1 mean a good alignment and vice versa.

e) The aligned sequence was selected in order of their ranking from the following
threading programs: 1: FFAS-3D   2: SPARKS-X   3: HHSEARCH2   4: HHSEARCH
I   5: Neff-PPAS   6: HHSEARCH   7: pGenTHREADER   8: wdPPAS   9:
PROSPECT2   10: SP3.

In the consensus, ‘−’ is a gap, while ‘+’ is an ambiguous position with no consensus. The most 
conserved residues are highlighted. 
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Table S1. The composition of the media used. 

Media Component Amount (g/L) Trace Elements Amount (mg/L) 
Basal salt media (NH4)2SO4 2.4 Nitrilotriacetic acid 15 
(BSM) K2HPO4 1.55 CaCl2.2H2O 15 

NaH2PO4.2H2O 0.85 MnCl2.2H2O 6 
NaCl 0.5 FeSO4.7H2O 1 
MgSO4.7H2O 0.26 Co(NO3).6H2O 1 

ZnSO4 1 
CuSO4 0.1 
H3BO3 0.1 
Na2MoO4 0.1 
Al2(SO4)3.H2O 0.1 

Potato Dextrose 
Agar 
PDA 

Potato Infusion 
(infusion from 
200g potatoes) 

              4 

D(+)-Glucose 
(=Dextrose)          

              20 

Agar               15 
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9.1: The research in perspective 

Although biodegradation shows promise for cleaning up PAHs-contaminated sites, there are 

several potential drawbacks to the process (Kaleem et al., 2023). Primarily, the process can be 

slow, taking months or even years to achieve desired results due to the hydrophobicity and 

recalcitrance of PAHs (Vaksmaa et al., 2023). Also, it may not be effective in treating all types 

of contamination, especially if the contaminants are highly toxic while the onsite indigenous 

fungi have low tolerance and degrading ability (Antón-Herrero et al., 2023). Likewise, the 

process can be expensive, especially if specialized equipment and trained personnel are 

required (Cotter, 2014). Furthermore, biodegradation can pose risks to human health and the 

environment if not properly managed (Kumar et al., 2021). In order to increase the chances of 

a successful biodegradation, priority should be given to the selection of fungi that are highly 

competent and able to adapt to contaminated sites, and that have the ability to mineralize PAHs 

of varying high concentrations (Shankhwar and Paliwal, 2021; Xiao and Li, 2022). In addition, 

it is essential to optimize the remediation conditions and understand the fate of the fungi 

diversity and populations during the remediation processes (Baker et al., 2019; Wang et al., 

2022). Likewise, detailed knowledge of the mechanism employed by fungi for PAHs’ 

degradation has to be explored by characterizing the most active enzymes involved for possible 

improvement of their functional activity (Kallio et al., 2011; Mehra et al., 2018). 

The main objective of this thesis was to to assess the myco-remediation of two PAH 

compounds (low molecular weight and high molecular weight) by indigenous fungi inhabiting 

activated sludge.  

Findings from this study suggests that activated sludge is a major reservoir of fungi with 

potential for PAHs’ biodegradation. Chapter 3 and 4 highlights that Trichoderma lixii strain 

FLU1 (TlFLU1) and Talaromyces pinophilus strain FLU12 (TpFLU12) are highly tolerant to 

both high molecular weight (fluoranthene) and low molecular weight (anthracene) PAH 

compounds with the capacity to utilize these compounds as a sole carbon source. The high 

tolerance levels observed in TlFLU1 and TpFLU12 suggest that these fungi can adapt and 

survive in environments with high PAH contaminations due to their robust degradative 

capabilities. This resilience aligns with previous findings linking high PAH tolerance in fungi 

strains to enhanced biodegradation efficiency, as reported by Lee et al. (2014). Efficient PAH 

removal has been shown to correlate with high PAH concentration tolerance and low inhibition 

rates (Souza et al., 2017), supporting the adaptability of TlFLU1 and TpFLU12 in degrading 
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these compounds. Assessment of the metabolic pathway of two fungal strains during the PAHs 

removal showed that the main degradative pathway of non-mushroom-forming fungi is like 

that of mushroom-forming fungi but different from the bacteria. The biodegradation of 

fluoranthene and anthracene was found to be growth-associated, driven by the activity of 

ligninolytic enzymes (Lac, LiP, and MnP) in fluoranthene, resulting in its complete removal 

(100%) as documented in chapter 3. Also, fluoranthene degradation was found to primarily 

began at the C1-C2 position of the compound ring through oxygenation and ring cleavage to 

form 9-oxo-9H-fluorene-1-carboxylic acid and then underwent further ring cleavage to yield 

fluorenone which was subsequently transformed via oxygenation and side-chain removal into 

ß- Ketoadipate by passing through benzene-1,2,3-tricarboxylic acid as documented in 

mushroom fungi, Armillaria sp.  F022 (Hadibarata and Ayu, 2015). 

In the case of anthracene, the initial degradation mechanism involved intracellular enzymes 

catechol 1,2 dioxygenase (ortho-cleaving) and catechol 2,3 dioxygenase (meta-cleaving), 

followed by ligninolytic enzymes. This process led to anthracene degradation rates of up to 

56% by TlFLU1 and 38% by TpFLU12 over a 24-d period as reported in chapter 4. This 

observation is consistent with the report of Bankole et al. (2021) for the biodegradation of 

fluorene by Mucor irregularis strain bpo1 where high PAH concentration was growth linked 

and correlated with extracellular enzymes activities (Lac, LiP and MnP) throughout the study 

period. Anthracene degradation was initiated through the attack at the C-9 and C-10 position 

of anthracene via oxygenation to form either anthrone or 9,10-anthracenedione before 

undergoing a spontaneous tautomeric benzoic acid formation due to the hydroxylation and ring 

cleavage at the C-9 and C-10 position as previously observed in marine fungi Cladosporium 

sp. CBMAI 1237 (Birolli et al., 2018) and mushroom-forming fungi, Armillaria sp.  F022 

(Hadibarata et al., 2013).  

Also, overexpression of Lac, LiP and MnP coding genes observed in PAH-contaminated 

marine sediments fungi belonging to Eurotiales, specifically Talaromyces helices and 

Trichoderma sp.  during PAHs biotransformation (Álvarez-Barragán et al., 2021), further attest 

to the efficient PAHs removal which is attributed to the biocatalytic roles played by these 

extracellular enzymes. The involvement of intracellular enzymes during anthracene myco-

remediation could not be fully ascertained due to their low concentrations in both the whole 

fungi biomass of anthracene-culture broth and non-anthracene-culture broth in comparison 

with extracellular ligninolytic enzymes. The most probable explanation for the detection of 
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these intracellular enzymes in the early stage of the transformation process could be linked to 

the fungal strains defence system against oxidative stress, reactive oxygen species and ATP 

synthesis. This opinion aligns with a previous report by Zafra et al.( 2015) where MnP-like 

peroxidase activity was detected during the early stage of PAHs degradation which was linked 

to response against oxidative stress rather than participating directly in the degradation of 

PAHs by Trichoderma asperellum H15. A comprehensive genomic and transcriptomic analysis 

of PAH degradation by Dentipellis sp. KUC8613 revealed that these dioxygenases enzymes 

were only involved in the translocation of PAHs as a defence system against reactive oxygen 

species and ATP synthesis (Park et al., 2019). However, another potential intracellular enzyme, 

cytochrome P450, might be responsible for the initial transformation mechanism used by these 

fungi since they have been reported in Penicillium oxalicum when anthracene was used as a 

carbon source during its myco-remediation process (Aranda et al., 2017). However, complete 

degradation of anthracene could not be achieved due to its acute toxicity, which further 

necessitated the use of response surface methodology (RSM) to optimize degradation 

conditions as presented in chapter 5. The Box-Behnken Design (BBD) identified optimal 

conditions for maximum anthracene biodegradation by TlFLU1 and TpFLU12, with pH levels 

of 4 and 7, temperatures of 30°C and 25°C, biomass sizes of 20 mm, and anthracene 

concentrations of 200 mg/L, achieving 100% degradation after 7 and 12 days, respectively. 

This observation perfectly aligns with the report of Bankole et al. (2021), where validation of 

BBD showed that degradation of PAH (fluorene) by an indigenous marine fungus (Mucor 

irregularis)  is primarily regulated by temperature, PAH concentration, inoculum size (biomass 

size) and pH. Similarly, the report of Abo-State et al. (2018), identified optimum conditions 

for the growth of P. chrysosporium to maximally (100%) degrade 100 mg/L of each PAHs 

(fluoranthene, acenaphthene, phenanthrene, pyrene and anthracene) to be at a temperature of 

25°C, pH 5 and inoculum size (10 mm of five mycelia discs) at 7 incubation period.  

To establish whether the abundantly produced ligninolytic enzyme, laccase (Lac) can be used 

for in vitro degradation of PAHs in a cell-free system, a series of purification, characterization, 

structural analysis, catalytic efficiency and biological process functions were unravelled in this 

study as described in chapter 5. The obtained data shows that Lac purified from TlFLU1 and 

TpFLU12 have a molecular mass of 44 kDa and 68.7 kDa, respectively. These enzymes differ 

in their optimum pH and temperature, with that of TlFLU1 being more active at lower pH and 

that of TpFLU12 being more active at higher pH. Their activity was enhanced by a broad range 

of metal ion and organic solvents while sodium azide was a strong inhibitor of their activity. 
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Both Lacs have similar kinetic properties with a better affinity to ABTS as a substrate compared 

to other phenolic substrates. Based on the structural predictions, the difference in optimum pH 

is likely due to the different arrangements of the copper atoms in the active site. Also, the 

biological functions of these Lac were associated with oxidation-reduction, lignin metabolism, 

phenylpropanoid catabolism, biological adhesion, cellular metabolism, metal ion homeostasis, 

aromatic compound metabolism, and cellulose metabolism. Thus, these unusual properties 

suggest that Lac from TlFLU1 and TpFLU12 has potential for biotechnological and industrial 

applications. The enzyme's catalytic efficiency depends primarily on its structural 

conformation and stability. The Lac-amino acid conjugates were predicted to be stable, with 

an instability index ranging from 33.43 to 39.45, thermophilic with an aliphatic index of 76.58 

to 77.50, and hydrophilic with a grand average of hydropathicity between -0.508 and -0.578. 

The predicted biological functions of the protein encompass oxidation-reduction, lignin 

metabolism, metal ion homeostasis, phenylpropanoid catabolism, aromatic compound 

metabolism, cellulose metabolism, and biological adhesion. These insights into the enzyme 

structure-function relationship enhance our understanding of its catalytic mechanism, paving 

the way for the possible use of this enzyme in biotechnological and industrial applications. 

Following the characterization of the purified Lac from TlFLU1 and TpFLU12, it became 

necessary to understand the mechanisms by which these non-mushroom forming fungi degrade 

PAHs, and for advancing its application during the degradation process. Thus, this study 

assessed the potential of Lac produced during the degradation process for in vitro degradation 

of PAHs in a cell-free system and under a mediator system. It was evident that purified Lac 

from TlFLU1 and TpFLU12 are effective in the degradation of anthracene and fluoranthene 

but the Lac-mediator system yielded a high and relatively stable enzymatic activity during 

degradation process compared to the free Lac system as documented in chapters 6 and 7. GC-

MS analysis of the fluoranthene and anthracene degradation products showed similarities to 

those observed in the fungi biomass degradation system. Two new anthracene degradation 

products were observed under the Lac-mediator degradation system and was used to propose 

new possible anthracene degradation pathways. It was presumed to have been initiated through 

the hydroxylation and carboxylation at the C-1 and C-2 position of anthracene, yielding 3-

hydroxy-2-naphthoic acid, chromone and benzoic acid as a dead-end product.  

A successful biodegradation study cannot be completed without an evaluation of potential risks 

posed by PAH metabolites to ensure the safety of the remediation process. Hence a time-course 

changes in the acute toxicity using a marine bacterium (Vibrio parahaemolyticus), cytotoxicity 
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test using mouse hippocampal neuronal cell lines (HT-22 ) and gene expression of Alzheimer’s 

related  disease (AD) genes in HT-22 cells line were also monitored and reported in chapters 6 

and 7. During the whole fungi biomass biodegradation, metabolites from TlFLU1 degradation 

media were toxic to V. parahaemolyticus after 6 h of exposure with effective concentration 

(EC50 ) and toxicity unit (TU) values of 14.25 mg/L and 7.018%, respectively. In contract, 

metabolites from TpFLU12 degradation media were non-toxic with EC50 and TU values of 

197.1 mg/L and 0.507%, respectively. In the context of anthracene degradation EC50 and TU 

of 266.1 mg/L and 0.4% were recorded for TlFLU1 inoculated medium, while 262.3 mg/L and 

TU 0.4% were obtained for TpFLU12 inoculated medium with toxicity classification of non-

toxic for both strains. However, under optimized anthracene degradation condition using RSM, 

acute toxicity tests of the degradation media showed significant toxicity reduction with V. 

parahaemolyticus survival increasing after 6-hour exposure, yielding effective concentration 

(EC50) and toxicity unit (TU) values of 20.92 mg/L and 4.78% for TlFLU1, and 35.29 mg/L 

and 2.83% for TpFLU12 with toxicity classification for both strains being harmful. 

Furthermore, toxicity tests of anthracene degradation products from purified Lac with and 

without a mediator ABTS on V. parahaemolyticus and HT-22 cells respectively demonstrated 

the non-toxic nature of Lac-ABTS-mediated metabolites. Interestingly, examining the 

expression levels of Alzheimer’s-related genes in HT-22 cells exposed to degradation products 

showed no signs of neurotoxicity, unlike the untreated cells. These results suggest that although 

V. parahaemolyticus survival improved with degradation products, ecotoxicity and 

cytotoxicity assessments of fluoranthene degradation from purified Lac (with and without a 

mediator ABTS) indicated potential toxicity from TlFLU1 degradation products towards 

marine bacteria whereas TpFLU12 products were primarily non-toxic. This study supports the 

hypothesis that degradation products could be more toxic than the parent compounds 

(Lundstedt, 2003; Marquès et al., 2017; Gbeddy et al., 2020; Lee and Kwon, 2020). A similar 

observation was reported by Mtibaà et al. (2018) where biodegradation of bisphenol produces 

more toxic metabolites than the original compound. The formation of oxygen-containing PAHs 

(quinone derivatives) could be attributed to the high toxicity owing to the fact that they are 

direct-acting mutagens (Menzie et al., 1992; Chibwe et al., 2017). Although, the increase in 

the marine bacterium survival demonstrated the reduction in acute toxicity of the parent 

compound over treatment time but slight reduction in survival (CFU/mL) of the marine 

bacterium in this study, particularly that of TlFLU1 degradation products has reveal that 

toxicity level is not solely a function of contaminants concentration (Lukić et al., 2016). The 

high EC50 value observed in strain TpFLU-12 products confirms that less toxic metabolites 
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were accumulated during the transformation process due to the dimer OH auras (Arunprasath 

et al., 2019). Hence the choice of Lac from TlFLU1 and TpFLU12 as a potential tool for a 

green environmental clean-up method should be harnessed. 

 

9.2: Limitations of the Current Study 

Despite the promising findings of this research, yet several limitations should be noted.  

i. Limited scope of fungal strains: The study focused on two specific fungal strains, 

TlFLU1 and TpFLU12. The results might not be generalizable to other fungal strains 

with potential biodegradation capabilities. 

ii. Controlled laboratory conditions: The experiments were conducted under controlled 

laboratory conditions, which may not accurately reflect the complexities and 

variabilities of natural contaminated environments.  

iii. Incomplete metabolic pathway analysis: While metabolic pathways for PAH 

degradation were proposed, the complete degradation pathway and all intermediate 

metabolites were not fully elucidated.  

iv. Optimization parameters: The study optimized certain parameters (pH, temperature, 

biomass size, and PAH concentration) for maximum degradation. However, other 

potentially influential factors such as nutrient availability, moisture content, and 

microbial community interactions were not explored. 

v. Enzyme efficiency and stability: While the study characterized the Lac enzymes from 

the fungal strains, the long-term stability and efficiency of these enzymes under 

different environmental conditions were not assessed. 

9.3: Potential for future development of the study 

The promising results of this study open multiple avenues for future research and practical 

applications in the field of myco-remediation and beyond. The following points outline 

potential directions for future development: 

 

i. Scaling up Myco-remediation processes: While laboratory-scale experiments have 

demonstrated the efficiency of TlFLU1 and TpFLU12 in PAH degradation, scaling up 

these processes to field applications is crucial. Future studies should focus on 

developing pilot-scale bioreactors and in situ remediation strategies to evaluate the 

performance of these fungal strains in diverse environmental conditions and real-world 
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contaminations. Further detailed metabolomic, secretomic and transcriptomic analyses 

are required to comprehensively understand the degradation mechanisms. 

ii. Genetic and metabolic engineering: Advances in genetic and metabolic engineering 

could allow for genetic modification of the fungal strains tested in this study to enhance 

their degradative capabilities. By introducing specific genes or pathways, these fungi 

could be tailored to target a broader range of PAHs and other persistent organic 

pollutants, increasing their versatility and effectiveness for use in bioremediation. 

iii. Optimization of enzyme production and activity: Further research into optimizing 

the production and activity of ligninolytic enzymes, particularly Lac, is essential. 

Investigating alternative inducers, cultivation conditions, and immobilization 

techniques could improve enzyme yields and stability, making them more viable for 

industrial applications. 

iv. Development of enzyme-mediator systems: The study has shown that Lac-mediator 

systems enhance PAH degradation. Future research should explore the development of 

novel, cost-effective mediators and their integration into bioremediation protocols. 

Additionally, understanding the interactions between enzymes and mediators at the 

molecular level could lead to more efficient degradation pathways. 

v. Application in mixed pollutant scenarios: Environmental contamination often 

involves complex mixtures of pollutants. Future studies should investigate the 

performance of TlFLU1 and TpFLU12 in degrading mixed PAHs and other co-

contaminants, evaluating their synergistic and/or antagonistic effects on biodegradation 

efficiency. 

vi. Economic and feasibility analysis: Conducting a detailed economic analysis of the 

myco-remediation process is essential for its practical implementation. Assessing the 

costs associated with fungal cultivation, enzyme production, and large-scale application 

will provide a clearer understanding of the feasibility and commercial potential of this 

bioremediation approach. 

vii. Integrative approaches with other bioremediation techniques: Combining myco-

remediation with other bioremediation strategies, such as phytoremediation or 

microbial consortia, could yield synergistic effects. Integrative approaches may 

enhance the overall efficiency of pollutant removal and contribute to more sustainable 

environmental management practices. 
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