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Isolation and Characterization for Dichlorodiphenyltrichloroethane (DDT)
Degrading Fungi Isolated from Agro-Industrial Effluent and Farm Soils

ABSTRACT

Dichlorodiphenyltrichloroethane (DDT) is an environmentally hazardous synthetic compound that

is resistant to usage. Despite being illegal in most countries, it is used as a pesticide to fight malaria

in most malarial zone part of Ethiopia. The main objective of this study is to screen, characterize,

and evaluate potential DDT-degrading fungi and their synergetic interaction effects for

mycoremediation purposes. The composite of 150 soil and effluent samples was collected from

Addis Ababa and East Shewa Zone, mainly Ziway and Koka. Fungal isolation and screening were

performed using a serial dilution on potato dextrose agar growth media. MALDI-TOF MS

technology was used for fungal identification. Fungal biomass production and sporulation capacity

were examined and optimized using a Box-Behnken experimental design. The potential DDT-

tolerant fungi were studied based on growth factor optimization. Gas Chromatograph-Electron

Capture Detector technology was used for the DDT degradation study. Fungal identification results

revealed that the finally selected isolates, AS1 and T1, were Asppergillus niger and Trichoderma

koningii, respectively. The optimization results confirmed that the co-inoculated isolates AS1T1

had a maximum biomass (1.01±0.16 g) and spore count (5.74±0.37 log spore/mL) and were

selected as possible DDT-degrading fungi. The GC-ECD result analysis revealed that fungal-co-

cultured A. niger and T. koningii in DDT-amended liquid medium were able to degrade DDT into

its metabolites Dichlorodiphenyldichloroethane (DDD) and Dichlorodiphenyldichloroethylene

(DDE). The results also revealed that 99.5–99.99% of DDT and its metabolites degraded from

initial concentrations of 1750, 3500, 5250, and 7000 ppm. The co-inoculated fungi A. niger and T.

koningii are promising candidates for the removal of DDT and its metabolites from polluted

environments.

Keywords: Dichlorodiphenyldichloroethane, Dichlorodiphenyldichloroethylene,

Dichlorodiphenyltrichloroethane, Degradation, Gas Chromatography-Electron Captured Detector,

Matrix-Assisted Laser Desorption, Ionization, Optimization
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1. INTRODUCTION

Dichlorodiphenyltrichloroethane (DDT) is a persistent organochlorine synthetic chemical used on

a global scale to control agricultural pests and the spread of diseases caused by pests (Kolan and

Hall, 2023). Although DDT chemicals were used to control agricultural productivity, concerns

have been raised about the environmental dangers caused to both humans and wildlife. The threats

to human health from DDT exposure are both acute and chronic, including endocrine disrupters,

decreased intelligence, reproductive abnormalities, probable carcinogens, mutagenic, and cause

teratogenicity (Yang et al., 2006; Mrema et al., 2013; Encarnação et al., 2019).

DDT and its residues are considered dangerous due to their low solubility in water and high

solubility in organic solvents, with their persistency, bioaccumulation, toxicity, and long-distance

pollutant transport characteristics (Tasselli et al., 2023; Xiao et al., 2023). Another problem is the

conversion of DDT into its obsolete form, which can possibly have more negative effects than the

formal DDT (Riyaz et al., 2023). The persistence of DDT in the soil (half-life of 2 to 15 years)

and water bodies (half-life of 150 years) is because of the absence of innate microbial systems that

have DDT-degrading enzymes (Satish et al., 2017; Cui et al., 2022; Porwal, 2023). DDT residues

are still constantly detected in soil and foodstuffs; human and animal samples are a major problem

(Bolor et al., 2018; Rajput et al., 2022; Rose, 2023). For instance, in Zhejiang Province, China,

the detection rate of DDT and its metabolites in soil samples ranged from 0.007 to 1.208 mg/kg,

which exceeded the second-level Chinese soil environmental quality standard for farmland soil

(Cui et al., 2022). In Ethiopia, a study by Kassegne et al. (2020) showed that the mean DDT

residue detected in the samples taken from Aba Samuel reservoir and Akaki River in central

Ethiopia, Addis Ababa, was 112.56 µg/kg and 11.39 ngl-1, where vegetable farms and solid waste

dumps exist and exceed the FAO/WHO-set maximum residue limit (MRL = 0.01 mg/kg).

Bioremediation is one of the most novel and cost-effective ways of decontaminating and

detoxifying DDT from solid sludge, soil, sediments, groundwater pollution, and the whole

environment (Pradhan et al., 2023; Tonello et al., 2023; Reddy et al., 2024). Bioremediation

converts DDT entirely into CO2 and H2O without the accumulation of intermediates (Dar et al.,

2023; Panwar and Mathur, 2023; Wang et al., 2023). Degradation of DDT is also dependent on a
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wide variety of environmental parameters such as temperature, pH, water potential, initial

concentration of DDT, and available nutrients (Xie et al., 2011; Thirumoorthy et al., 2023).

Currently the degradation of environmental DDT pollutants is promoted by the biorestoration of

naturally occurring microbes using biostimulation techniques, and bioaugmentation technology

for DDT pesticide-degrading microflora is encouraged (Mawang et al., 2021; Porwal, 2023; Reddy

et al., 2024). DDT residues biodegrade slowly in soil and water. The most recent study was done

on microbial DDT degradation in a very small amount of DDT concentration up to 100 ppm (Al-

Rashed, 2021), and there is a limited study in high concentrations on DDT bioremediation. As far

as reviewed different literature, most research conducted in Ethiopia focused on DDT residual

analysis; however, there is a scarce study on DDT bioremediation.

DDT-degrading fungi have been extensively reported, including WRF (T. versicolor, P.

chrysospporium, and Pleutorus, Pleutorus ostreatus), brown-rot (Gloeophyllum trabeum,

Fomitopsis pinicola, and Daedalea and Daedalea dickinsii), and other filamentous fungi

(Penicillium citrinum, Asppergillus fumigatus, Asppergillus terreus, and Trichoderma harzianum)

(Purnomo et al., 2008; Satish et al., 2017; Mori et al., 2018; Bisht et al., 2019). The co-culture-

mediated mycoremediation approach is proposed as an alternative solution for removing DDT

from the environment. A statistically designed BBD-RSM has been proposed to optimize the

conditions for the effective biodegradation of DDT pesticides assay (Okçu et al., 2018; Blachnio

et al., 2023; Krishnani et al., 2023).

Fungi have the ability to adapt to new environmental changes and chemical stressors by generating

and modifying metabolic patterns that help them take a competitive advantage over others (Jansson

et al., 2023; Vaksmaa et al., 2023). Fungal sppecies have a significant functional role in soil

remediation and are good recyclers of harmful organic chemicals into safe products (Ceci et al.,

2019; Singh et al., 2021a; Singh et al., 2021b). Fungi use their inherent specificities, such as

enzymes, to degrade DDT more rapidly and convert it into less toxic substances (Tortella et al.,

2005; Gianfreda et al., 2016; Ijoma and Tekere, 2017). Fungi and fungi mostly join in

consubstantial ecology and interact with each other, as this interaction is important to achieve

synergism and competition within varying microorganisms (Leskovac and Petrović, 2023). The
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combined and inductive actions of several enzymes have recently been confirmed to increase the

potential for degradation in a variety of consortia.

Few studies have been done on the ability of co-culture of fungi to increase the degradation of

DDT pollutants (Leskovac and Petrović, 2023). The present study aimed to investigate the

potential DDT-degrading fungi isolated from agro-industrial effluent and farm soil, identify the

isolates that have synergetic interaction effects, carry out DDT degradation sequentially, optimize

growth factors, and formulate bioinoculants for mycorrhizal purposes.
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1.1. Objective of the study

1.2. General Objective

The general objectives of this study were to isolate, screen, characterize, and optimize the potential

DDT and its residual degrading fungi for their synergistic interaction.

1.3.The Specific Objectives were to:

1. Isolation, screening, and characterization of the potential DDT-degrading fungi from

agroindustrial waste

2. Evaluating the effectiveness of the isolates to degrade DDT

3. Optimization of DDT-degrading selected fungi using response surface methodology based

on the Box-Behnken design

1.4.Hypotheses

I). HA: There are appropriate methods for isolating, screening, characterizing, and optimizing

potential DDT-degrading fungi from polluted environments.

II). HA: There is potential synergistic interaction of DDT-degrading fungi isolated from agro-

industrial polluted environments.

III). HA: Fungi have a potential role in the mycoremediation process of DDT.

1.5.Statement of the Problem

Currently around 1.8 billion people engage in the agricultural sector globally. In Ethiopia,

agriculture is the backbone of the economy, and at the present time, above 80% of the total

population is directly involved in agricultural sectors (Alemu et al., 2003; Ashine et al., 2024). In

order to advance the productivity of the agricultural sector, a significant number of agrochemicals,

especially pesticides, including DDT insecticide, fungicide, and herbicide, had been used (Chala,

2022). DDT is also used to protect against the spread of various human diseases caused by malaria.

Even if DDT increases agricultural productivity and controls insect-borne diseases, concerns have

been raised concerning the environmental dangers to both humans and wildlife (Li et al., 2024).
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These practices increase the amount of non-degradable DDT pesticide residue in the environment.

This may lead to environmental pollution and affect both human health and wildlife because DDT

and its residue are consumed with food without any sort of treatment (Sawant et al., 2022).

Children, pregnant women, and all other groups are severely harmed by high DDT ingestion levels

(Gumovskaya et al., 2023). People employed in fields for crop harvest and spraying for control of

pests, as well as consumers of such food, may greatly suffer from DDT pesticides-derived diseases

(Maja, 2022).

DDT has been linked to a wide range of human health hazards, ranging from short-term impacts

such as headaches and nausea to chronic impacts like cancer, reproductive harm, and endocrine

disorder (Islam et al., 2022). Acute risks associated with nerve and eye irritation and damage,

headaches, faintness, nausea, fatigue, and systemic poisoning sometimes become theatrical and

even occasionally fatal (Donham and Thelin, 2016). The chronic health outcomes of DDT may

occur for years after even minimal exposure to DDT pesticides in the environment or result from

the DDT pesticide residues that we ingest through our food and water (Sharma et al., 2020). It also

increases the risk factor for autism spectrum disorders (ASD) for children born to mothers exposed

to organochlorine pesticides, DDT (Xu et al., 2023). DDT residues biodegrade slowly in soil and

water. Yet, there is little research on DDT bioremediation at high concentrations, and the most

recent work focused on microbial DDT breakdown at very low DDT concentrations up to 100 ppm

(Al-Rashed, 2021). As far as reviewed different literature, most research conducted in Ethiopia

focused on DDT residual analysis; however, there is a scarce study on DDT bioremediation using

fungi. This study was undertaken on potential DDT and its residual degrading fungi isolated from

agro-industrial effluent and farm soil to identify the isolates that can carry out DDT degradation,

optimize growth factors, and formulate bioinoculants for mycoremedial purposes.
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2. LITERATURE REVIEW

2.1. Historical Application and Utilization of DDT

Organochlorine insecticide DDT is white in color, volatile, tasteless, and nearly odorless (Li et al.,

2023). DDT is a synthetic chemical that is produced via a sulfuric acid-catalyzed reaction between

chloral and chlorobenzene (de Andrade et al., 2023). DDT was first discovered in 1874 by Zeidler

(Forbes et al., 2021; Rizqi et al., 2023). DDT is cheap to produce, much like other organochlorine

pesticides. DDT contains two main metabolites, p,p'-DDE or DDE and p,p'-DDD or DDD, as well

as two isomers, p,p'-DDT and o,p'-DDT (Forbes et al., 2021; Mukasa et al., 2022).

DDE and DDD are two of the metabolites that are typically present in organisms and sediments,

respectively (El-Mabrok, 2022). The United States Environmental Protection Agency states that

the insecticidal effects of DDT were first discovered in 1939 (USEPA, 1975). In 1942 and 1943,

the Department of Agriculture's laboratory in Orlando, Florida, did more testing on the insecticide

in the United States (Tissot et al., 1954). These tests confirmed that DDT was effective in reducing

the spread of vector disease. The USA military utilized DDT for the first time in World War II to

combat typhus, body lice, malaria, and bubonic plague and used it for insecticides until the late

1970s, until it was banned in the majority of developed nations. Since 1940, the insecticide has

been widely employed to control agricultural pests (Metcalf, 1980; Clarke and Lean, 2022).

Ethiopia has historically utilized few chemical pesticides, but as a result of increased food

production from agricultural activities and the growth of the floriculture business, chemical

pesticide use has increased (Tesema et al., 2022). The use of pesticides in Africa accounts for

about 2–4% of the $31 billion global pesticide market (Ray et al., 2024).

Organochlorines are chemical compounds made up of chlorine, carbon, hydrogen, and sometimes

additional atoms. Organochlorine pesticides include DDT (Bose et al., 2021; Rajak et al., 2023).

Before the US Environmental Protection Agency (EPA) banned its usage in 1972, it was widely

employed in the country to control insects (Giroux et al., 2024). DDT is still used in certain African

nations, such as Ethiopia, where malaria vector control is crucial, even if it were illegal

(Sadasivaiah et al., 2007). The application of DDT led to the successful eradication of the malaria

vector (Abbasi et al., 2022).
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Since the 1960s, chemical pesticides have been used in Ethiopia to develop the growth of

commercial farms (Rao and Morimoto, 2020) and increased in the early 2000s as a result of

horticulture development (Wm-Bekele et al., 2024). Farmers are led to believe that using

pesticides like DDT is the only option to prevent crop losses by organizations that advocate the

sale of pesticides (Hashemi and Damalas, 2010). In addition to importing about 3,800 tons of

pesticides every year, Ethiopia also receives pesticides by donation (Loha et al., 2018).

Approximately 72% of the pesticides imported are insecticides, 25% are herbicides, 2.6% are

fungicides, and 1.3% are miscellaneous products like disinfectants and rodenticides.

In the late 1990s, the nation legalized pesticide registration and established a monitoring system

(Castro-Vargas and Werner, 2023). Even though there are regulations governing pesticide

registration, they are not effectively enforced when it comes to pesticide importation, testing, and

application (Mengistie, 2016; Teshome et al., 2023). Therefore, it is common to find a lot of

prohibited pesticides in Ethiopia and use them illegally (Habtamu et al., 2023). When personal

protection equipment (PPE) is not used, improper techniques of application can occur. This leads

to the uncontrolled release of DDT pesticides into the environment, hence exposing people to DDT

(Usip et al., 2023; Barrón et al., 2024).

2.2. DDT Impact on the Environment

DDT is incredibly persistent in the environment; unfortunately, up to 80% of the DDT used could

leak into the environment within a few months, endangering both the ecosystem and human health

(Parra-Arroyo et al., 2022). DDT has a half-life of 20-30 years in soil (Cui et al., 2024). In an

aquatic environment, DDT has a half-life of almost 150 years (Wolfe et al., 1977). Following its

application on fields, DDT is carried by rainfall into subterranean streams or other ecological water

sources (Pradhan et al., 2022). Although the amount of DDT in the water may not be very high,

aquatic life, particularly zooplankton, absorbs it and raises its concentrations to extremely high

levels (Dhanaraj, 2024). The amount of DDT in the food chain gradually increases. The fish that

consume zooplankton are more concentrated, and the sppecies most harmed by DDT are birds.

DDE has produced major environmental issues all over the world and is more persistent in the

environment than DDT. Tragically, dichlorodiphenyldichloroethylene, a very persistent,

physiologically active metabolite of DDT with antiandrogenic qualities, and the compound's



8

environmental persistence have contributed to the problem of DDT in the environment (Umulisa

et al., 2020; Ebsa et al., 2021).

2.3. DDT Impacts on Human Health and Animals

Public awareness of DDT's effects would not reach its zenith until Rachel Carson's groundbreaking

book Silent Spring (Rachel, 1962; Sullivan, 2004). The development of contemporary

environmental toxicology and chemistry can be attributed to studies that showed how DDT

affected wildlife populations (Matthiessen et al., 2018; Rezende-Teixeira et al., 2022). The impact

of DDT on human health at low ambient concentrations is uncertain (Wang et al., 2021). Human

symptoms with high dosage exposure can include nausea, convulsions, tremors or instability, and

trembling.

Studies conducted on lab animals have demonstrated DDT effects on the liver and reproductive

system. It is thought that DDT may cause cancer in people (Douglas and Douglas, 2019). DDT's

effects on the environment and human health are dependent upon exposure duration, frequency,

and dosage (Cavalier et al., 2023; Meftaul et al., 2023). Its effects are also contingent upon an

individual's health and certain environmental circumstances (WHO, 1990). DDT residue is found

in practically every human body (Miao et al., 2023).

There are three ways that humans can be exposed to DDT: during pregnancy, when nursing, and

when they consume contaminated food that contains DDT. People are mostly exposed to DDT

through their diet. Consuming various foods is responsible for 90% of the DDT residue that is

stored in the human body (Barau et al., 2023). There is DDT contamination in a number of

common foods. Another potential source of human exposure to pesticides is the indoor residual

spraying (IRS) method for vector control (Pryce et al., 2022). The amount of food ingested and

the concentration of DDT and its metabolites in the food may determine the dietary exposure

(Derouiche et al., 2023).

The metabolic system of infants is not developed enough to eliminate DDT compared to adults;

that is why they are more vulnerable to the harmful effects of pesticides when they are breastfed

(Mekonen et al., 2021; Qi et al., 2022). Infants consume more food relative to their body weight

(Zheng et al., 2024). DDT exposure during pregnancy may have an impact on an infant's
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neurodevelopmental growth between the ages of one and six months (Mérida-Ortega et al., 2019).

According to an Indian and Pakistan study, some infants' breast milk contained concentrations of

total DDT over the daily allowable dosage, which poses a health risk (Mehta et al., 2020; Sana et

al., 2021).

When it comes to balancing the food given to infants over the age of six months, maize is the most

common grain in Ethiopia (Abeshu et al., 2016). Farmers utilize DDT, which is prohibited for use

in agriculture, to control these insects. DDT was discovered in maize samples taken from the

Jimma zone above the Maximum Residue Limit (MRL) in southwest Ethiopia (Mekonen et al.,

2015; Mekonen et al., 2021). There may be health problems for infants who eat maize polluted

with DDT and its metabolites.

An essential first step in regulating the use of DDT pesticides on food crops is consumer risk

assessment (Fenner-Crispp, 2010; Akpan et al., 2023). Despite all of these issues, no research has

been done to quantify the hazards and exposure of newborns to pesticides, namely DDT, in

Ethiopia (Tadele and Amado, 2023).

It is rapidly absorbed through an insect's outer coating but is poorly absorbed through the skin of

mammals (Sousa et al., 2020). Laboratory animals exposed to DDT have convulsions, tremors,

hyper excitability, and impaired coordination (Naik et al., 2024; Smith, 2024). DDT is categorized

as a B2 carcinogen by the EPA (Rusiecki et al., 2024).

DDT has been shown to cause cancer in experimental animals; there is either insufficient or no

evidence linking it to cancer in people (Huff, 1993; Calle et al., 2002). No cancer was discovered

in 19 years of research involving workers at a DDT production site (WHO, 1979). However,

according to a recent study conducted by Wan et al. (2022), there was an increased incidence of

breast cancer and positive tumors in girls whose mothers had been exposed to high doses of DDT

throughout their pregnancies. According to WHO. (1979), animals exposed to DDT over an

extended period of time experience alterations in their livers and lesions in their livers at potentially

deadly levels. The body breaks down DDT into a number of breakdown products known as

metabolites, including DDE. There is an accumulation of DDT and DDE in the body's fatty tissues.

The amount of DDT and its metabolite DDE that has entered people's bodies has been estimated
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by CDC experts based on measurements of these chemicals' presence in serum. Only a tiny

percentage of people have detectable DDT. The majority of people had noticeable DDE. DDE is

a sign of prior exposure and remains in the body longer than DDT (Beard et al., 2006; CDC 2009).

2.4. Water and Soil Treatment Techniques for DDT Pesticides Removal

Many developing nations continue to manufacture and utilize DDT, which accumulates in the soil

and waterways. Even with the signing of the Stockholm Convention, which outlawed the use of

pesticides, the impacted countries stopped manufacturing the DDT chemicals (Mohapatra, 2021).

The contaminated sites in Europe are approximately between 300.000 to 1.5 million and the

estimated total costs for the remediation of the sites in Europe are estimated between 59 and 109

billion euro (Lepke, 2003). It is inevitable to apply cost-effective remediation processes in cleaning

up the pesticides, such as DDT. There is a need for investigating possible DDT remediation

techniques. Both the high emergence of water and soil DDT contaminants and the challenges that

face their natural breakdown have led to the development of many treatment techniques such as

chemical, physical, and microbial (biological) methods (Ahmed et al., 2021).

2.4.1. Chemical DDT Treatment Techniques

DDT pollutes soil and water ecosystems. Chemical treatment entails a range of chemical reactions

that facilitate the hydrolysis of dangerous DDT pollutants into less hazardous compounds.

Coagulation and advanced oxidation processes (AOPs), such as zonation and Fenton treatment,

are the principal chemical techniques (Ateş, 2019). Chemical DDT treatments are usually used in

combination with photo-catalysis and/or membrane techniques (Brovini et al., 2023). Even though

chemical DDT treatment techniques are destructive and rapid, they are very costly, have variable

effectiveness, and are complex (Kamalesh et al., 2023; Mandal et al., 2024).

2.4.2. Physical DDT Treatment Techniques

Membrane filtering technology (MF) is heavily utilized in DDT-contaminated water treatment

processes. As long as the target contaminants and membrane types are known, filtration can be

used at any stage of the water treatment process. The type of filtering depends on the membrane

cut-off size (Obotey and Rathilal, 2020). For the removal of large-sized organic compounds, such
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as DDT, from water, nanofiltration membranes with a pore size of 0.4 μm are appropriate. The key

procedures that control the removal of DDT by MF are adsorption on the membrane and repulsion

(steric and electrostatic) of the membrane (Pang et al., 2010; Khoo et al., 2022). The World Health

Organization (WHO) has set a maximum residual limit for DDT insecticides at 1 μg/L

concentrations in water because of their public health hazard (Sang et al., 2022). The filtration

capacity of the membranes was assessed in a laboratory-scale experiment where the amounts of

DDT contaminants were measured using HPLC (Brovini et al., 2023).

DDT Physical treatment for soil remediation includes methods that isolate pollutants from soil

particles. The process of separation lowers the volume of the DDT pollutant by moving it to

another medium, such as air or water, and collecting it in a concentrated form. Therefore, physical

separation treatment typically necessitates a treatment train in order to finish the process. Ex situ

(soil excavation) or in situ physical treatment is carried out using separation technologies. The

ability to restore soil without excavating or moving it is one of the primary benefits of in situ

treatment. Treatment periods for in situ remediation are typically longer. It is also more

challenging to guarantee treatment homogeneity due to the subsurface’s variability. Because in

situ treatment causes the DDT contaminants to migrate out of the contaminated soil zone, it also

has to consider preventing the spread of DDT contamination.

Three types of in situ physical remediation of DDT-contaminated soil exist: 1) soil vapor

extraction in the vadose zone and various techniques to improve contaminant removal by

vaporization; 2) air sparging, which involves forcing air to bubble through groundwater to

volatilize volatile organic compounds (VOCs); and 3) soil flushing, which involves using

chemicals like surfactants to improve the removal efficacy of water flowing through contaminated

soil in addition to the flushing action of groundwater in pump-and-treat systems (Gomes et al.,

2013; Chattopadhyay et al., 2015; Chaukura et al., 2022).

2.4.3. Microbial DDT Treatment Techniques

DDT contaminants are removed from soil and water by microbial degradation (bioremediation),

which happens naturally with the help of local soil organisms, that include micro-algae, bacteria,

or fungi are typically suitable (Tarla et al., 2020; Raffa and Chiampo, 2021). A number of factors

need to be taken into consideration when selecting the best microbial DDT degradation method.
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These include the kind and availability of the pollutant's microbial populations, the types and

physicochemical condition of the soil and water, the kind and condition of the microbial population

in the soil, and external factors like temperature, pH, the presence of nutrients, and oxygen (Al-

Rashed et al., 2021; Melendez-Pastor et al., 2023).

Bio-mixtures are generally made of humic-rich ingredients to enhance soil, microorganisms, and

DDT pesticide retention (Hassaan et al., 2022). The microorganisms in the bio-mixture may

originate from exogenous or endogenous sources. Microorganisms that are more suited to function

as endogenous biodegrading microorganisms will be present in soil samples obtained from areas

heavily exposed to DDT insecticides. However, some exogenous sppecies may be employed in

place of others due to the biomass restrictions of some indigenous sppecies (Rabbani et al., 2024;

Rehman et al., 2024). It should be noted that the toxicity of DDT insecticides to a variety of

bacteria and fungi makes it difficult to degrade the chemical with microorganisms (Abioye et al.,

2021; Sarker et al., 2021).

There are two types of microbial DDT treatment: anaerobic and aerobic. It is well known that

aerobic treatment degrades dichlorinated pesticides, such as DDT and its main metabolites. After

the aromatic ring is open, the molecule is readily broken down by typical bacterial and fungal

metabolism into carbon dioxide and water. The process involves the oxidation and cleavage of the

ether link as well as the hydroxylation of the chlorophenol to generate chlorocatechol (e Rocha et

al., 2022). Reductive dehalogenation is another anaerobic method for breaking down dichlorinated

insecticides without oxygen. The substance will break down into methane and carbon dioxide once

the concentration of chlorine atoms is low enough (Seo et al., 2009; Singh and Sable, 2024). DDT

pesticides have a tough time degrading microbiologically, but once a system is established, it is

simple to maintain. In rare cases, pre-treatments are required. For instance, photochemical

degradation of DDT pesticides or enzymatic processes may help with their biological digestion

(Sharma et al., 2022; Abdel and Abdelhameed, 2023; Shahid et al., 2023).
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Fig. 2, Fungal mineralization of DDT Proposed pathway for DDT and its residual degradation by

Phanerochaete chrysospporium modified from (Bumpus and Aust, 1987).
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2.5. Fungal DDT Remediation

The process of converting DDT into low-molecular-weight chemicals by means of effective fungal

enzymes is known as the fungal degradation of DDT pesticide (Tarfeen et al., 2022; Rizqi et al.,

2023; Vijayanand et al., 2023). Fungal DDT remediation is an economically viable and efficient

method of degrading DDT that is typically reliant on the types of fungi and environmental

conditions (Kour et al., 2021). It is a safe and eco-friendly technique for soil and water DDT

contamination remedies.

Fungi have enormous catabolic potential for the remediation of DDT pollutants and then breaking

them down into less toxic compounds. They have a means of remediating DDT by secreting

exudates as an energy source and cooperating together in the remediation process synergistically

(Kour et al., 2021; Bokade et al., 2023). Saprophytic fungi can develop resistance, metabolizing a

wide variety of organic pollutants over time (Purnomo et al., 2020). Many fungi sppecies can play

a role in DDT degradation as indicated in Table 1. White rot fungi sppecies were able to degrade

seventy (70) and thirty (30) percent of DDT, respectively, within twenty-one (21) days of

incubation in a low-nitrogen medium (Purnomo et al., 2020; Jasu et al., 2021).

Fungal DDT degradation primarily refers to three processes: In the first, the original parent

pesticide chemical is converted into soluble and non-toxic metabolites through reduction,

hydrolysis, or oxidation (Saravanan et al., 2021; Krithiga et al., 2022). These procedures require

a reductive and oxidative enzyme that the fungus releases (Salem et al., 2023). The second step is

conjugation, which increases the nature of the intermediate products' water solubility (Saravanan

et al., 2021).Finally, peroxidases, oxygenases, and other enzymes convert DDT-intermediate

metabolites into non-toxic compounds (Genuchten, 2023). Lastly, benzaldehyde is produced when

lignin-degrading enzymes split the molecule's ring structure (Rani et al., 2023; Aggarwal and

Kumari, 2024).

The combined fungal remediation technology refers to the combination of two or more different

fungi sppecies remediation methods to enhance the remediation of DDT pollutants and improve

the remediation efficiency. Fungi-fungi interactions could lead to synergistic interaction effect. It

can facilitate the degradation of DDT pollutants from diverse environmental matrices. Fungi

cometabolize in mixed fungal co-cultures, potentially accelerating and eliminating DDT's harmful
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effects and enhancing resistance to shifting or variable environmental conditions (Esppinosa-Ortiz

et al., 2022).

It has been shown that a consortium of different fungi, in contrast to single strains, can degrade

DDT pesticides more efficiently. Fungi-fungi remediation is the less-used combined

bioremediation technology in DDT-contaminated soil and water ecosystems. It can take advantage

of both different sppecies of fungi. In some cases, the combined application of fungi and certain

minerals has also proven more efficient for DDT pesticide removal than the application of fungi

or minerals alone (Russo et al., 2019; Ebsa et al., 2024).

Table 1. Some of Fungal sppecies capable of degrading DDT

Fungal sppecies DDT % Incubation
DDT degraders Concentration Degradation Period References
Fusarium spp 50 ppm 94 3 weeks Kulshrestha et al., 2010
Penicillium spp 10 ppm 92 48 hours Izcapa-Treviño et al., 2009
Trametes versicolor 709 ppb 75 15 days Isia et al., 2019

Trametes versicolor 100 ppm 71 30 days Sari et al., 2012

T.viride 10 ppm 98 15 days Choudhury, 2019
Asppergillus niger 15 ppm 100 21 days Barragan-Huerta et al., 2007
Fusarium sppecies 15 ppm 99.9 21 days Sherif et al., 2014
Phlebia sppecies 100 ppm 95 7 days Chang et al., 2022

Pleurotus ostreatus 5 ppm 86 7 days Purnomo et al., 2017
P. chrysospporium 11.3 ppm 90 30 days Foght et al., 2001

2.6. Fungal DDT Remediation Mechanisms

George Robinson used bacteria as a bioremediation technique to lessen the impact of oil sppills

for the first time in the 1960s. Fungal remediation mostly relies on fungi, which is called

mycoremediation, to degrade DDT pollutants. Fungi in DDT-contaminated soil and water use a

variety of defense mechanisms to mitigate their toxicity (Yadav and Chandra, 2020). An effective

and promising method to clean up DDT-contaminated soils and water is mycoremediation, which

uses fungi to detoxify DDT contaminants (Haripriyan et al., 2022). Fungi have great potential for

the degradation of DDT pollutants, as these microorganisms can utilize DDT pollutants as sources

of energy and carbon or by co-metabolizing them in the presence of other substrates (Fester. et al.

2014). Mycoremediation of DDT-pesticide contaminants can be grouped into five subclasses:
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fungal DDT sorption, fungal DDT accumulation, fungal DDT transformation, fungal DDT

mineralization, and fungal DDT degradation, as shown in Fig. 1.

Fig. 1. The mechanisms of fungal remediation used for degradation of DDT pesticides modified

from (Ebsa et al., 2024).

2.6.1. Fungal DDT Sorption

DDT contaminants bind to fungi by a mechanism known as biosorption, which is independent of

metabolism (Shahid et al., 2023). Some of these processes involved in fungal sorption include

complexation, electrostatic interaction, ion exchange, physical and chemical adsorption, surface

adsorption, diffusion, chelation, and microprecipitation (Ahmad et al., 2010). Most of this process

takes place in the cell wall (Chan et al., 2022). The initial barrier preventing DDT contaminants

from entering cells is the fungal cell wall, where they may be deposited on the surface or within

the wall structure (Yadav and Chandra, 2020; Kumar and Shukla, 2023). The mechanisms of

fungal sorption allow hydrophobic substances to cross membranes and enter the organic matrix

because of their lipophilic characteristics (Dardiotis et al., 2020). Through diffusion and chemical

processes such as ion exchange, complexation, and others, contaminants like DDT and its residues
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can become adsorbed on cells. Additionally, functional groups (such as amine and hydroxyl

groups) contribute to the fungal sorption of DDT contaminants (Chaudhari et al., 2023).

2.6.2. Fungal DDT Accumulation

Fungal DDT accumulation is the process by which DDT-pollutants pass through the cell

membrane, enter the cytoplasm, and then go through the metabolic cycle of the cell (Shi et al.,

2023). The combination of physical, chemical, and biological mechanisms is known as

accumulation. DDT-fungal accumulation happens when the concentration in the biosphere is

significantly higher than in the surrounding area. As a result of fungal accumulation,

environmental DDT pollutants harm the fungi (Gizaw et al., 2023; Nagar et al., 2023). The

lipophilic nature of DDT pesticides makes them more easily absorbed in cells due to the lipophilic

components on the cell membrane (Behera and Das, 2023). Particulate, insoluble, and by-product

DDT pollutants build up in the cellular components of biological cells [Behera and Das, 2023;

Nagar et al., 2023].

2.6.3. Fungal DDT Transformation

Fungal DDT transformation is the conversion of DDT into another form in the body of fungi by

enzymatic reactions (Kamalesh et al., 2023). Due to their changed physical and chemical

properties, successful mycoremediation of DDT may lead to either a transformation into a low-

water-soluble state or a water-soluble and low-hazardous state (Kamalesh et al., 2023). The

enzymes or metabolites produced by fungi are mostly used in this process. For instance, fungus

can create biosurfactants that increase the bioavailability of DDT and enhance the effectiveness of

mycoremediation (Behera and Das, 2023; Sheikh et al., 2023). In numerous instances, fungi

sppecies have shown the efficacy of DDT transformation (Velasco et al., 2017; Sheikh et al.,

2023).

2.6.4. Fungal DDT Degradation

The fungal degradation of DDT involves a key mechanism called metabolism, in which fungi

growing at the expense of a growth substrate are able to convert DDT without getting any nutrients

or energy for growth (Doukani et al., 2022). Fungal degradation of DDT has been documented in

different literatures. The majority of reports show that, in reducing conditions, DDT is reductively
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dechlorinated to DDD. It has been shown that fungi are capable of metabolizing DDT in this way,

and the biodegradation pathways utilizing this method have been established. The strains of fungi

that degrade DDT have been identified as an alternate pathway for fungal attack in aerobic

environments (Nadeau et al., 1994; Gohil et al., 2020; Sehrawat et al., 2021; and Suman and

Tanuja, 2021).

2.6.5. Fungal DDT Mineralization

Fungal DDT mineralization is the process by which DDT and its metabolites are converted into

water and carbon dioxide in cells and some tissues under the influence or direction of biological

organic matter as shown in Fig. 2 (Bumpus and Aust, 1987). Biologically induced mineralization

and biologically regulated mineralization are two mechanisms of fungal DDT-mineralization.

2.7. Fungal Enzymes in DDT remediation

The DDT pesticide-degrading gene resides in an anti-catabolic plasmid and encodes the DDT

degradation enzymes (Khaliq, 2023). For instance, in many soil fungi that degrade DDT, the Lin

gene encodes many enzymes, including hydrolase, dehydrogenase, and dehalogenase. Fungal

genes such as atz, ndo, psb, puh, tfd, tri, and trz encode different groups of enzymes involved in

the degradation of DDT. It involves oxidoreductases (such as laccases, oxygenases, and

peroxidases) and hydrolytic enzymes (Tarfeen et al., 2022). Fungi also release certain catalytic

enzymes (including oxidoreductases, oxygenases, monooxygenases, dioxygenases, laccases, and

peroxidases) to degrade complex pollutants such as DDT (Tarfeen et al., 2022).These enzymes

play a role in the DDT mycoremediation process by breaking the chemical bonds and reducing the

toxicity of the DDT pollutant (Fig. 3) (Khaliq, 2023).

2.7.1. Laccases Enzymes

Since laccase enzymes are members of the multicopper oxidase family, they are also known as

benzenediol dioxygen oxidoreductases or p-diphenol oxidases. They oxidize a variety of substrates

while also reducing molecular oxygen to water during the fungal DDT mineralization process

(Zainith et al., 2020). Insects, higher plants, bacteria, fungi, and other microbes all have laccase

enzymes in different quantities for DDT biodegradation mechanisms (Paul et al., 2024). In higher

plants and fungi, laccases are typically found. However, it has recently been shown that some
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bacterial sppecies, including S. lavendulae, Marinomonas mediterranea, Pseudomonas spp., and

Bacillus spp., also secrete laccases (Guauque-Torres et al., 2019; Pandey et al., 2023).

The basidiomycetes that produce laccase enzymes are Phanerochaete chrysospporium,

Theiophora terrestris, Lenzites betulina, Phlebia radiata, Pleurotus ostreatus, and Trametes

versicolor (Pandey et al., 2023). These fungi's laccase enzymes break down the complex

polyphenolic lignin of DDT and its residue. DDT could be converted into a harmless or nontoxic

byproduct using ligninolytic enzymes that can be produced by fungi (Zainith et al., 2020).

Furthermore, bacterial laccases can be more active and stable under high-temperature, high-pH,

and high-alkaline conditions than fungal laccases (Madbouly et al., 2023; Li et al., 2024). These

enzymes have been gaining attention for biotechnological applications in recent years due to their

extracellular and inducible nature, lack of cofactor requirements, and low specificity (Robert et

al., 2022). The addition of numerous chemicals, including copper, dyes, and other substances, can

increase laccase synthesis (Shekher et al., 2011). These enzymes allow the breakdown of DDT

and its metabolites because of their low substrate specificity. Unlike peroxidases, which use

hydrogen peroxide as an electron acceptor, a laccase-catalyzed process utilizes oxygen from the

atmosphere (Robert et al., 2022). The white-rot fungus laccase, which Polyporus produces, was

used to remove DDT from the environment (Gałązka et al., 2023). Their findings demonstrated

that laccase can efficiently break down DDT after only 25 days of incubation (Gałązka et al.,

2023).

2.7.2. Oxidoreductases

Fungi use a biochemical mechanism known as the oxidoreductase biocatalyst to absorb energy

from the body. This reaction breaks chemical bonds to help transport electrons from the reduced

organic component to an alternative chemical molecule (Ekeoma et al., 2023; Kumari and Das,

2023). Most fungal sppecies eradicate chlorinated aromatic organic compounds, such as DDT,

from polluted areas. It is primarily because of the presence of extracellular oxidase enzymes. These

enzymes are found in the adjacent environment and are separated from the fungal body

(mycelium). Examples of these enzymes are manganese, lignin, laccase, and peroxidase.

Furthermore, as compared to bacteria, fungi could efficiently colonize the soil pollution because

of their filamentous structure (Kumari and Das, 2023).



20

2.7.3. Oxygenases

Oxygenase enzymes belong to the oxidoreductase group. Based on the number of oxygen atoms,

oxygenases are classified into two groups: monooxygenases and dioxygenases (Cárdenas‐Moreno

et al., 2023). They are very important in the metabolic process of organic compounds and enhance

water solubility (Mahesh et al., 2023). These enzymes have a wide range of substrates and are

effective against a wide range of compounds, such as DDT compounds (Khaliq, 2023). Oxygenase

enzymes break the aromatic rings through the overview of oxygen atoms into organic molecules.

It is a very important enzyme in the DDT remediation process (Khalid and Elsherif, 2022). A

particular oxygenase enzyme aids in the breakdown of DDT contaminants. Oxygenases also

dehalogenate halogenated ethylenes, ethanes, and methanes (Kumari and Das, 2023).

2.7.4. Monooxygenases

Monooxygenases are stereoselective and region-selective enzymes that perform DDT fungal

remediation processes as biocatalysts (Karigar and Rao, 2011). Most of the monooxygenase

enzymes consist of cofactors, but some monooxygenases do not need cofactors for their function.

These enzymes simply need oxygen for their achievements (Ebrecht et al., 2023).

Monooxygenases participate in the decomposition of hydrocarbons, viz., alkanes, cycloalkanes,

methanes, alkenes, haloalkenes, aromatics, and ethers (Singh et al., 2021). Monooxygenases carry

out the oxidation of dehalogenation reactions and dehydrochlorination in oxygen-rich

environments. However, in oxygen-less environments, the reduction of dechlorination reactions is

carried out. The oxidation of the substrate during dehalogenation results in labile products, which

are then chemically decomposed (Qin et al., 2023).
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Fig. 3. Mechanistic scheme of DDT enzymatic microbial degradation under anaerobic condition

(red) path way DDT reductive dechlorinase (1);DDD dehydrochlorinase (2); DDMS

dehydrogenase (3); DDNU hydratase (5); DDMS dehalogenase (6); DDA decarboxylase (8); DDA

decarboxylase (9); DDE dehalogenase (22) and under aerobic conditions (blue) pathway DDT

dehydrochlorinase (11), 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene dioxygenase (13, 14), 6-

oxo-2-hydroxy 7-(4'-chlorophenyl) 3,8,8-trichloroocta-2Z,4Z,7-trienoate hydrolase (15), 4-

chlorobenzaldehyde dehydrogenase (14), 4-chlorobenzoaldehyde dehydrogenase (20), DDT 2,3-

dioxygenase (17), cis-2,3-dihydrodiol DDT dehydrogenase (18), and 2,3-dihydroxy DDT 1,2-

dioxygenase (19) modified from (Ebsa et al., 2024).

2.8. Fungal DDT Remediation Strategies

DDT remediation strategies for detoxification of DDT mainly depend on physical, chemical, and

biological approaches. These approaches can be used alone or in combinations (Bakshi et al., 2021;

Parial and Dey, 2023). Cleaning DDT from the environment can be carried out adequately, both

Ex situ and in situ, according to the need or not to remove contaminated soil (Hussain et al., 2022).
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2.8.1. In Situ Fungal DDT Remediation Strategies

In situ fungal remediation techniques are preferable over Ex situ techniques for the treatment of

DDT-contaminated water and soil ecosystems due to their low cost, minimal maintenance,

environmental friendliness, and sustainability (Hussain et al., 2022). In situ fungal DDT

remediation can be done in three different ways: myco-attenuation, myco-stimulation, and myco-

augmentation (Bose et al., 2021).

2.8.1.1. Myco-attenuation Approach

DDT toxic contaminants are converted into less toxic or non-toxic forms by fungal degradation,

with their interaction with naturally existing chemicals and their sorption on geologic media, which

can facilitate bio-attenuation. This mechanism is efficient and cost-effective, but it also takes a

long time, depending on the conditions of the DDT-contaminated location. It may not require a

complete cleaning up of DDT (Raffa and Chiampo, 2021; Chaturvedi et al., 2023).

2.8.1.2. Myco-stimulation Approach

The method of changing the environment to promote the growth of fungi capable of DDT

remediation is known as myco-stimulation. This can be achieved by supplementing insufficient

amounts of electron acceptors and limiting nutrients such as carbon, nitrogen, phosphorus, or

oxygen, which restrict fungal activity. The detoxification potential for DDT pesticides under liquid

media conditions has numerous factors that affect fungal growth. These factors are nutrients, pH,

temperature, moisture, oxygen, soil characteristics, and the presence of DDT pollutants, which

might prevent fungal DDT degradation in soil and water.

The primary advantage of myco-stimulation is that fungal remediation of DDT will be carried out

by indigenous fungi that have already existed, are widely dispersed, and are well-suited to the

subterranean environment (Gonçalves et al., 2022). Both mycoaugmentation and fungal-

remediation techniques can work together to enhance the ability of fungi to degrade DDT

compounds and optimize the efficiency of the process (Shahbaz et al., 2023).
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2.8.1.3. Mycoaugmentation Approach

Mycoaugmentation is a green technology that is known as an enhancement of fungi DDT

degradation capability by applying it to specific contaminated areas (Wang et al., 2022). Specific

kinds of fungal groups can enhance DDT breakdown significantly. This technology is mostly

applied in areas where inhabitant microorganisms do not have a significant degradation capability

of DDT (Jyoti et al., 2023). Mycoaugmentation is mainly enhancing the catabolic potential of the

fungi for the recovery of contaminating agents (DDT). To accomplish this objective, the

inoculation of desired fungal sppecies can be carried out. Besides these, genetically modified and

engineered organisms (GMOs) are extremely suitable for DDT degradation and enhanced

mycoaugmentation processing.

Several fungal growth variables affect mycoaugmentation. An appropriate strain selection is a

very important factor. Therefore, planning inoculum development should also be taken into

consideration (Liu et al., 2021).The strains should have a high potential for DDT degradation, and

the selected strain could colonize the DDT-contaminated area within a short period of time

(Zulfiqar et al., 2023).The development of strains has a higher capacity to survive under high DDT

concentrations (Wang et al., 2023; Wu et al., 2023;Ebsa et al., 2024).Furthermore, the strain can

efficiently survive under a wide range of harsh and suitable environmental conditions (Wang et

al., 2023).

New fungal sppecies should be investigated that have better and faster degradation capacity in

contaminated environments (Bhatt et al., 2021).Isolating fungi from DDT-contaminated

ecosystems is a good source for mycoaugmentation (Muter et al., 2023). It is crucial to determine

how DDT pesticide detoxifying capacity in liquid media settings contributes more effectively to

the mycoaugmentation of fungal consortiums (Gomathi et al., 2023).

2.8.2. Ex-situ fungal DDT Remediation Strategies

Ex-situ fungal DDT remediation of water and soil demands the laborious, expensive, and time-

consuming removal of DDT-contaminated water and soil from the site to be treated elsewhere

(Kuppusamy et al., 2016; Hussain et al., 2022). Bioreactors can also be categorized as an ex-situ

fungal remediation technique (Kuppusamy et al., 2016). The use of bioreactors in fungal
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remediation techniques provides a number of advantages. These are better control and

management of factors like temperature, pH, agitation, and aeration, as well as the option of

enhancing the process by incorporating different optimization strategies (Bala et al., 2022).

Fungi utilize DDT as a carbon source, which mostly depends on the presence of DDT residues and

fungi in the soil (Zhang et al., 2020). The retention of DDT residues with colloidal particles can

significantly make them unavailable to fungi, which will affect their degradation. More than

10,000 fungal colonies are present in 1 g of bulk soil, approximately. Some of which are highly

involved in DDT residue degradation in the ecosystem over time (Yu et al., 2023). Fungal sppecies

used in microbial DDT remediation techniques are obtained from bulk soil and decaying wood.

Wang et al. (2022) investigated thirteen fungal sppecies in the removal process of DDT residues,

which included Ascomycota (7 sppecies), Basidiomycota (4 sppecies), and Glomeromycota (2

sppecies) (Wang et al., 2022). Some potential fungal species have been identified as involved in

the breakdown and detoxification of DDT as shown in Fig. 4.

The enzymatic activity of fungi to degrade DDT pesticide depends on pH, and most enzymes work
efficiently at pH ranges of 6.5 and 7.5. A decrease in pH can affect bioavailability and remediation rates
significantly (Wang et al., 2022). The abundance of organic matter provides many nutrients for
microbial food, which will increase their working efficiency for higher degradation of DDT contaminants
(Wang et al., 2022). Fungi release some chemicals that can increase DDT degradation potential. These
chemicals may also stimulate the extracellular degradation of DDT contaminants (Raffa and Chiampo,
2021). They also increase the DDT remediation process and efficiency because they do not require
energy to transpport the contaminants in the fungal body ((Miglani et al., 2023; Wu et al., 2023).

Fig.4, Microbial remediation of DDT from waste water and farm soil modified from (Ebsa et al.,

2024).

Fig. 4, Fungal remediation of DDT from waste water and farm soil modified from (Ebsa et al.,

2024).
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2.9. Trends in Enzymatic DDT Degradation Methods

2.9.1. Enzyme Immobilization

Fungal enzymes that have been immobilized are used in a wide range of scientific and

environmental cleaning procedures to remove persistent organic pollutants like DDT (Khaliq,

2023). Enzymes are immobilized into strong, stable supports to maintain high stability in terms of

pH, temperature, packaging, reuse, and separation (de Melo et al., 2023). A Saravanan et al. (2021)

reported that horseradish peroxidase (HRP) was cross-linked onto calcium-alginate beads using

glutaraldehyde as a cross-linking agent to help with the covalent immobilization of HRP, which is

necessary for the breakdown of DDT.

2.9.2. Genetic Engineering Approach

Enzyme utilization is restricted in industrial-scale environmental applications due to the economics

of enzyme processing (Bello et al., 2021). The researchers used genetic engineering methods to

increase the yield of enzyme production to remediate environmental pollutants such as DDT

(Rafeeq et al., 2023). This can be achieved using one of two methods: genetic experimentation to

pick natural forms or mutagenesis of a gene in vitro and expression in a host cell. Laccase enzymes

are predominantly employed for genetic manipulation. The laccase gene from A. niger cDNA was

used for cloning for DDT degradation purposes (Gao et al., 2010).

2.10. Main Factors Affecting Fungal DDT Remediation

In order to sustain the high bioavailability of fungi in soil and water for the complete DDT

remediation capability of fungi, a specific combination of biotic and abiotic variables is required

(Chaudhari et al., 2023). A number of variables affect the complete fungal DDT remediation

process. The same variables that have an impact on the fungal remediation of contaminated soils

and waters also have an effect on the mycoremediation of DDT-contaminated soil and waters.

Abiotic and biotic variables are most likely to have an impact on the fungal remediation of DDT-

contaminated soil and water (Al-Rashed et al., 2021).
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2.10.1. Abiotic Factors

The fungal remediation of DDT could be significantly affected by abiotic factors such as pH,

temperature, soil type, water, soil moisture, cation exchange capacity (CEC), redox potential (Eh),

nutrient sources, exudate quantity, rhizosphere environment, and the composition and biochemical

processes. These factors can influence the fungal growth in DDT-contaminated soil and water

environments (Zhang et al., 2020; Al-Rashed et al., 2021). DDT becomes more soluble at higher

temperatures, which increases the pesticide's bioavailability (Zhang et al., 2020; Kibria et al.,

2021; and Rafeeq et al., 2023). Furthermore, insufficient soil moisture can make the fungal DDT

remediation process more difficult. Low soil moisture content hinders the growth and metabolism

of fungi, and high values reduce soil aeration (Chaudhari et al., 2023).

The type of soil has a significant impact on the bioavailability of DDT remediation in the soil

(Baxter and Cummings, 2008). The texture of soil particles has a direct impact on the availability

of potential DDT-degrading fungi (Rashmi et al., 2022). Loam and sand have the maximum DDT

availability, while fine-textured clay soils and clay loam have the lowest availability (Pradhan et

al., 2023). Clay content, oxygen concentration, salinity, minerals, and the availability of nutrients

can all have an impact on fungal DDT remediation (Chugh et al., 2022). Organic matter content

and soil types can influence how fungi react to DDT pollutants (Krithiga et al., 2022).

The enzymatic dosage has played a crucial role in the fungal DDT remediation process (Kamalesh

et al., 2023). Typically, DDT degradation efficiency rises to a certain point with elevated enzyme

concentrations (Saravanan et al., 2021). Consequently, DDT remains persistent due to the limited

concentration of fungal enzymes available both in the batch and environmental system (Saravanan

et al., 2021). Agitation is also considered a crucial factor for DDT-microbial remediation, as it is

primarily responsible for heat, substrate, and oxygen transfer in the process. A higher speed of

agitation results in enhanced biodegradation efficiency owing to better oxygen availability in

aerobic processes. Speeds of 200 rpm/min resulted in increased DDT-degradation potential

(Saravanan et al., 2021).
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2.10.1.1. pH

pH has an effect on fungal DDT remediation because different fungal sppecies have different

optimal pH ranges. Soil pH can have a variety of effects on fungal DDT remediation (Shahid et

al., 2023). At extreme pH, some fungal degradation processes are inhibited. Some still have the

potential to remedy DDT pollution in suboptimal conditions (Alvarez et al., 2021). The optimal

pH varies for different enzymes derived from different microorganisms. A pH value outside the

optimal range results in lower enzyme activity. Most of the enzymes work in a neutral pH range.

However, some enzymes, such as alkaline proteases, work at pH levels above 8.0. It was studied

how lignocellulolytic enzymes from white-rot fungi, namely manganese peroxidases (MnP) and

lignin peroxidases, broke down DDT through fungal degradation. For crude enzymes, the optimum

pH for fungal degradation has been found at pH 5 (Salem et al., 2023).

2.10.1.2. Temperature

Temperature has an impact on the chemical composition as well as the physical properties of DDT

contaminants (Jones, 2021). Temperature has a direct impact on how DDT pesticide adheres to

fungi, soil, and particles during the adsorption and desorption processes (Dewangan et al., 2021).

With rising temperatures, DDT's adsorption capacity and intensity will increase (Amutova et al.,

2023). The DDT breakdown process by fungi benefits from an increase in temperature within a

suitable range (Pande et al., 2020). Temperature affects the activity of both intracellular and

extracellular enzymes of fungi in DDT degradation mechanisms (Wang et al., 2023). Fungal

enzymes have a variety of optimal enzymes for DDT degradation (Ghosh and Sarkar, 2023).

Because enzymes are proteins, they are especially susceptible to high temperatures, which may

cause the protein to become denatured or alter its characteristics (Wang et al., 2023). It was

discovered that Asppergillus spp. that breaks down DDT thrives best in temperatures between 25

and 35 °C. This is because higher temperatures cause the laccase enzymes to either become

inactive or cleave (Wang et al., 2010). The immobilized enzymes produced extracellularly by

white-rot fungi demonstrated remarkable activity and stability across a wide temperature range (20

to 55°C). This biocatalyst effectively degraded p,p'-DDT, completely eliminating it within a 12-

hour incubation period at 30°C (Salem et al., 2023).



28

2.10.1.3. DDT Effects on Mycoremediation

DDT pesticides can directly affect fungi as well as mycoremediation procedures (Kamalesh et al.,

2023). Some fungi can thrive in DDT-contaminated areas, despite the potential toxicity, due to

resistance or tolerance mechanisms (Anju et al., 2010; Chugh et al., 2022; Ebsa et al., 2024).

However, it has still variable degrees of effect on its biomass production, physiological

morphology, growth, fungal activity, and mycelia colonization (Chugh et al., 2022). DDT

pesticide exposure may change the physiological and biochemical behavior of soil and water

microorganisms (Chugh et al., 2022; Kumar et al., 2023). DDT insecticides interfere with some

crucial processes and inhibit a number of enzymes, disrupting the mechanism that fungi use to

promote their growth (Gupta et al., 2022; Kumar et al., 2023).

DDT has an impact on the number of fungal sppecies, biomass production, and shape of fungi

(Gupta et al., 2022; Ebsa et al., 2024). Notably, while DDT is hazardous to some fungal sppecies,

some fungi can utilize DDT pesticides in low concentrations as a source of nutrients or energy to

reproduce and promote development throughout the mycoremediation process (Dad et al., 2022;

Paul et al., 2024; Ebsa et al., 2024). Occasionally, over time, fungal populations can develop

tolerance or resistance to DDT, respond to normal conditions, or even increase DDT concentration.

(Paul and Mandal, 2019; Mertens, 2006; Ebsa et al., 2024).

2.10.2. Biotic Factors

The ability of DDT mycoremediation in soil and water is determined by biotic factors such as

inoculum density, survival, colonization, competitiveness, fungal activity, physical diffusion

capacities, etc. (Mertens, 2006; Melendez-Pastor et al., 2023). The success of DDT bioremediation

depends on the sppecies' ability to survive in these stressful environments. A major factor limiting

the effectiveness of fungal DDT remediation and strongly influencing the success or failure of

mycoremediation is bioavailability. These factors influenced biological activity like sppecies

types, fungal biomass, symbiotic sppecies, and bioavailability (Al-Rashed et al., 2021; Shahid et

al., 2023).
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3. MATERIALS AND METHODS

3.1. Study Area Description

The samples of soil, effluent, and wastewater were taken from East Shewa, mainly Ziway, Koka,

and Addis Ababa. The study site was chosen because of its history of DDT pesticide dumping,

significant agro-industrial waste disposal sites, irrigation from polluted rivers, and significant

urban agricultural farm activities. With geographic coordinates of 80 9′ N, 380 49′ E latitude, 38◦

42′ 59.99″ E longitude, and an elevation of 1645.250 m above sea level, Ziway City is situated in

the Ethiopian Rift Valley. At an elevation of 1590 meters above sea level, Lake Koka is situated

in the Ethiopian Rift Valley (08°23'22" N; 39°05'15" E), about 90 kilometers southeast of Addis

Ababa. Addis Ababa is situated at 9°1′48′′N and 38°44′24′′E, 2,355 meters (7,726 feet) above sea

level, as shown in Fig. 5.

Fig. 5. Map of Study area
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3.2. Chemical Standards

DDT (98%), DDD (99%), and DDE (99%) standards having such purity for GC-ECD analysis

grade were purchased. from (Taufkirchen Sigma-Aldrich Chemie Germany) For GC-ECD (gas

chromatography electron capture detector) detection standards, used for DDTr analysis, were

prepared by diluting each of the individual DDT, DDD, and DDE standards, and the DDT residues

(DDTr = DDT, DDD, and DDE) were utilized. Analytical laboratory DDT was acquired from the

pesticide processing factory in Ethiopia. The chemicals and solvents used in the experiment were

all of analytical grade. The major equipment that was used for the GC-ECD analysis sample

preparation included analytical balances (±0.01 mg) (Sartorious AG, Germany), a refrigerator

centrifuge (HERMLE, Z446K; Germany), a nitrogen concentrator (Multi Vap 54 Lab Tech, USA),

a wrist action mechanical shaker (model 75, Burrell Scientific, LLC, Pittsburgh, PA, USA), a

vortex mixer (Biocote Sturt, Italy), micropipettes, Duran bottles, bottle top dispensers, beakers,

various class A volumetric flasks and measuring cylinders, and a pH meter (Bibby Scientific Ltd,

U.K.). All glassware and other apparatuses were scrupulously cleaned and dried in a drying cabinet

(LEEC, Limited, UK).

3.3. Experimental design

This study consists of three experiments: a screening assay, an optimization assay, and a

degradation assay. There were two factors involved in the DDT pesticide resistance assay. The

amount of DDT concentration ranged from 100 ppm to 10,000 ppm, and the media type (DDT-

amended, non-amended, or control media) with 40 DDT-tolerant fungal sppecies. The

optimization assay were carried out using a four-factor design with three levels. This comprises

two DDT concentrations (3500 ppm and 7000 ppm) and a control (no DDT), along with fungus

sppecies (AS1, AS1T1, and T1), temperature (25, 30, and 35℃), and pH (4, 7, and 10). In this

study, response surface designs based on Box-Behnken produced 45 experimental runs, including

one replication experiment. To assess the DDT degradation studies, a one-way ANOVA with a

two-factor design was utilized. One replication experiment and a total of 27 experimental runs

were generated by the ANOVA analysis. The two assay involved in this experiment were media

type (1750 ppm DDT, 3500 ppm DDT, 5250 ppm DDT, and 7000 ppm of 100% pure DDT broth

media supplemented with minimal salt medium), (1:1 w/w PDB + 1750 ppm DDT, PDB + 3500
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ppm DDT, PDB + 5250 ppm DDT, and PDB + 7000 ppm DDT) and the second assay were DDT

and its metabolite (DDE and DDD) analysis.

3.4. Sample Collection

Using the stratified random sampling method, a composite of 100 soil samples from Addis Ababa

(40), Koka (30), and Ziway (30) with the help of a sterilized spatula were collected from agro-

industrial waste by plucking up to 5 cm of topsoil. Similarly, 50 effluent samples from Addis

Ababa (20), Koka (15), and Ziway (15) were collected. The samples that were obtained were stored

in a refrigerator in a sterile 45-mL Falcon tube. All sample tubes were taken to the mycology

laboratory at Addis Ababa University and then kept in the refrigerator at +4 until processing, which

of each contained 25 mL of effluent wastewater and 25 grams of soil.

3.5. Screening of DDT Tolerant Fungal Isolates

The minimal salt medium (MSM) used in the DDT degradation experiment had the following g/L

amounts of salt: 1.65 g NaCl, 0.19 g K2HPO4, 0.188 g CaCl2, 0.198 g KH2PO, and 0.396 g

NH4(SO4)2 modified from the method of Nadeau et al. (1994) were added to five 500-mL

Erlenmeyer flasks, each containing 225 mL of distilled water (pH 7.0) contained 25 g of pooled

soil or effluent sample and supplemented with 100 ppm DDT, then incubated at 25±2℃ in an

incubator shaker (New Brunswick Innova® 42) at 120 rpm for 15 days. The concentration of DDT

was increased stepwise to expose fungi to high concentrations ranging from 500 ppm up to 10,000

ppm.

The dilution plate method was used to isolate fungi from these DDT-enriched 15-day-old samples

(soil or effluent water ratio of 1:1000). From each, suspension 0.1 mL portions were transferred

into potato dextrose agar growth media (PDA; Hi-Media, Mumbai, India) (Persiani et al., 2008).

The isolates were purified and identified using traditional taxonomic keys based on macro- and

microscopic features after 5 days of incubation at 25 ± 2°C on PDA (Bedine et al. and Susila et

al., 2023). The pure isolates were cryopreserved at +4°C for further analysis with 50% glycerol

and 50% PDB at the mycology lab of Addis Ababa University.
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The tolerance screening was performed in solid media containing various concentrations of DDT

and media types. It includes 100 ppm, 500 ppm, 1,000 ppm, 1,500 ppm, 3,000 ppm, 5,000 ppm,

7,000 ppm, and 10,000 ppm of 1:1 PDA and DDT, as well as 100% pure DDT supplemented with

a mineral salt agar medium. Below 0.1 mL, acetone was added to the final test medium as per the

Organization for Economic Cooperation and Development's recommendation (Rasmussen et al.,

2019). The initial minimum DDT concentration (100 ppm) was determined depending on recent

published papers (Al-Rashed, 2021), and the maximum DDT concentration (10,000 ppm) was

tested to determine the fungal maximum tolerable limit or resistance capacity. Following careful

evaluation of tolerance screening, final DDT concentrations of 0 ppm, 3500 ppm, and 7000 ppm

were determined for further optimization studies. Tests without DDT were used as a control in the

experiment. The optimization was performed in 250-mL Erlenmeyer flasks of broth media.

DDT-tolerant fungal isolates were chosen based on fungal growth characteristics, biomass output,

and sporulation capacity (Domsch et al., 2007). To determine fungal tolerance to DDTs, two

indices were used. The tolerance index (TI) is calculated based on the dry weights (DW) of fungal

mycelia biomass production to evaluate fungal growth in the presence or absence of DDTs, as

indicated by equation (1). To assess fungal reproduction in the presence or absence of DDTs,

another index called the sporulation index was used based on the ability of the fungi to sporulate

(Ceci et al., 2015).

%Tolerance index (TI)= × 100…………………………..………. (1)

3.6. Fungal Identification

3.6.1. Macroscopic and Microscopic Examination of Fungal Isolates

The final chosen fungal isolates were identified based on morphologic characteristics (macro and

microscopic features) and bimolecular characterization by using MALDI-TOF mass spectrometry

analysis with the Bruker MALDI Biotyper microflex LT (Bruker Daltonics, Bremen, Germany)

(Silva et al., 2023). The chosen fungal isolate was subcultured onto potato-dextrose agar (PDA;

Hi-Media, Mumbai, India) and inoculated in the middle of each plate using a 5 mm-diameter cork

borer agar block. The plates were then incubated at 25±2℃. Until the plates were completely

covered in fungal growth, the radial extension of the fungal mycelia was measured every 24 hours
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with a ruler; the color, reverse side, growth condition, margins, and elevation were noted, and

macroscopic images were captured using a Nikon D 5200 camera. Macroscopic identification was

done using the morphologic key of a pictorial atlas of soil and seed fungi (Watanabe, 2010).

Microscopic observations were made from plate and slide cultures on PDA incubated for five days.

Spore shape, hyphal nature, conidia, and conidiophores were investigated. Slides were mounted

using lactophenol cotton blue (LPCB) and examined using an Olympus CETI light microscope

(Olympus Keyence International, Bedrijvenlaan, Belgium) (Silva et al., 2023). Microscopic

images were captured using a full-frame sensor camera (Canon 5Ds Mark III Thailand).

3.6.2. MALDI-TOF Mass Spectrometry Analysis

Fungal identification using MALDI-TOF MS is based on the ionization of fungal proteins by a

laser, followed by the creation of a spectrum representing a sppecies-specific protein fingerprint

by comparing their spectra with Andromas or the Vitek MS database reference libraries

(Vermeulen et al., 2012). The fungal isolates were cultured on potato dextrose agar (Becton

Dickinson GmbH, Heidelberg, Germany) and incubated at 25±2℃ for three days until sufficient

growth was observed. Bruker MALDI Biotyper microflex LT (Bruker Daltonics, Bremen,

Germany) was used for fungal identification (Huang et al., 2023).

3.6.2.1. Extraction and Sample Preparation Procedure

The front mycelium was placed into 1 mL of HPLC water, centrifuged to pellet it, and then the

pellet was resuspended in 300 µL of HPLC water in an Eppendorf tube. One µL of inoculation

loop mycelia were isolated, transferred from the culture plate into the water, and mixed thoroughly

until the material was completely suspended. The microbial material on a benchtop was then

centrifuged for 2 minutes at 13,000–15,000 rpm after 900 µL of ethanol was added and properly

mixed. The supernatant was removed using a pipette, avoiding contact with the microbial

materials. The pellet was air-dried for five minutes at room temperature. Twenty-five µL of 70%

aqueous formic acid was added, and the pipette solution was moved up and down until the pellet

was suspended. The tube was centrifuged for 2 minutes at 13,000–15,000 rpm. A microliter of

supernatant was deposited onto a vacant sample position of a MALDI target plate, dried at room
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temperature, overlaid with 1 µL of HCCA matrix, and analyzed with MALDI-TOF MS (Hleba et

al., 2022; Tsuchida et al., 2023).

3.7. Compatibility Test among the Selected Fungal Isolates

To study the compatibility test of isolate AS1 with T1-paired mycelia, T1 and AS1 were inoculated

4 cm apart from each other in the same Petri dish. The co-inoculated plates were incubated at

27±2℃ for 3 days. Each fungus was grown separately under the same conditions, and its growth

rates were compared. The expansion rate of each fungus was evaluated. The interactions between

the two mycelia were assessed according to the method by Molla et al. (2001).

3.8. Fungal Biomass Production and Sporulation Determination Assay

Three media types were identified as having strong effects on the fungal biomass production and

sporulation and finally chosen for optimization of crucial growth factors. These are 1:1 PDB and

DDT, 100% DDT supplemented with minimal salt, and PDB (non-DDT-amended media). The

capacity of dry biomass production and sporulation was determined for three different fungal

isolates (AS1, T1, and AS1T1) at different temperatures (25, 30, and 35℃), DDT concentrations

(0, 3500, and 7000 ppm), and pH values (4, 7, and 10). For both dry biomass production and

sporulation response, 45 runs were performed with three levels of representation for each variable.

The statistical experimental tool of Box-Behnken design was used for the selection and

improvement of crucial growth factors (Govarthanan et al., 2022).

3.9. Identification of Critical Growth Factors

Three media types 1:1 PDB and DDT amended, 100% DDT amended, and non-amended media

were identified as having strong effects on the production of dry biomass and sporulation and

finally chosen for optimization of crucial growth factors based on the results of the secondary

screening test. The ability to produce dry biomass and produce spores was determined for three

different fungal isolates (AS1, T1, and AS1T1) using constant incubation periods at different

temperatures and DDT concentrations (0, 3500, and 7000 ppm), pH values (4, 7, and 10), and

temperatures of 25, 30, and 35℃. For both dry biomass production and sporulation response, 45

runs were performed with three levels of representation for each variable. The statistical
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experimental tool of Box-Behnken design was used for the selection and improvement of crucial

growth factors (Govarthanan et al., 2022).

3.10. Statistical Optimization Biomass Production and Sporulation for Identification of
Significant Variable Using Response Surface Methodology (RSM)

Response surface methodology (RSM) based on Box-Behnken design (BBD) are experimental

statistical tools used to study the impact of abiotic factors on biotic factors for the production of

fungal biomass and sporulation (Govarthanan et al., 2022). Optimizing growth factors increases

the biodegrading capacity of microbes in high concentrations of DDT. This statistical tool can be

utilized to optimize both factors (Chen et al., 2022; Thirumoorthy et al., 2023). RSM has been

widely used as an optimization tool, with both having different perspectives on modeling different

process parameters (Hamidi et al., 2023; Malla et al., 2023). Four independent factors with three

levels were identified. These were fungal isolates (AS1, AS1T1, and T1), DDT concentration (0,

3500, and 7000 ppm), temperature (25, 30, and 35℃), and pH (4, 7, and 10). Box-Behnken is a

class of response surface designs that generates a total of 45 experimental runs, with one replication

experiment in this study. The fungal isolates AS1, AS1T1, and T1 were grown in 1:1 PDB+DDT

at concentrations of 3500 and 7000 ppm and PDB as a control medium, respectively. For the

quantitative information acquired from the 45 experimental runs, BBD employed multiple

regression analysis. The optimization study was conducted to assess and choose significant abiotic

and biotic variables for the best conditions for the formation of fungal biomass and sporulation.

The Minitab 2019 software (Minitab Inc., State College, PA, USA) was used to generate the

optimization experiments.

3.11. DDT Degradation by Fungal Co-Cultures A. niger and T. koningii

Mycelia of A. niger and T. koningii were harvested from 10-day-old PDA cultures by washing

with sterilized distilled water. The amount of spores was adjusted using a hemocytometer

(Neubauer chamber, Taufkirchen, Germany) and an Olympus CETI light microscope (Olympus

Keyence International, Bedrijvenlaan, Belgium). T. koningii and A. niger were co-inoculated in

each 500-mL flask of DDT-amended MSM. The inoculum level was 108 spores/mL; each medium

contained 100 mL of volume culture media, and the culture medium was then incubated at 27 ±

2℃ in an incubator shaker at 120 rpm for 15 days (Wilkes et al., 2021).
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In order to investigate the DDT breakdown efficiency of fungal co-cultures A. niger and T.

koningii, four different DDT initial concentrations were tested in two media types (1:1 ratio

PDB+DDT and 100% pure DDT supplemented with MSM). A. niger and T. koningii were co-

inoculated in a 100-mL volume of DDT-amended MSM at 1750, 3500, 5250, and 7000 ppm DDT

initial concentrations. After incubation, a sterile membrane containing filter paper with a 0.22 μm

pore size was used to separate the mycelia from their liquid media. The filtrates were then

centrifuged at 10,000 rpm for 5 minutes. The supernatant was diluted using sterilized distilled

water to 25, 50, 75, 100, and 125 ppb, and 50 mL were taken for GC-ECD analysis.

3.12. GC-ECD Analytical Methods

The degradation of DDT was analyzed using gas chromatography (GC-ECD, Agilent 7890A,

USA) coupled with a 63Ni electron capture detector (ECD) and a packed column HP-5-5% phenyl

methyl siloxan (30 m x 32 m i.d., film thickness 0.25 µm). The oven procedure was as follows:

The initial temperature of the oven was 75, gradually increasing at 25/min to up to 150, held for 0

min, then increasing at 5/min to 280, held for 10 min. The total run time was 39 minutes. Nitrogen

(99.995% purity) was used as a carrier gas at a flow rate of 60 mL/min. From an aliquot of 0.5

mL, 2 microliters were injected in splitless mode. Chemstation software was used for instrument

control and data analysis (Liu et al., 2015).

3.12.1. Analysis of DDT, DDD and DDE

DT residues were analyzed using gas chromatography (GC-ECD) coupled with an electron capture

detector (ECD). Its packed column of HP-5-5% phenyl methyl siloxan (30 m x 32 m i.d., film

thickness 0.25 µm). The oven conditions used were the same as reported previously (Liu et al.,

2015). Minitab 19's ANOVA was used to assess the percentage degradation as indicated in

equations (2, 3, and 4). The degradation efficiency of DDT and DDTr was calculated using the

following equation (Ma et al., 2016).

% DDT Break down= ( )( )× 100…………………………….. (2)

% DDE Break down= ( )( )× 100…………………………….. (3)

% DDD Break down= ( )( ) × 100…………………………….. (4)
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2.13. Statistical Analysis

The design matrix was generated, and the results were analyzed using mathematical modeling. The

DDT tolerance optimal conditions were identified using Minitab 2019 software (Minitab Inc.,

State College, PA, USA). Preliminary experiments were used to establish the upper and lower

limits for each independent variable. Response surface methodology (RSM) based on the Box-

Behnken design (BBD) was used to calculate the amount of dry biomass of fungal mycelia in

grams, and an ANOVA was performed to identify significant variables using Minitab version 19

software. It was carried out to ascertain the impact of chosen parameters on fungal dry biomass

production and sporulation. The effect of the media type, temperature, and pH on the response was

examined using a Tukey HSD test. The designed model was also validated using probability (p-

value) values, and the p-value shown is ˂ 0.05, which is regarded as a significant model term. The

designed model's F-value of 2.13 suggests that it is significant. The high F-value could be due to

noise. Additionally, the lack of fit score (5.235) for the model that was developed implies that the

lack of fit is not significant. The fact that the model's terms don't fit significantly indicates that the

model fits well.

The fungal biomass and sporulation were accurately and consistently measured by the batch

experiments, and the R (0.572) further confirmed the model's significance. The response surface

model fits the experimental data to identify the interaction between the factors and the response

(Mani et al., 2023).The spore/mL results were log-transformed (base 10). Fisher tests were used

to compare all treatment means at p < 0.05. The statistical significance has been studied through

the use of multiple regression analysis techniques. The F-test was used to assess R². The

significance of independent variables and their interactions was tested using RSM based on Box-

Behnken design analysis. The standardized effects of the independent variables and their

interactions with the dependent variables were also investigated using a Pareto chart. Results were

assessed with various descriptive and inferential statistical tools, i.e., p-value, F-test, R2, R2adj,

sum of squares (SS), and mean sum of squares (MSS) tests, to assess the goodness-of-fit of the

developed mathematical model to the experimental data (Aziz et al., 2014). At a 95% level of

confidence, differences between means were regarded as statistically significant (p < 0.05)

(Purnomo et al., 2014; Purnomo et al., 2023).
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4. RESULT AND DISCUSSION

4.1. Screening of DDT Tolerance Fungal Isolates

From a total of 40 DDT-tolerant fungal isolates, three fungal isolates that could grow at a very

high DDT concentration (10,000 ppm) were screened, following a careful assay for further

optimization procedures. These isolates were given designations as AS1, AS1T1, and T1. The

finally-selected fungal isolates AS1 and T1 were used as co-inoculants after a compatibility test

assessment, as shown in Fig. 7. This was done because they had the highest biomass production

and sporulation efficacy. The two fungi were selected for potential DDT degradation. This final in

vitro study was carried out using GC-ECD analysis.

The results of the DDT-amended media type showed greater tolerance index (TI) values than

control media. A value of ˂ 100% tolerance index was observed in fungal isolate T1, and a value

>100% tolerance index (TI) was observed in fungal isolates AS1 and AS1T1, as illustrated in

Table 2. This result revealed that the co-inoculated fungal isolates AS1T1 have a high capability

to degrade DDT. The fungal isolate grown in media with pH 4, pH 7, and pH 10 values at 25, 30,

and 35 °C indicates that the selected fungal isolates can tolerate a wide range of pH as well as

temperature and were selected for DDT degradation at very high DDT concentrations, as shown

in Tables 2 and 3.

A study conducted by Pandey et al. (2021) investigated how the biodegradation of DDTs was

influenced by the addition of extra nutrient sources, growing conditions at various time intervals,

temperatures, and pH. However, the current fungal co-culture AS1T1 was different from those

microorganisms previously reported in the literature that could degrade DDT at high

concentrations because the current co-cultured isolates can utilize DDT as a sole carbon source

and show high tolerance towards very high DDT concentrations, alkaline and acidic medium, as

well as a wide range of temperatures by synergetic interaction effect. This confirmed the capacity

of fungal isolates co-culture AS1T1 to adapt a wide range of habitats sequentially, and it also

proved that applying this fungal co-culture to the real environment might be an effective, low-

energy, and sustainable way to remove DDT contaminants in environmental clean-up (Gupta et

al., 2014).
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4.2. Morphological Identification of Fungal Isolates

All the finally selected fungal isolates displayed distinct sizes, shapes, colors, and textures on PDA

plates following a 3–7 day incubation period. The morphological traits of all selected filamentous

fungi differed from one another. The fungal isolate AS1 grew rapidly and formed loose colonies

on PDA plates, with all selected sppecies exhibiting characteristic colors and shapes.

The macroscopic observation of the fungal isolate AS1 obverse side growths appeared whitish but

turned black with time on PDA plates, and the reverse side of the colony was colorless to light

yellow (Table 1 and Fig. 6 (A-B)). The microscopic examination with lactophenol cotton blue

staining, hyaline septate hyphae, and biseriate phialides covering the entire vesicle with radiate

conidial heads was observed (Table 1 and Fig. 6 (C)).

The macroscopic observation of the fungal isolate T1 obverse side growths appeared white at an

earlier stage but turned deep green with time on PDA plates, and the reverse side of the colony

was yellowish (Table 6 (D-E)). The microscopic examination of fungal isolate T1 with lactophenol

cotton blue staining shows that it is branched and organized in a pyramidal structure with longer

branches at the base that progressively shorten as it nears the tip (Table 2 and Fig. 6 (F)).

Table 1

Morphological and microscopic characterization of fungal isolate AS1 and T1

Fungal
isolate Macroscopic characteristics of the colony observation
AS1 Surface colour Margins Reverse side Elevations Growth

Dark brown to black Entire Without colour Umbonate Rapid
T1 White at early stage Entire yellow Rapid

Later deep green
Isolate Microscopic characteristics of the colony observation
AS1 Hyphae Conidiophore Conidia Phialides Fruiting body

Branched Length Heads Biseriate Cleistothecia
Septate 200 to 400µm Blackish brown Primary Present

Diameter Diameter 20 to 30 µm
7 to 10 µm 2.5 to 4 µm Secondary
Vesicle Ornametation 40 to 60 µm
Globose Exine sppiny
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T1 Hyphae Conidiophore Conidia heads Phialides Fruiting body
Branched Length green, ellipsoidal 3-4 whorls Perithecia
Septate 9.0–9.5 μm smooth Primary Present

Diameter Diameter 5.5-9.0 μm

Globose to
3.5–4.5 × 2.2
3.5 μm

Sub globose Ornametation
ellipsoidal

Microscopic and macroscopic characters of fungal isolate AS1 and T1 resppectively

Fig. 6. (A) Macroscopic observation of isolate AS1 obverse side (B) Reverse side of AS1 (C)
microscopic observation of isolate AS1(D)obverse side of isolate T1  (E) Reverse side of T1
(F)microscopic observation of isolate T1 (40X).

4.2.1. MALDI-TOF Mass Spectrometry Analysis

The last two selected fungal isolates, AS1 and T1, have been identified at the sppecies level among

three filamentous fungi. By using MALDI-TOF MS, the identification scores were ≥ 2.000 and

mainly belonged to A. niger and T. koningii, respectively.
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4.3. Compatibility Test among Fungal Isolates

The compatibility test was conducted on PDA culture plates to assess the interaction between the

two potential DDT-degrading fungi, as illustrated in Fig. 7.A dominant fungus was almost

covering the culture medium. The growth of fungal isolate T1 was found to be faster than that of

AS1, so the former was covered onto the plate within 48 hours. The fungi were expanded toward

one another throughout the three days of incubation at 25±2℃ until the meeting point, as indicated

in Fig. 7. This compatibility test confirmed that the two fungi grow together in solid and liquid

media and the two fungi were not showed antagonistic. These fungi may have a synergetic role in

breaking down DDT and its metabolites. In mixed fungal co-cultures of DDT-amended media,

each fungus may play a specific role in the breakdown of DDT. The intermediates produced by

one fungus might use by another sequentially. When one of the fungi breaks down DDT into DDE

and another metabolite that is more toxic than DDT, the other fungi has a synergistic role to

detoxify or degrade this metabolite into other non-toxic byproducts. These two fungi may work in

consortia and in succession, or sequentially, to break down DDT.

Fig.7. Hyphal interaction assay A) Obverse side of A.niger(isolate As1) and T. koningii (isolate T1)

B) Reverse side of A.nigerand T. koningii
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4.4. Screening Significant Variables using One Way ANOVA Statistical Analysis for
Determination of Fungal Biomass Production and Sporulation

The statistical ANOVA analysis results confirmed that the DDT concentration (0, 3500, and 7000

ppm) and the fungal isolates AS1, AS1T1, and T1 were the most significant factors for biomass

production (p<0.05), as shown in Table 2. However, the concentrations of DDT (0, 3500, and

7000 ppm) had no statistically significant impact on sporulation (p > 0.05), as shown in Table 3.

Temperature and pH had no significant impact on the production of fungal biomass and sporulation

(p > 0.05), as indicated in Tables 2 and 3.

Table.2, Fungal growth parameters for biomass production carried out according to the Fisher test

at different temperature, pH and DDT concentrations after 10 days incubation period

Dry DDT Dry Tempe Dry Dry
Fungal biomass TI biomass TI rature. biomass TI biomass TI
Isolates in gram (ppm) in gram ℃ in gram pH in gram

AS1T1 1.01±0.16a 153 7000 0.90±0.23a 136 35 0.88±0.32a 133 10 0.85±0.27a 129

AS1 0.94±0.14a 142 3500 0.88±0.17ab 133 25 0.87±0.29a 132 4 0.84±0.33a 127

T1 0.55±0.28±b 83 0 0.66±0.39b 100 30 0.78±0.27a 118 7 0.82±0.28a 124

The data represents the mean (±SD) of (n= 3) and the same lowercase letters indicate a lack of
statistically significant differences (p >0.05) among means within the same column.

Table. 3, Fungal growth parameters for spore production carried out according to the Fisher test

at different temperature, pH and DDT concentrations after 10 days incubation period

Fungal Log spore/ DDT Log spore/ Temperature Log spore/ Log spore/
Isolate mL (ppm) mL ℃ mL pH mL

TIASI 5.74±0.37a 0 5.65±0.36a 35 5.59±0.23a 4 5.61±0.40a

AS1 5.58±0.29a 3500 5.54±0.36a 25 5.54±0.44a 7 5.52±0.38a

T1 5.32±0.33b 7000 5.44±0.32a 30 5.52±0.44a 10 5.51±0.38a

The data represents the mean (±SD) of (n= 3) and the same lowercase letters indicate a lack of

statistically significant differences (p >0.05) among means within the same column.

4.5. Statistical Optimization of biomass production and Sporulation for Identification of
Significant Factors Using Response Surface Methodology (RSM)

The results of determined growth parameter affect the fungal biomass production and the

sporulation efficacy, as shown in Tables 2, 3 and Fig.8 and Fig.9.The optimization result illustrates
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that the highest dry biomass production was recorded by the co-inoculated fungal isolates AS1T1,

which were grown in a 1:1 ratio of PDB + 7000 ppm DDT medium at 10.0 pH and 35°C during

10 days of continuous incubation period as seen in Fig. 10.

This finding showed that the two isolates, AS1 and AS1T1, produced biomass and sporulated in a

similar way (p > 0.05), as shown in Tables 2 and 3. However, the isolate T1's capacity to form

spores and biomass is significantly influenced by the various concentrations of DDT, pH, and

temperature (p < 0.005), as indicated in Tables 2 and 3. The exposure to the various pH values and

temperatures had little to no impact on the three chosen fungal isolates. Tables 2 and 3 show that

fungal isolates grown on PDB media as a control produced significantly less dry biomass (p <

0.005) than the isolates exposed to medium containing DDT. The fungal isolates exposed to DDT

at initial concentrations of 0, 3,500, and 7000 ppm did not significantly influence the efficacy of

sporulation. (p > 0.005) (Table 3).

The maximum mean fungal dry biomass (1.01 g ± 0.37) was recorded in AS1T1 isolates. The

maximum mean fungal spore production (5.74 log spores/mL) was recorded in AS1T1 isolates as

shown in Table 2 and Figs. 11 and 12, cultured in control (PDB) media type, followed by a 1:1

ratio of PDB + 3500 ppm DDT media type at pH 4.0 and temperature 35 ± 2℃.

4.5.1. The Main and Interaction Effect Analysis between Influencing Factors

The ability to produce dry biomass and spores was not significantly different between the two

fungal isolates, AS1 and AS1T1 (p > 0.05), as indicated in Table 2, but all selected factors could

simultaneously influence dry biomass production and the sporulation capability of fungal isolate

T1 significantly (p < 0.05), as shown in Tables 2 and 3. When compared to the control (PDB)

media type with a 1:1 ratio (PDB + DDT) with 3500 and 7000 ppm DDT concentrations provided

with mineral salt medium (MSM), the fungal dry biomass production of the control media type

showed significant differences (p < 0.05) as indicated in Table 2. However, the media type 1:1

ratio of PDB + DDT and 3500 and 7000 ppm DDT concentrations significantly influenced

sporulation capability (p < 0.05), as indicated in Table 3. The difference between pH-4.0 and 7.0,

as well as pH-10 medium and temperature (20, 25, and 35℃), did not significantly influence dry

biomass production and the sporulation capability (p > 0.001), as indicated in Tables 1 and 2.
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Depending on the parameter, the statistical analysis of two-factor interactions (fungal isolate vs.

DDT concentration), (DDT concentration vs. DDT concentration), (DDT concentration vs. pH),

and (temperature vs. temperature) proved that these variable interactions significantly influenced

fungal biomass production (p < 0.05), as shown in Fig. 8. However, the interactions between (pH

vs. temperature), (fungal isolates vs. pH), (fungal isolates vs. temperature), (pH vs. pH), and

(temperature vs. DDT concentration) did not significantly influence fungal biomass production (p

> 0.05), as shown in Fig. 8. The various growth parameters, including the fungal isolates (AS1,

AS1T1, and T1), the 1:1 ratio PDB enriched with DDT concentrations of (0, 3500, and 7000 ppm),

and the temperatures (25, 30, and 35℃), proved that these variable interactions did not influence

the efficacy of fungal sporulation (p˂0.05) as shown in Fig.9.

Fig.8. Pareto-regression graph indicating the effect of growth factors on biomass production.
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Fig.9. Pareto-regression graph indicating the effect of growth factors on spores production.

Fg.10.Optimization plot of dry biomass
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Fg. 11.Optimization plot of spores production with controla media type

Fig. 12.Optimization plot of spores production without controla media type

4.6. DDT Degradation assay by Fungal A. niger and T. koningii

The culture medium with various DDT concentration extractions was analyzed using GC-ECD by

comparing the retention time and electron capture of their constituents with reference samples in

order to evaluate the rate of degradation of DDT by the fungal co-culture of A. niger and T. koningii.

Three metabolites with retention times of 18.003, 19.411, and 20.666 min were identified from

culture media extractions. They were identified as 1, 1-Dichloro-2,2-bis (p-chlorophenyl) ethylene

(DDE), 1, 1-Trichloro-2,2-bis (4-chlorophenyl) ethane (DDD), and 1, 1-Trichloro-2,2-bis (4-

chlorophenyl) ethane (DDT), respectively. This result is similar to a study by Purnomo et al.

(2008), showing that a strain of brown rot fungi produced DDE, DDD, and DBP from DDT

degradation.
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Fig. 13. Gas chromatogram of DDT degradation by mixed culture A.nigerand T.Koningii after 15

days cultured (supplied with 1750, 3500, 5250 and 7000ppmDDT): (a, b, c and d) electron capture

of product extracted from 100% pure DDT fungal mycelia and (e, f, g, and h) extracted from 1:1

ratio of PDB + DDT fungal mycelia respectively.
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Table. 4, Percentage residual and degradation analysis of DDT by fungal co-culture A.nigerand T.

koningii in liquid (MSM) cultures during a 15-days inoculation period detected by GC-ECD

% residual analysis

Initial DDT (ppm) 1750 3500 5250 7000

Media types

100% DDT 0.003±0.003a 0.083±0.141a 0.064±0.107a 0.002±0.002a

Enriched DDT 0.005±0.003a 0.001±0.000a 0.478±0.22b 0.001±0.001a

%Degradation

100% DDT 99.997±0.003a 99.917±0.141a 99.936±0.107a 99.998±0.002a

Enriched DDT 99.995±0.003a 99.999±0.000a 99.522±0.22b 99.999±0.001a

The data represents the mean (±SD) (n= 3) and the same lowercase letters indicate a lack of
statistically significant differences (p <0.05) among means within the same row.

After 15 days of addition of 108 spores/mL of fungal co-culture A. niger and T. koningii into DDT

amended media, only 0.003 ppb, 0.083 ppb, 0.064 ppb, and 0.002 ppb were found in 100% pure

DDT media, and 0.005 ppb, 0.001 ppb, 0.478 ppb, and 0.001 ppb in the 1:1 ratio PDB + DDT

media of mean percentage residual analysis were found, as shown in Table 4 and Figs. 13 (a-h).

The GC-ECD result analysis confirms that the synergistic interactions between the two fungi have

caused DDT to almost completely disappear from both culture mediums when compared to the

initial DDT concentration of 1750, 3500, 5250, and 7000 ppm, respectively.

Table. 5, Percentage residual and degradation analysis of DDT and its metabolic products by

fungal co-culture A.nigerand T. koningii in liquid (MSM) cultures during a 15-days inoculation

period detected by GC-ECD

Metabolic products DDT DDD DDE

(%) Residual 0.146±0.249a 0.058±0.154a 0.036±0.099a

% degradation 99.854±0.249a 99.942±0.154a 99.964±0.099a

The data represents the mean (±SD) (n= 3) and the same lowercase letters indicate a lack of
statistically significant differences (p <0.05) among means within the same row.
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Very small amounts of DDT, DDD, and almost no DDE were found in extracts of all media. After

15 days of shaker incubation at 27°C and 120 rpm, the mean metabolic products for DDT, DDD,

and DDE were calculated from the initial concentration at 1750, 3500, 5250, and 7000 ppm DDT,

as shown in Table 5 and Figs. 13 (a-h). The DDT concentrations in liquid cultures were higher

than those in DDE and DDD, suggesting that DDT is the main residues of DDT degradation in

mixed cultures of A. niger and T. koningii, which is similar to the research of Bumpus and Aust

(1987) on DDT degradation by white rot fungi and P. chrysospporium. The current GC-ECD result

analysis clearly indicates that the fungal co-culture of A. niger and T. koningii almost completely

degraded DDT and its metabolites (DDD and DDE) sequentially, as shown in Table 5. As far as

reviewed different literature and knowledge goes, this study could be the first case reporting the

complete degradation of DDT by the synergetic interaction of fungal isolates in very high DDT

concentrations up to 7000 ppm.

Although these isolates have a unique trait for DDT degradation capability, it needs rigorous study

to determine if it is accompanied by genetic factors or not since it was isolated from a polluted

tropical environment surrounding industries. Table 5 and Figs. 13 (a-h) show that after being co-

cultured at extremely high DDT concentrations for 15 days, 99.854% of DDT, 99.942% of DDD,

and 99.964% of DDE had been eliminated from the culture media. These results revealed that the

very high capability of the fungal co-cultures A. niger and T. koningii for DDT and its main

metabolite degradation at very high DDT concentrations.

According to a study conducted by Russo. (2019), a number of fungi have the ability to degrade

DDT. According to the study conducted by Al-Rashed. (2021), the marine bacterium Paracoccus

spp. DDT-21 rapidly detoxified DDT up to 50 mg/L. The study by Santacruz et al. (2005) found

that about 99% of DDT was removed from the high DDT concentration (150 ppm). However, a

recent study confirmed that A. niger and T. koningii mixed cultures are different from those

microorganisms previously reported; the A. niger and T. koningii co-cultured in liquid media

supplied with a very high DDT concentration (7000 ppm) and incubated at a temperature of

27±2℃ for 15 days on a shaker revealed that 99.9–99.99% of DDT disappeared from the culture

medium, as illustrated in Table 4 and Fig. 13 (a-h). According to the study conducted by Boelan

et al. (2019), the co-culture of G. lingzhi and P. aeruginosa degraded DDT up to 100 ppm, while

G. lingzhi degraded up to 52.52 ppm after a 7-day incubation period in the PDB medium. The
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study conducted by Boelan et al. (2018), the co-culture of WRF Ganoderma lingzhi and B. subtilis

bacterium degraded DDT up to about 82.30 ppm. The removal of 99.9–99.99% of DDT and its

main metabolites from culture media in a wide range of growth factors may confirmed that the

applications of fungal co-culture A. niger and T. koningii have the potential to degrade and cleanup

DDT pesticide pollutants from the environment successfully.

The finding of this study also confirmed that increasing initial DDT concentrations from 1750,

3500, 5250, to 7000 ppm in both 1:1 ratio (PDB + DDT) and 100% pure DDT amended media did

not significantly influence (p > 0.05) the fungal degradation efficacy of the selected fungal co-

cultured A. niger and T. koningii except 5250 ppm DDT concentration as shown in Table 4. The

ANOVA statistical analysis of GC-ECD results confirmed that DDT and its metabolic products,

DDD and DDE, were almost completely removed without showing significant differences among

them (p > 0.05), as indicated in Table 5. Fungal co-culture A. niger and T. koningii transforms

DDT to DDE via dehydrochlorination, followed by DDE reductive dechlorination. In this study,

the proposed DDT degradation pathway by fungal co-culture A. niger and T. koningii is shown in

Fig. 14. This finding also revealed the very high capability of synergetic interaction effects of the

screened fungal co-culture A. niger and T. koningii to degrade DDT and its main metabolic

byproducts in succession, making them an effective and promising candidate for mycorrhizal

environmental application purposes.

Fig. 14.The proposed pathway for the myco-degradation of DDT by mixed culture A.nigerand T.

koningii
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5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

The long-term accumulation and aging of DDT and its residues in the environment results in

additional constraints on treating contaminated sites, wildlife, and human health. The fungal

isolates capable of degrading DDT and its main residues (DDE and DDD) AS1 and T1 were

identified as A. niger and T. koningii. The optimization results revealed that the co-cultured fungal

isolates, A. niger and T. koningii, produced the highest biomass and spores after 10 days of

incubation at 35℃ with pH 10, and pH 4. These fungal isolates could degrade DDT up to 7000

ppm, supplied with MSM efficiently. The high concentrations of DDT (3500 and 7000 ppm) have

no toxic effect on the fungal biomass production or sporulation capability. It was found to contain

DDT, ̃DDD, and DDE, confirming a decrease in DDT and its metabolite degradation without

exhibiting significant differences, respectively (p>0.05). A very high mean degradation of GC-

ECD analysis (99.796%) was observed at DDE. Therefore, the mixed cultures of the fungal isolates

A. niger and T. koningii are a promising candidate for the removal or detoxification of DDT and

its degrading metabolites from a polluted environment by synergetic interaction effect. It could

also be used for biofermentation of DDT for disposal purposes to avoid the high expense to the

countries for absolute DDT pesticide disposal.

Recent in vitro studies have evaluated fungal additives that may increase bioavailability and

degrade DDT by synergetic interactions in long-term DDT-contaminated environments. The

degradation potential of fungal co-cultures A. niger and T. koningii for DDT pesticides under

liquid media conditions plays a more efficient role in the bioaugmentation of fungal consortiums.

Although DDT is one of the most difficult contaminants to degrade, recent advances have created

new avenues in in vitro complete degradation of DDT and its residues up to 7000 ppm DDT

concentration by fungal co-culture A. niger and T. koningii. So far, no study has been able to

provide insights into microbial DDT degradation with such an amount of DDT concentration.

Furthermore, this species can efficiently survive under a wide range of harsh and suitable

environmental conditions.
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5.2. Recommendation

From the results of this study, the following recommendations are suggested

 Further studies still need to mineralize DDT completely in real environmental conditions,

such as the whole environmental microbial metagenomics analysis and fungal tolerance

study against several environmental pollutants such as heavy metal, azo dye, PAH, etc.

 This fungal co-culture needs to explore the effect of non-axenic conditions on artificial

fungal-fungal co-cultures, whether they outcompete indigenous microbes in environmental

matrices or not.

 The field applications ought to be conducted in various places.

 Further study also should be done to increase the transgenic microorganisms' survivability

when released in the environment, as their detoxification and breakdown of DDT

contaminants have been greatly enhanced.

 Environmental conditions for effective and improved microorganism growth, DDT

degradation operating parameters, and DDT bioremediation process mechanisms must all

be rigorously analyzed.

 Enzyme systems that produce the best yields and efficiency with the least amount of water,

energy, and nutrients need to be developed.

 Even though genetic engineering methods produce more enzymes with greater efficiency,

more investigation is required to tackle the genetic engineering method's financial

challenge.

 A stakeholder targeting environmental pollution in the overall parts of Ethiopia enhances

the success of ongoing DDT-polluted ecosystem treatment initiatives.

 Based on these research findings, policymakers should receive a policy brief on

environmental contamination caused by banned POPs, such as DDT and its bioremediation

mechanisms for further research.
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