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SUMMARY  

Bioleaching is a biological and an environmentally friendly alternative to traditional leaching 

methods for extracting metals from ores or wastes. However, its reliance on microorganism, 

which are sensitive to bioleaching extreme conditions, result in challenges of slow kinetics and 

low metal recovery that limit its potential. This study applied functional genomics to gain 

insights into the bioleaching process. The focus was on fungal communities that can survive in 

extreme conditions. Tailing samples, which represent an extreme environment, with high metal 

concentration and low pH, similar to bioleaching conditions, were used to profile, isolate and 

identify fungal communities. Genera such as Trichoderma, Penicillium, and Talaromyces, 

were obtained. Further screening of this organisms for metal tolerance, growth rates, carbon 

utilisation and organic acid production revealed Trichoderma as the most promising 

bioleaching fungus. Trichoderma exhibited high growth rates in the presence of metals, likely 

due to its high metal tolerance index of >1 to 300 mg/l Al, 100 mg/l Zn and Ni, with a minimum 

inhibitory concentration of 1600 mg/l for Al, 1000 mg/l for Zn and 400 mg/l for Ni. When 

grown in glucose media, the organism produced up to 300 g/l of citric acid. Thus, the fungus's 

bioleaching capacity to extract metals from two different metal-containing samples, namely 

tailings and ore samples, was assessed using one-step, two-step, and spent media approaches. 

The results showed that the fungus's bioleaching efficiency was unaffected by the sample type 

and led to the recovery of various metals (>62% of Ni in ore samples and >54% Zn in tailings 

samples). Other metals such as Mg, As, Mn, Cu and Co were leached in both tailing and ore 

samples. Metabolite analysis during bioleaching revealed that Trichoderma produced oxalic 

acid (up to 930.13 mg/l) as the main bioleaching agent, while citric acid was produced in low 

amounts. Transcriptomics analysis revealed that genes related to biological processes, cellular 

components, and molecular functions were differentially expressed. Further enrichment of the 

differentially expressed genes revealed that genes associated with the structure and function of 

the cell membrane were consistently upregulated, indicating how Trichoderma tolerates high 

metal exposure. Notably, the genes related to organic acid production were not differentially 

expressed, and we further concluded that Trichoderma's metal toxicity defence mechanism 

does not disrupt the metabolic activities involved in the production of organic acid. 

Keywords: Bioleaching, metal tolerance, transcriptomics, organic acids, metabolites. 

 



 

vi 

 

TABLE OF CONTENTS  

 

DEDICATION ............................................................................................................................ i 

DECLARATION ....................................................................................................................... ii 

ACKNOWLEDGMENT.......................................................................................................... iii 

RESEARCH OUTPUT ............................................................................................................. iv 

SUMMARY ............................................................................................................................... v 

LIST OF FIGURES ................................................................................................................... x 

LIST OF TABLES ................................................................................................................... xii 

LIST OF ABBREVIATION .................................................................................................. xiii 

1. CHAPTER 1: INTRODUCTION ...................................................................................... 1 

1.1 Background ................................................................................................................. 1 

1.2 Problem statement ....................................................................................................... 2 

1.3 Research aim and objectives. ...................................................................................... 3 

1.3.1 Aim ...................................................................................................................... 3 

1.3.2 Objectives ............................................................................................................ 3 

1.4 Thesis structure ........................................................................................................... 3 

1.5 References ................................................................................................................... 1 

2. CHAPTER 2: LITERATURE REVIEW ........................................................................... 4 

2.1 Environmental impact of mining industry .................................................................. 5 

2.2 Bioleaching by filamentous fungi ............................................................................... 6 

2.2.1 Overview of carbon metabolic pathway in relation to bioleaching ..................... 7 

2.3 Mechanisms of bioleaching by secreted organic acids ............................................. 11 

2.3.1 Acidolysis .......................................................................................................... 12 

2.3.2 Complexolysis.................................................................................................... 12 

2.3.3 Redoxolysis ........................................................................................................ 13 

2.4 Steps in indirect fungal bioleaching .......................................................................... 13 



 

vii 

 

2.5 Challenges in fungal bioleaching .............................................................................. 15 

2.5.1 General growth conditions ................................................................................. 15 

2.5.2 Carbon source utilisation ................................................................................... 16 

2.5.3 Metal toxicity ..................................................................................................... 17 

2.6 Optimization of fungal bioleaching: adaptation studies ............................................ 18 

2.7 Metal tolerance mechanism in fungi ......................................................................... 20 

2.8 Functional mechanisms for bioleaching optimization .............................................. 21 

2.9 Exploring metabolomics for insights into bioleaching processes ............................. 23 

2.10 References ............................................................................................................. 25 

3. CHAPTER 3: MICROBIAL PROFILING OF GOLD MINE TAILINGS ..................... 43 

Chapter objective ................................................................................................................. 44 

Publication ........................................................................................................................... 44 

Abstract ................................................................................................................................ 44 

3.1 Introduction ............................................................................................................... 45 

3.2 Methodology ............................................................................................................. 47 

3.2.1 Site description and soil sampling ..................................................................... 47 

3.2.2 Characterization of tailing samples .................................................................... 48 

3.2.3 Microbial enrichment and DNA extraction ....................................................... 49 

3.2.4 Optimization of DNA extraction ....................................................................... 50 

3.2.5 Bioinformatics and statistics .............................................................................. 50 

3.3 Results ....................................................................................................................... 51 

3.3.1 Tailing characterization ..................................................................................... 51 

3.3.2 DNA optimization .............................................................................................. 52 

3.3.3 Alpha and Beta Diversities ................................................................................ 54 

3.3.4 Taxonomic diversity of microbial community on GYEM and YSM enrichment

 …………………………………………………………………………………56 

3.4 Discussion ................................................................................................................. 63 



 

viii 

 

3.5 Conclusion ................................................................................................................. 66 

3.6 References ................................................................................................................. 68 

4. CHAPTER 4: ISOLATION, IDENTIFICATION, AND CHARACTERIZATION OF 

FUNGAL ISOLATES ............................................................................................................. 76 

Objective .............................................................................................................................. 77 

Publication ........................................................................................................................... 77 

Abstract ................................................................................................................................ 77 

4.1 Introduction ............................................................................................................... 78 

4.2 Material and methods ................................................................................................ 79 

4.2.1 Fungal isolation and identification..................................................................... 79 

4.2.2 Screening for organic acid production and metal tolerance............................... 80 

4.2.3 Carbon source for organic acid production ........................................................ 82 

4.3 Results ....................................................................................................................... 84 

4.3.1 Microbial isolation ............................................................................................. 84 

4.3.2 Qualitative screening ......................................................................................... 84 

4.3.3 Quantitative screening ....................................................................................... 86 

4.4 Discussion ................................................................................................................. 95 

4.5 Conclusion ................................................................................................................. 99 

4.6 References ............................................................................................................... 100 

5. CHAPER 5: BIOLEACHING STUDIES BY TRICHODERMA ASPERELLUM: 

METAL RECOVEY, ORGANIC ACID PRODUCTIONS AND TRANSCRIPTOMICS .. 108 

Objective ............................................................................................................................ 109 

Publication status ............................................................................................................... 109 

Abstract .............................................................................................................................. 109 

5.1 Introduction ............................................................................................................. 110 

5.2 Methodology ........................................................................................................... 111 

5.2.1 Mine tailing chromite ore characterization ...................................................... 111 

5.2.2 Bioleaching assay............................................................................................. 112 



 

ix 

 

5.2.3 HPLC analysis ................................................................................................. 114 

5.2.4 RNA extraction ................................................................................................ 114 

5.3 Results ..................................................................................................................... 115 

5.3.1 Changes in pH .................................................................................................. 115 

5.3.2 Bioleaching mechanisms. ................................................................................ 116 

5.3.3 Organic acid production ................................................................................... 118 

5.3.4 RNA-Seq data analysis .................................................................................... 119 

5.4 Discussion ............................................................................................................... 125 

5.5 Conclusion ............................................................................................................... 130 

5.6 References ............................................................................................................... 132 

6. CHAPTER 6: GENERAL CONCLUSIONS AND RECOMMENDATIONS ............. 139 

6.1 Conclusions ............................................................................................................. 140 

7. ADDENDUMS .............................................................................................................. 143 



 

x 

 

LIST OF FIGURES 

Figure 2.1: Metabolic pathway glucose by of Aspergillus niger. ............................................. 8 

Figure 2.2: Overview of bioleaching mechanisms through acidolysis, complexolysis and 

redoxolysis. .............................................................................................................................. 11 

Figure 2.3:  A schematic diagram depicting different fungal bioleaching steps: one-step, two-

steps and spent media bioleaching ........................................................................................... 14 

Figure 3.1: map showing the three sampling sites were tailing samples were collected in 

Krugersdorp, Gauteng province, South Africa. ....................................................................... 48 

Figure 3.2: Heavy metal characterization of 4 different tailings at different levels. .............. 52 

Figure 3.3. Alpha diversity indices of fungi: (a) - observed OTUs (richness index), (b) - Chao1 

(estimation/estimator of the total richness), (c) - Shannon index (richness and evenness) and 

(d) - Simpson index (number of species present, as well as the relative abundance of each 

species). .................................................................................................................................... 55 

Figure 3.4. Bray-Curtis measures of beta-diversity visualized using principal coordinate 

analysis (PCoA) for the comparison of fungal diversity for enrichment (S1 and S2) of tailing 

samples using GYEM and YSM .............................................................................................. 56 

Figure 3.5: Relative abundance of fungi at phyla depth: a - glucose yeast extract media and b 

- yeast sucrose media. .............................................................................................................. 57 

Figure 3.6: Relative abundance of fungi at genus depth: a - glucose yeast extract media and b 

- yeast sucrose media ............................................................................................................... 59 

Figure 4.1: Five different growth phases of fungi in the presence of metals. ........................ 82 

Figure 4.2: Tolerance index of the four selected isolates to increasing concentration of four 

different metals ........................................................................................................................ 86 

Figure 4.3: Illustrates a comparison of the growth rates of Trichoderma, Talaromyces, 

Penicillium_3, and Penicillium_6 under varying metal concentrations. The growth rate of the 

cultures was determined by dividing the average diameter measured after 5-7 days by the 

corresponding time period in hours. ........................................................................................ 87 

Figure 4.4: Growth phases of selected isolates in the presence of metals. a- Trichoderma, b- 

Talaromyces, c - Penicillium_3 and d- Penicillium_6 ............................................................. 89 

Figure 4.5: Glucose, sucrose and fructose utilization by the four selected isolates. .............. 89 

Figure 4.6: Organic acid production by Trichoderma, Talaromyces, Penicillium_3 and 

Penicillium_6 with glucose as the carbon source after 15 days. .............................................. 90 



 

xi 

 

Figure 4.7: Organic acid produced by Trichoderma, Talaromyces, Penicillium_3 and 

Penicillium_6, quantified using HPLC .................................................................................... 91 

Figure 4.8: The heatmap depicts the average levels of identified metabolites detected during 

the growth of Trichoderma, Talaromyces, Penicillium_3, and Penicillium_6 ........................ 92 

Figure 4.9: a-depicts the furfural degradation pathway, with the four compounds highlighted 

in red.  b-d: The Box plots represent the most abundant metabolites and show their comparison 

among the four isolates, which eventually contributes to the citric acid cycle. ....................... 94 

Figure 5.1:  pH measurements between different bioleaching steps. a – one-step bioleaching, 

b – two-step bioleaching. ....................................................................................................... 116 

Figure 5.2:  Comparison of percentage of metals recovered from ore (a) and tailing (b) using 

three bioleaching steps, i.e., one-step, two-step and spent media. ......................................... 118 

Figure 5.3. Comparison of organic acid quantified using HPLC. a – one step and b -two step 

for oxalic acid, c – one step and d two step for citric acid ..................................................... 119 

Figure 5.4: Hierarchical cluster analysis of the differentially expressed genes in T. asperellum 

during one-step and two step bioleaching processes of ore and a tailing .............................. 120 

Figure 5.5: a - Gene enrichment dot plot for T. asperellum gene expressed during bioleaching 

(The gene ratio versus the enriched pathway). ...................................................................... 122 

Figure 5.6: Comparison of differenctially expressed genes between one-step, two-step 

bileaching (for tailing and ore) and control. .......................................................................... 123 

Figure 5.7: MA plot of the differentially expressed genes of compared groups. ................. 125 

 

 

 

 



 

xii 

 

LIST OF TABLES 

Table 3.1. Media composition for enrichment of bioleaching microorganisms. .................... 49 

Table 3.2: pH measurements of the different tailing ............................................................... 51 

Table 3.3: Effectiveness of EDTA as chelating agent based on DNA purity, concentration, and 

successful amplification of ITS region. 1- 3 sampling depth, T- tailing, A-C – different tailings 

and M – mixed tailing. ............................................................................................................. 53 

Table 3.4: Ecological information and functional assignment of dominant fungal taxa using 

FungalTraits database. ............................................................................................................. 61 

Table 4.1: Media composition for enrichment and isolation of bioleaching microorganisms.

.................................................................................................................................................. 80 

Table 4.2: Qualitative and quantitative screening of fungal isolates for organic acids 

production and metal tolerance at 100 mg/l for Aluminium (Al), Zinc (Zn), Nickel (Ni), and 

Chromium (Cr).  Error bars represent ± SD; n=3. ................................................................... 85 

Table 5.1: Overview of Illumina RNA-seq data quality ....................................................... 115 

Table 5.2: ICP-AES quantified metal concentration of tailings and ore samples. ................ 117 

 

 

 

 

 

 

 

 

 

 

 



 

xiii 

 

LIST OF ABBREVIATION 

HNO3: Nitric acid 

EDTA: Ethylene diamine tetraacetic acid 

GYEM: Glucose yeast extract media 

GYEA: Glucose yeast extract agar 

GYEB: Glucose yeast extract broth 

YSM: Yeast sucrose media 

DNA: Deoxyribonucleic acid 

RNA: Ribonucleic acid 

PCR: Polymerase chain reaction 

OTU: Operational taxonomic units 

KEGG: Kyoto Encyclopedia of Genes and Genomes 

GC-MS: Gas chromatography-mass spectrometry 

HPLC: High-performance liquid chromatography 

ICP-AES: Inductively coupled plasma atomic emission spectroscopy. 

TI: Tolerance index 

RPM: revolutions per minute 

MIC: Minimum inhibitory concentration 

 

 

 

 

 

 



 

1 

 

 

 

 

 

 

 

 

 

 

1. CHAPTER 1: INTRODUCTION  

 

 

 

 

 

 

 

 

 

 

 



 

1 

 

1.1 Background 

It is widely acknowledged that microbial communities function in a way that enables them to 

survive in harsh conditions posed by biotic and abiotic stress. For instance, microbial 

communities in the environment can survive by expressing specific enzymes, synthesizing 

molecules that aid in repairing damage, relieving stress, breaking down certain compounds, 

and so forth (Bogati & Walczak, 2022; Walker & White, 2017). Moreover, advancements in 

molecular technologies over the years have demonstrated that microorganisms have the ability 

to switch on or off the activity of enzymes based on their surroundings, to best suit their need 

to survive regardless of the environmental conditions (Chi et al., 2022). Consequently, these 

abilities have been harnessed and adapted by the scientific community for application in 

various industries for their advantages such as environmental friendliness and pollutant 

removal. Currently, the world is promoting the use of eco-friendly approaches in industries 

known to have a negative impact on the environment, and biological processes such as 

bioleaching are gaining significant attention (Nayak, 2022; Krishnan et al., 2021; Arya & 

Kumar, 2020; Sajjad et al., 2019). Bioleaching is a biological method of extracting metals from 

ores or waste (tailings and electronic waste) using microorganisms (Klaus, 1997). 

Recently, there has been an increasing interest in optimizing bioleaching processes using 

bacteria, fungi, or yeast due to many potential benefits such as cost-effectiveness, eco-

friendliness, and low energy requirements (Sodha et al., 2020; Villares et al., 2016; Kim et al., 

2010; Li & Ke, 2001; Remonsellez et al., 2009). The type of ore being treated, and the 

microbial domain involved play a crucial role in the mechanism and efficiency of bioleaching. 

Bacteria are known for their ability to solubilize metal sulfides efficiently and are the most 

researched domain in the bioleaching space (Chen et al., 2019; Borja et al., 2016; Martinez, et 

al., 2015; Martínez et al., 2012; Ruiz et al., 2012; Valdés et al., 2008). Thus, the increase in 

commercialization of bioleaching processes is mostly by bacteria in the past two decades (Yin 

et al., 2018). In contrast, bioleaching by filamentous fungi is considered efficient for oxides 

and carbonaceous minerals, with Aspergillus Niger serving as the model organism 

(Dusengemungu et al., 2021; Keshavarz et al., 2021). Despite the increase in bioleaching 

research by filamentous fungi in the last decade, there is limited research on its industrial 

application compared to bacteria. 

Regardless of the potential benefits of bioleaching by heterotrophic fungi, there are still several 

challenges that need to be addressed in order to increase the commercialization of this process. 

One of the challenges is the cultivation time of heterotrophic fungi compared to 
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chemolithotrophic bacteria commonly used in commercial bioleaching (Roy et al., 2021). 

However, it's important to remember that faster growth doesn't always equate to better 

bioleaching effectiveness. Recent studies have shown that under optimal conditions, fungi can 

actually solubilize metals faster than bacteria (Dusengemungu et al., 2021). Nonetheless, slow 

process kinetics, metal toxicity, low solid to liquid ratio (pulp density), variability in the 

performance of different fungal strains and the need for optimal growth conditions remain key 

concerns that hinder the scalability of the process (Roy et al., 2021). 

To overcome these challenges, further research is necessary to optimize the use of 

heterotrophic fungi in bioleaching. This includes investigating the mechanisms that underlie 

metal solubilization by fungi and identifying the most efficient fungal strains. Furthermore, 

development of more cost-effective and efficient bioleaching processes that can be scaled up 

for large-scale operations is required. Efforts in this regard could involve exploring the 

potential of genetic engineering to enhance the bioleaching efficiency of fungi or the use of co-

culture systems that combine different microbial strains to enhance the overall effectiveness of 

the process. Overall, with the right research and development, bioleaching by heterotrophic 

fungi has the potential to become a promising and sustainable alternative to traditional metal 

extraction methods. 

1.2   Problem statement 

Despite the recognized environmental benefits of bioleaching over chemical methods, 

industrial implementation, especially for fungi, faces significant hurdles, including slow 

kinetics and low metal leaching yields (Clark et al., 2006). These challenges are exacerbated 

by the complex enzymatic reactions facilitated by microorganisms such as Aspergillus niger in 

often suboptimal conditions. Furthermore, the bioleaching environment itself becomes 

increasingly extreme, characterized by increasing concentrations of metals as they are 

bioleached, with potential to inhibit microbial activity (Zhu et al., 2018; Siezen and Wilson 

2009). While heavy metals are essential for microbial metabolism, exceeding optimal 

concentrations can induce toxicity, leading to protein denaturation and impaired microbial 

function. Although certain microorganisms can adapt to such conditions, accelerating the 

bioleaching process necessitates the isolation of metal-tolerant fungal strains. Consequently, 

recent efforts have focused on bioprospecting for such fungi, employing 'omics' techniques to 

enhance process understanding and optimization.  
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1.3 Research aim and objectives. 

1.3.1 Aim 

The study aim was to provide a holistic molecular basis for understanding the bioleaching 

process by fungal isolate and the possibility of process improvement based on a concise 

understanding of transcriptional and functional genomics.   

1.3.2 Objectives 

• Profile fungal communities in various mine tailings collected from different depths 

using culture-independent method. 

• Isolate and evaluate fungal isolates for their bioleaching potential, focusing on metal 

tolerance, growth rate, and carbon source utilization, particularly for organic acid 

production. 

• Profile and identify targeted metabolites, particularly those associated with organic 

acids, based on carbon source utilization using LCMS. 

• Assess the efficiency of different bioleaching processes, such as one-step, two-step, and 

spent media bioleaching, using the selected fungal isolate. 

o Quantify bioleached metals using ICP-AES and measure produced organic 

acids using HPLC. 

o Investigate the transcriptome of the selected fungus, Trichoderma, during the 

bioleaching process to understand its functional behaviour at the molecular 

level. 

1.4 Thesis structure 

Chapter One:  

Introduction of the research and the significance of the study 

Chapter Two:   

This section discusses the use of filamentous fungi in bioleaching and focuses on the 

mechanisms involved, particularly the role of organic acids. The literature review delves into 

the optimization of conditions that promote high production of organic acids, metal tolerance 

as well as involved metabolic pathways.  

Chapter Three  

This chapter employed culture-independent techniques to profile the fungal communities in 

mine tailings and establish a connection between their presence and the physical and chemical 
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properties of the tailings as their habitat. The main goal of this analysis was to identify possible 

contenders for bioleaching. In addition, optimization of DNA isolation from metal rich samples 

was investigated.  

Chapter Four 

In this chapter, the fungal communities identified as dominant in Chapter 3 were isolated and 

assessed for their bioleaching abilities. The evaluation criteria included their growth rates, 

metal tolerance, carbon utilization, and production of organic acids. This was followed by 

metabolomic profiling of metabolites involved during the growth of four selected fungal 

isolates using glucose as a carbon source. 

Chapter Five 

In this chapter one fungal isolate, Trichoderma asperellum, selected from Chapter 4 was used 

for bioleaching experiments. The bioleaching experiments were conducted to compare the 

fungus’s ability to extract metals from tailings, which represent its natural habitat, and ore, 

which is different from its habitat. The bioleaching experiments were carried out using one-

step, two-step, and spent media and the resulting bioleached metals and organic acids were 

quantified using ICP-AES and HPLC, respectively. Furthermore, RNA was extracted from the 

fungi during the bioleaching process to study its transcriptome and better understand its 

function, related to organic acid production and metal tolerance during bioleaching.  

Chapter Six  

Overall conclusion and recommendation.
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2.1 Environmental impact of mining industry 

The mining industry plays a critical role in society's prosperity and development (Liapun & 

Motola, 2023). However, mining industry has been identified as a significant contributor to 

environmental pollution (Priester et al., 2019; Karaca et al., 2018; Johnson, 2013; Bian et al., 

2012; Acheampong et al., 2010; Dold, 2008). This is primarily due to the traditional methods 

of metal production, which include several steps ranging from excavation to waste disposal, 

which in the process destroys or disrupt ecosystem, emit greenhouse gasses, and pollutes soil 

and water bodies (Xu et al., 2019; Moyé et al., 2017; Phillips, 2016). Countries such as South 

Africa, for example, have been severely impacted by the continuous environmental pollution 

resulting from mining waste, which still occur many years after some mining processes have 

since concluded. This is because mining wastes are stockpiled in dumps referred to as tailings 

and overburden (spoils) material, which are heaps of waste stockpiled in open areas (Priester 

et al., 2019; Karaca et al., 2018).  

Tailings are a significant environmental problem due to their high metal content, which may 

have been overlooked in the past due to ore grade, lack of commercial interest, or outdated 

technology used at the time (Guo et al., 2022; Nkuna et al., 2022). Because tailings are typically 

stored in open areas, they are susceptible to natural and microbial leaching of metals, resulting 

in acid mine drainage (AMD) in the soil and water. Mixed sulfide minerals, such as pyrite and 

pyrrhotite often found in tailings, are responsible for acid generation and the solubilization of 

metals. Despite this, stockpiling of tailings remains the primary method of storage and disposal 

(Gan et al., 2022; Shengo, 2021). In addition to water and soil pollution, this stockpiling 

method also contaminate other areas due to wind-blown dust particles. The dust contains toxic 

metals, such as chromium (Cr), nickel (Ni), copper (Cu), cadmium (Cd), zinc (Zn), lead (Pb), 

cobalt (Co), arsenic (As), mercury (Hg), and tin (Sn), which can be disseminated over greater 

distances (Mileusnić et al., 2014). Therefore, the accumulation of tailings in urban areas is 

highly detrimental to human health, with some containing significant quantities of 

radionuclides (Kolo et al., 2017). 

Various strategies have been employed to mitigate the environmental impact of mine tailings, 

such as covering sulfidic tailings with non-sulfidic topsoil to prevent water penetration 

(RoyChowdhury et al., 2015; Nason et al., 2013; Bell, 2001) and diverting surface and ground 

water from acid producing pyritic waste piles (Baniasadi et al., 2019; RoyChowdhury et al., 

2015). Growing plants on tailings to prevent erosion and dust dispersion has been employed as 
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well (Gil-Loaiza et al., 2016; Bell, 2001). However, despite these efforts, environmental issues 

related to tailings remain unresolved. One solution being considered is to view tailings as a 

source of metals, particularly as high-grade ores become depleted and demand for metals 

increases (Guo et al., 2022; Xu et al., 2019). Compared to other low-grade ores, re-extracting 

metals from tailings is less costly since the minerals are already finely ground and exposed on 

the surface (Andrews et al., 2013). However, conventional extraction methods may cause 

additional environmental pollution (Kržanović et al., 2019; Watling, 2014), highlighting the 

need for environmentally friendly alternatives such as bioleaching. Tailings contain multiple 

metals, making it challenging to extract them all at once using conventional methods 

(Kržanović et al., 2019; Watling, 2014; Johnson, 2013). Bioleaching is an attractive option due 

to its cost-effectiveness and ability to extract several metals simultaneously. 

Bioleaching is a biotechnological process that utilizes microbial communities to extract metals 

from ores or low-grade ores. Microbial communities involved include chemolithotrophic 

prokaryotes such as Acidithiobacillus ferrooxidans, Acidithiobacillus ferrivorans, 

Acidithiobacillus caldus, Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans as 

well as heterotrophic eukaryotes such as Aspergillus niger and Penicillium (Qu et al., 2022; 

Keshavarz et al., 2021; Castro et al., 2020; Clark et al., 2019; Borja et al., 2016; Martínez et 

al., 2012; Valdés et al., 2008). Although the commercialization of bioleaching processes has 

increased in the past two decades, most commercial processes still use chemolithotroph 

prokaryotes such as Acidithiobacillus ferrooxidans (Yin et al, 2018; Bosecker, 1997). Despite 

increasing research into the bioleaching ability of heterotroph eukaryotes, their commercial use 

it still limited.  

2.2 Bioleaching by filamentous fungi 

In general, bioleaching mechanisms can be classified as direct or indirect, where direct 

bioleaching involves the use of enzymes to breakdown mineral solid structure, while indirect 

bioleaching does not (Cho et al., 2023; Yang et al., 2019; Richter et al., 2018). However, 

indirect bioleaching involves the use of corrosive metabolic products like organic acids and 

ligands secreted by microorganisms (Nasab et al., 2020; Chaerun et al., 2017). In bacteria, both 

bioleaching mechanisms are used, while filamentous fungi use organic acids, amino acids, and 

other secreted metabolites to dissolve metals. Most of these acids are monocarboxylic acids 

like lactic acid and propionic acid; dicarboxylic acids like oxalic acid, malic acid, and fumaric 

acid; tricarboxylic acids like citric acid, and sugar acids like gluconic acids, all these acids play 
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an important role in bioleaching (Mendes et al., 2022; Karaffa et al., 2021; Brisson et al., 2020; 

Malekian et al., 2019; Faraji et al., 2018; Astuti et al., 2016). Fungi like Aspergillus, 

Penicillium, Trichoderma, Phanerochaete, Paecilomyces and Talaromyces have been reported 

to be effective in bioleaching processes that involves organic acids (Liu et al., 2022; Qu et al., 

2022; Brisson et al., 2020; Faraji et al., 2018; Farkas et al., 2021; Tansengco et al., 2018; Reed 

et al., 2016; Babu et al., 2014; Amiri et al., 2011; Ren et al., 2009). Aspergillus and Penicillium 

are the two common bioleaching fungi, with Aspergillus niger species representing the most 

studied species in the Aspergillus genus (Castro et al., 2020; Din et al., 2020; Keshavarz et al., 

2021; Muddanna & Baral, 2019a; Horeh et al., 2016). The use and optimization of the other 

listed fungal genera for bioleaching applications is still relatively limited as compared to 

Aspergillus and Penicillium genera. However, as the field of bioleaching continues to evolve, 

it is expected that new research may provide further insights into their capabilities or uncover 

additional species with bioleaching potential. 

2.2.1 Overview of carbon metabolic pathway in relation to bioleaching 

Aspergillus niger serves as a model-organisms for bioleaching-related processes and most of 

the information available in literature is derived from bioleaching experiment using this species 

(Farkas et al., 2021; Behera, 2020; Din et al., 2020; Zheng et al., 2019; Faraji et al., 2018; 

Odoni et al., 2017; Seh-Bardan et al., 2012; Ren et al., 2009; Santhiya & Ting, 2006; Kubicek 

et al., 1988; Barratt et al., 1965;). As mentioned, bioleaching by filamentous fungi is an indirect 

process where the fungus produces organic acids, which are responsible for bioleaching. 

Therefore, application of metabolomics on A. niger or any other fungi with bioleaching 

potential, is primarily focused on metabolic pathways of organic acid production, in this case, 

in the presence of metals. Organic acids are produced mainly from the breakdown of carbon 

sources and glucose and sucrose are the most reported carbon sources for bioleaching by fungi 

(Pathak et al., 2021a; Shah et al., 2020; Srichandan et al., 2019). An overview of the glucose 

metabolic pathways in A. niger that could indirectly contribute to bioleaching process is 

represented in Figure 2.1. The sucrose metabolic pathway differs from glucose metabolic 

pathway by just a few steps, where sucrose is initially hydrolysed to glucose and fructose after 

entering the cell (Gupta & Gupta, 2021). The produced glucose will then be metabolised as 

indicted in the Figure 2.1, while fructose will be phosphorylated to produce glycolytic 

intermediate that will be converted to pyruvate (Li et al., 2022; Fathollahzadeh et al., 2019). 

According to previous studies, organic acids such as citric acid and oxalic acid, have been 

reported as the best leaching agents for the recovery of metals from various sources (Arshadi 
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et al., 2022; Pathak, et al., 2021a; Liu et al., 2020). The production of these organic acids is 

not only observed in the presence of metals (or during bioleaching), but even during growth of 

fungi under normal conditions. Organic acids are produced as part of fungal normal metabolic 

process for reasons such as nutrient acquisition, energy production and biosynthesis of 

important precursors (Andrino et al., 2021; Wösten, 2019). Furthermore, organic acids can be 

used as defence mechanisms, where organic acids such as acetic and propionic acid are known 

to have antimicrobial properties, regulating pH as well as adaptation to different environments 

(Barnett et al., 2020; Chen et al., 2021; Schnürer & Magnusson, 2005). The two common 

organic acid are discussed below. 

 

Figure 2.1: Metabolic pathway glucose by of Aspergillus niger. Adapted from Yoshioka et al. 

(2020); Kirimura et al. (2019); Odoni et al. (2017) and Kobayashi et al. (2014). 

2.2.1.1 Citric acid  

Citric acid producing fungi such as the well-studied A. niger, contains the necessary enzymes 

required to convert carbon such as glucose and sucrose to citric acid through tricarboxylic acid 

(TCA) cycle (also known as Krebs cycle or citrate cycle) (Figure 2.1) (Gupta & Gupta, 2021; 

Kirimura et al., 2019). Citric acid production involves a number of enzymes and intermediates 

as reported by Gupta & Gupta (2021). Media containing high carbon sources, deficiency in 

manganese ions (Mn2+) as well as limited nitrogen source is known to strongly influence the 
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accumulation of citric acid (Gupta & Gupta, 2021; Behera, 2020; Dutta et al., 2019). Acidic 

pH also is a physiological condition that contribute to accumulation of citric acid (Behera, 

2020). A series of metabolic reactions are triggered when citric acid producing fungi are grown 

in a medium that contains high carbon source (sugar). These metabolic reactions lead to rapid 

formation of an essential intermediate called fructose-2,6-bisphosphate (through glycolysis) 

(Behera, 2020). This intermediate serves as an allosteric activator of the enzyme 

phosphofructokinase I (PFK I), an essential enzyme for citric acid regulation (Zuo et al., 2021). 

Additionally, high concentration of ammonium ions (NH4
+), which means a limited nitrogen 

source, in the medium also serves as an activator for the enzyme PFK I (Gupta & Gupta, 2021). 

On the other hand, high concentration of NH4
+ suppresses the biosynthesis of another important 

enzyme called α-ketoglutarate dehydrogenase (AGE) (Max et al., 2010). PFK I in citric acid 

controls the rate of glycolysis, which is an essential pathway that provide precursors for citric 

acid production (Figure 2.1), therefore if expressed, it means tricarboxylic pathway will 

proceed, leading to production of citric acid. The repression of α-ketoglutarate dehydrogenase 

on the other hand, diverts metabolic flux away from TCA, leading to increased production of 

citric acid (Max et al., 2010).   

Under metal-rich conditions, such as those found in bioleaching processes, the interaction 

between metals and fungi can also stimulate the production of citric acid. However, the extent 

of this stimulation varies among different fungi and the specific metals present. The production 

of citric acid in response to metals is believed to be a survival mechanism against the potential 

toxic effects of metals on the organism (Shivakumar et al., 2014). For example, a comparative 

study by Muddanna & Baral, (2019b) demonstrated that citric acid, generated through one-step 

bioleaching process of spent fluid catalytic cracking catalyst by A niger, acted as the dominant 

bioleaching agent. This citric acid demonstrated the ability to leach up to 50% of aluminium 

(Al), 32% of titanium (Ti), and 42% of vanadium (V) from the catalyst, implying that its 

production may have been influenced by the presence of Al, Ti and V.  However, this is not 

always the case, the presence of metals such as manganese (Mn) has the potential to inhibit the 

production of citric acid in A niger. This was reported by Santhiya & Ting, (2006) and also 

observed in a study by Alavi et al. (2021) where the presence of Mn in battery powder inhibited 

citric acid production. As mentioned above, for maximum production of citric acid, the media 

should be deficient in Mn2+. This is because deficiency in Mn2+ contribute to the increase in 

intracellular NH4
+ through breakdown of cellular proteins, high NH4

+ leads to activation of 

PFK 1 and repression of AGE (Gupta & Gupta, 2021). Therefore, if the media contains Mn2+, 
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the opposite will occur, and citric acid production will be inhibited. Consequently, in these 

studies, oxalic acid was reported as the main organic acid produced instead of citric acid. Thus, 

the main/dominant organic acid produced by a particular fungal species is also influenced by 

the environmental factors to which it is exposed.  

2.2.1.2 Oxalic acid  

Oxalic acid is another important extracellular organic acid reported for its bioleaching 

efficiency. Two main microbial metabolic pathways are available for the production of oxalic 

acid carried out by enzymes referred to as glyoxylate dehydrogenase (GDH) and oxaloacetate 

hydrolase (OAH: EC.3.7.1.1) (Kobayashi et al., 2014; Kubicek et al., 1988). The first enzyme, 

GDH, is responsible for hydrolysis of glyoxylic acid and the second enzyme (OAH) is 

responsible for hydrolysis oxaloacetate (Han et al., 2007; Kobayashi et al., 2014; Kubicek et 

al., 2011). For fungal organisms with bioleaching potential, pathway by OAH is common, 

while the other pathway is mainly reported in non-bioleaching organisms (Naseri et al., 2022; 

Munir et al., 2001). The activity of OAH lead to the production of oxalate ions (important for 

metal solubilization) and acetate. According to Yoshioka et al. (2020), in A niger, oxalic acid 

is produced only by the metabolic pathway that involves the hydrolysis of oxaloacetate. 

Another important enzyme in the production of oxalic acid is pyruvate carboxylate, which is 

responsible for the production of oxaloacetate directly from pyruvate, that is, without the 

reaction of TCA cycle (Kubicek et al., 1988). This cytoplasmic enzyme was reported in A niger 

(Kubicek et al., 1988). As seen from Figure 2.1, some of the pyruvate molecules from glucose 

enter the TCA cycle for citric acid production while other pyruvate molecules are converted to 

oxaloacetate by pyruvate carboxylase.  

When it comes to the leaching of Ni, V and molybdenum (Mo), oxalic acid has been reported 

to be the best leaching agent (Muddanna & Baral, 2019b; Santhiya & Ting, 2005). Just like 

citric acid, the overproduction of oxalic acid can be a consequence of the presence of nickel 

ions that activates oxalic acid biosynthesis pathway such as the expression of oahA gene, a 

segment of DNA that instructs the production of the enzyme OAH. A study by Santhiya & 

Ting (2005) reported that Ni and Mo may have contributed the highest oxalate production when 

A. niger was used to bioleach metals found in spent refinery catalyst. Higher oxalate production 

is linked to high oxalic acid production, since the enzymatic conversion of oxaloacetate by 

OAH yield oxalate, which is then hydrolysed to oxalic acid.  
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2.3 Mechanisms of bioleaching by secreted organic acids  

Organic acids dissolve metals during bioleaching through a process known as ligand-assisted 

dissolution (Li et al., 2021a). This process involves the formation of complexes between 

organic acids and metal ions, enhancing their solubility in solution (Li et al., 2021a). Ligand-

assisted dissolution can be further explained by acidolysis, complexation and redoxolysis 

mechanisms as described below (Figure 2.2). Also, it is important to note that active 

mechanism in bioleaching by different fungal species is determined by the matrix of the 

targeted mineral. All the different mechanisms, that is, acidolysis, complexolysis, and 

redoxolysis are effective in solubilizing metals during bioleaching (Dusengemungu et al., 

2021; Priyadarshini et al., 2021). Acidolysis is effective for the solubilization of metal ions in 

sulfide minerals, whereas complexolysis is effective for metals that do not react to acids 

(Srichandan et al., 2019). Redoxolysis on the other hand is effective for the solubilization of 

metal ions that can be oxidised or reduced by microorganisms (Srichandan et al., 2019). 

 

Figure 2.2: Overview of bioleaching mechanisms through acidolysis, complexolysis and 

redoxolysis. Adapted from Li et al. (2021b) and Tezyapar Kara et al. (2023). 
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2.3.1 Acidolysis 

Acidolysis is an indirect mechanism by which organic acids assist in the dissolution of metal 

from minerals during bioleaching (Dusengemungu et al., 2021). In this process, the organic 

acid, first attaches to the mineral surface through hydrogen bonding and then triggers the 

protonation of the metal oxide surface (Pathak, et al., 2021a). Protonation occurs when the 

adsorbed organic acid supplies protons (H+) to the oxygen on the mineral surface (Ocampo-

López et al., 2022). The protective layer of oxides or hydroxides is then removed due to the 

combination of protonated oxygen with water (equation 2.1). This reaction occurs at low pH 

which is reached due to the presence of organic acids (Dusengemungu et al., 2021). Sources 

of protons such as microbially produced organic acids and proton – translocation ATPase 

located in the plasma membrane, are known to lower the availability of anions to cations in 

metal compounds (Ilyas et al., 2014). This leads to the solubilization of metals ions. 

𝑀𝑂 + 2𝐻+ ↔ 𝑀2+ + 𝐻2𝑂       (2.1) 

Where MO is metal oxide such as CaCO3 (Calcium carbonate) or NiO (Nickel oxide) 

2.3.2 Complexolysis 

The complexolysis process is a complementary mechanism to acidolysis where it is involved 

in stabilizing the metal ions created during acidolysis (Dusengemungu et al., 2021). According 

to Brandl & Faramarzi (2006), this procedure entails organic compounds acting as chelators 

and forming complexes (ligand-induced metal solubilization) with the metal ions released 

during acidolysis. Metal-organic acid complexes form through chelation between the carboxyl 

and hydroxyl functional groups of the organic acid and the metal ions (Naseri et al., 2022). The 

solubilization of metal ions depends on the ability of a molecule to complex with metal ions 

(Pathak, et al., 2021a). Metals will be effectively leached out of the solid particles if the bonds 

between metal ions and the complexing molecule, ligands, are stronger than the lattice bonds 

between metal ions and solid particles (Ilyas et al., 2014). These metal complexes have higher 

solubility than the original mineral. The stability of these metal complexes helps to minimise 

the toxic effect of metal ions on fungi (Li et al., 2021a; Srichandan et al., 2019). The solubilized 

complexes in the solution can support the microbial community's metabolism and can be 

harvested for industrial purposes. Complexolysis is slower than acidolysis, and equation 2.2 

below provides an example of the complexolysis reaction involving citric acid as the chelating 

agent (Pathak, et al., 2021a). 
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𝑀2+ + 𝐶6𝐻8𝑂7 ↔ 𝑀(𝐶6𝐻8𝑂7)− + 3𝐻+        (2.2) 

2.3.3 Redoxolysis 

Redoxolysis is a process by which microorganisms use electrons to solubilize metal ions from 

solid substrates (minerals) during bioleaching (Liapun & Motola, 2023). The attachment of 

microorganism to the sulfide mineral is the first step in redoxolysis (Vardanyan et al., 2022). 

This attachment is made possible by microbially produced extracellular polymeric substances 

(EPS), which have glue like characteristics and allows the cell to attach to the mineral surface 

(Sethurajan & Gaydardzhiev, 2021; Vardanyan et al., 2022). Once attachment stage is 

completed, organic acids are produced and secreted into the environment. The organic acid 

form metal-organic acids complexes on the surface of the mineral which facilitate metal 

solubilization (Dusengemungu et al., 2021). 

2.4 Steps in indirect fungal bioleaching  

Since bioleaching by fungi primarily relies on organic acids, it allows for three possible ways 

in which bioleaching can be carried out (Figure 2.3). The first method referred to as one-step 

involves mixing the media, fresh fungi, and the metal-containing sample together at the 

beginning of the experiment. This differs from the second method, where in two-step, fresh 

fungus is inoculated to the media and allowed to grow and produce organic acid. The 

production of organic acids ultimately leads to decrease in pH and when a specific pH is 

reached, the metal containing samples are added (Yang et al., 2008). Lastly, in spent media the 

inoculated fungus is allowed to completely use the carbon source and nutrients in the media to 

produce organic acids and other by products which will be used to leach metal containing 

samples (Pathak, et al., 2021a).  
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Figure 2.3:  A schematic diagram depicting different fungal bioleaching steps: one-step, two-

steps and spent media bioleaching.  

Several studies comparing the above methods showed that the efficiency of each method is 

dependent on the type of fungi as well as metals to be leached. A comparative study by Netpae 

& Suckley (2020) also showed that the type of media used does contribute to the efficiency of 

each method. In this case, out of the three media compared, Richards’s broth through two-step 

bioleaching leached over 80% of Ni and Cd. Two-step bioleaching process has also been 

reported by Qu & Lian (2013), Amiri et al. (2010), and Yang et al. (2008) as the best leaching 

process using organisms Penicillium simplicissimum, Penicillium tricolor and A. niger 

respectively. This may be attributed to one of the advantages of two-step methods, where the 

organism is allowed to grow and produce organic acid without the disturbances that may come 

with the presence of metal-containing samples that may delay the lag phase or affect metabolic 

activities. Studies on the efficiency of one-step over two-step bioleaching are mostly on some 

of the metals compared and not all just like in two-steps. And the best example of this is from 

a study by Qayyum et al. (2019), where the solubilization of Pb, Cd and Zn were compared 

using one-step and two-step. Only the solubilization of Pb was highest in one-step, while the 

rest were highest in two-step. This may be attributed to the disadvantages that come with the 

process, where metal toxicity may affect the growth and activity of the microorganisms. Spent 

media bioleaching is also effective especially because microbial cells are not used. This allows 

for bioleaching of high pulp densities (that is, more metal-containing sample), at very acidic 
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pH without the risk of toxicity to cells as observed in one-step (Adetunji et al., 2023; Reed et 

al., 2016). Thus, a study by Alavi et al. (2021) found spent media to be the best when compared 

to the other two, though their investigation was based on co-culture of A. niger and A. 

tubingensis comparing different carbohydrate sources as well. Similar results were reported by 

Horeh et al. (2016). In studies where spent media was the least effective it could be due to no 

continuous organic acid production since microorganisms are removed (Fathollahzadeh et al., 

2019). One more proposed reason is likely because spent media may not contain organic acid 

only, but also other by-products that may affect the metal solubilization. However, this may 

still need to be confirmed through research.  

2.5 Challenges in fungal bioleaching 

As seen above, organic acids play an important role in fungal bioleaching. Any challenges that 

lead to a disruption in organic acid production may negatively impact the efficiency of the 

bioleaching process. The production of organic acids is influenced by various operational 

parameters, such as temperature, pH, carbon source and many more others (Saim & Darteh, 

2023). Furthermore, the characteristics of the ore or tailing must also be considered, especially 

in the case of tailings which may contain various chemicals from previous processing methods, 

such as flotations, which may pose toxic effects on the microorganisms. A brief explanation of 

some of the parameters and how their optimization contributes towards bioleaching efficiency 

is given below. 

2.5.1 General growth conditions 

Organic acids are extracellular metabolites that are part of the secondary metabolites produced 

during fungal growth (Din et al., 2020). Bioleaching fungi are referred to as acidophiles 

because they can grow at low pH, ranging from 4 to 6, and even at extreme pH of about 2 due 

to their resilient ability (Gao et al., 2021; Williams & Mayfield, 1971). The importance of pH 

in fungal growth can be explained in two stages. Once a mycelium comes to contact with the 

suitable substrate/media, the germination of conidiophores occurs. This germination usually 

occurs at pH above 5, and to facilitate this stage, most fungal general growth media, such as 

potato dextrose, are prepared at pH of 5-6. If pH fluctuations are observed at this stage, the 

result may be detrimental (Pathak et al., 2021b). After germination, the fungi start to produce 

organic acids and other compounds such as ammonium, which causes a decrease in pH in the 

media (Pathak et al., 2021b). Thus, in the laboratory, the simplest method of screening for 

organic acid production involves a colour change test during fungal growth using indicators 
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such as bromophenol blue/green (Din et al., 2020). During bioleaching, a low pH is necessary 

to keep dissolved metal ions in solution after solubilization (Islam, 2008). Some organisms can 

produce various organic acids, such as citric acid, oxalic acids, and gluconic acids. However, 

the proportions of these acids may differ among different organisms, depending on the pH of 

the growth media and other environmental parameters (Mendes et al., 2022; Keshavarz et al., 

2021; Din et al., 2020b; Nasab et al., 2020; Seh-Bardan et al., 2012). The production of citric 

acid is reported to be favoured when the media pH reaches 3, whereas for gluconic acid and 

oxalic acid it is preferable to have a pH between 4 - 6 and above 6 respectively (Pathak, et al., 

2021a). It should be noted that organic acid production arises from the activities or expression 

of different enzymes. For example, oxaloacetate hydrolase, a cytoplasmic enzyme, produces 

oxalic acid and its reported optimal expression pH is within the range of 4.5-6.5 (Kristiansen 

et al., 2002). Similarly, the enzyme glucose oxidase catalyzes the production of gluconic acids, 

and its reported optimal expression is above a pH of 6 (Kubicek et al., 1988). When the pH 

values are no longer within the optimal range, their activity is inhibited. As suggested by 

Kristiansen et al. (2002) the activities of both glucose oxidase and glucose oxidase are inhibited 

at pH 3.  

2.5.2 Carbon source utilisation  

Carbon sources are essential for fungi involved in bioleaching because the production of 

organic acids is directly dependent on their presence. Moreover, these carbon sources provide 

nutrients and energy sources to the organisms. Glucose and sucrose are two important carbon 

sources often used in bioleaching and comparative bioleaching studies have shown that either 

glucose or sucrose as a carbon source can result in an efficient bioleaching process (Naseri et 

al., 2022; Arshadi et al., 2020; Qayyum et al., 2019). For example, Qayyum et al. (2019) 

compared the efficiency of bioleaching by Aspergillus flavus when glucose or sucrose were 

used. Their results showed that sucrose resulted in more efficient bioleaching as compared to 

glucose. Malic acid was the main organic acid produced by A. flavus, and according to Qayyum 

et al. (2019), glucose as a carbon source limits the secretion of malic acid. However, if a 

different fungal species is used, the opposite is true. For instance, a study by Keshavarz et al. 

(2021) reported glucose to have more efficient bioleaching than sucrose. In this case, the main 

organic acid produced by A. niger was citric acid. The same study also reported on the order 

of organic acid production when the two carbon sources were used. For sucrose-containing 

media, the order is as follows: "citric > gluconic > malic > oxalic acids." For glucose-containing 

media, the order is as follows: "citric > gluconic > oxalic > malic acids." This demonstrates 
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why sucrose was the best carbon source for bioleaching by A. flavus and why glucose was the 

best carbon source for A. niger. This also goes on to show that the diversity of fungi can even 

be observed within the same genera. Thus, the importance or need for optimization studies on 

fungal organisms with bioleaching potential.  

2.5.3 Metal toxicity  

The process of bioleaching is considered extreme to the microbial community involved due to 

the presence of metals which results in metal toxicity that negatively impacts the efficiency of 

bioleaching by fungi on a cellular, biochemical and molecular levels (Priyadarshini et al., 

2021). Although filamentous fungi are known for their resilience and tolerance to various 

environmental stressors, the bioleaching process could still limit their activity. As metals are 

extracted from ore/tailings/electronic waste (e-waste) during bioleaching, their concentration 

in the leached solution rises. For instance, in a study by Zhang et al. (2023) biomass of A. niger 

showed no difference when grown in Pb of up to 500 mg/l, however as concentration was 

increased a decrease in biomass was observed. When the same organism was grown in the 

presence of copper, an increase from 0-50 mg/l inhibited cell growth. The death of a cell comes 

through a number of ways, but the production reactive oxygen species (ROS) is the prime 

reason for heavy metal induced cell death. In fungi, metals like Cu, iron (Fe), and Cd are known 

to trigger a defence mechanism that results in the production of an excessive amount of reactive 

oxygen species (ROS). Superoxide (O2
-), hydrogen peroxides (H2O2) and hydroxyl radicals 

(OH-) are examples of ROS (Wang & Jiao, 2000). Although these ROS are produced in fungi 

as part of normal cellular metabolism, the presence of metals creates stressful conditions and 

ROS production increases excessively. Cell death due to increased production of ROS results 

from ROS damaging fungal cell structures (through lipid peroxidation) and altering 

metabolism (Shahid et al., 2014). Furthermore, excessive accumulation of metals in fungal 

cells damages nucleic acid and proteins, preventing cell division (Priyadarshini et al., 2021). 

On a biochemical or metabolic level, in which bioleaching depends, enzymatic activities are 

inhibited. According to Burgstaller & Schinner (1993), high metal concentrations in bioleached 

solutions have been shown to inhibit the active sites of enzymes. Another method in which 

metal toxicity impacts enzymatic activity of fungi during bioleaching is through essential 

metals displacement (Burgstaller & Schinner, 1993). It is important to consider that the exact 

effects and degree of influence on growth and activity are determined by factors such as the 

type of metal, concentration as well as exposure time (Lobos et al., 2021; Aung & Ting, 2005). 

Fungi have developed a variety of efficient resistance detoxification mechanisms for them to 
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survive such extreme conditions. This includes detoxification mechanisms induced by 

environmental conditions, such as metallothionein production and generation of antioxidant 

enzymes, as well as those induced genetically through mutation (Lobos et al., 2021; 

Bazzicalupo et al., 2020; Azevedo et al., 2007) some which will be discussed in the next 

section. 

2.6 Optimization of fungal bioleaching: adaptation studies  

Metal toxicity can significantly inhibit fungal growth and activity, consequently disrupting 

bioleaching efficiency. Understanding the extent of this damage is crucial for identifying and 

utilizing metal-resistant/tolerant fungal isolates, which are essential for optimizing bioleaching 

processes. One way of archiving this is by isolating potential bioleaching fungi from extreme 

environments characterized by high metal content such as tailing, acid mine drainage or even 

polluted soils (Din et al., 2020; Cecchi et al., 2019; Chiacchiarini et al., 2010). Even though 

the organisms are obtained from extreme environment, their metal tolerance still need to be 

verified and further subjected to a series of metal adaptation (pre-exposure to metals) where 

the organisms are grown in an increasing concentration of metal of interest to obtain the highest 

tolerance. For instance, it was determined by Yang et al. (2009) that Al and Fe significantly 

inhibited the growth of two un-adapted A. niger strains (AS 3.879 and AS 3.40). However, 

after six months of a series of metal exposure, the two strains could tolerate up to 3500 mg/l 

Al and 700 mg/l Fe. Another study by Amiri et al. (2011), highlighted another important feature 

of bioleaching. They used Pnenicillium simplicissimum (P. simplicissimum) which was able to 

tolerate up to 8000 mg/l, 1500 mg/l, 3000 mg/l and 8000 mg/l of Mo, Ni, Fe, and tungsten (W) 

respectively when the metals were tested separately. However, when the metals were 

combined, to test for multi metal tolerance, P. simplicissimum could tolerate up to 200 mg/l, 

300 mg/l, 150 mg/l, and 2500 mg/l of Mo, Ni, Fe and W respectively. This highlights another 

important feature with regards to metal toxicity which according to Anahid et al. (2011) and 

Le et al. (2006) multi-metals impose a greater toxicity than single metals to fungal growth. 

Low grade ore such as tailings are known for their polymetallic characteristics and one of the 

advantages of bioleaching is its ability to leach more than one metal. Thus, multi metal 

tolerance adaptation studies are very crucial. Once adaptation to metals has been induced, it 

means that the organism has developed/enhanced metal toxicity survival mechanisms. These 

mechanisms can be obtained through intrinsic properties, where processes such as metal ion 

flux, metal sequestration and compartmentalisation take place or through modification of 

toxicity where metal chelation and detoxification take place (Siddiquee et al., 2015; Zouboulis 
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et al., 2004). As metal triggers excessive production of ROS, fungi also developed a 

mechanism that protects the cell against ROS activity by producing metallothionein (MTs) 

(Priyadarshini et al., 2021). These are cysteine rich proteins produced as a defence mechanism 

against metal ions (Gardea-Torresdey et al., 1998). MTs have high affinity for metal ions, thus 

they play a role in metal ions detoxification and sequestration. They prevent cellular related 

damage by binding to metal ions and preventing the interaction with cellular components 

(Chiaverini & De Ley, 2010; Cai et al., 2005). Therefore, if the metal ions are sequestered, the 

cell will not produce excessive ROS. In addition to the storage of metal ions, MTs ensures that 

these metal ions, which some of them are essential, are available for cellular function (Maret, 

2011, 2021). Further defence mechanisms against metal induced ROS cause fungi to possess 

efficient antioxidant system along with enzymes responsible for scavenging ROS (Tang et al., 

2021). Antioxidant function by neutralising ROS and an example is Glutathione (GSH) System 

(Pradedova et al., 2011).  

To determine if the organism has developed or enhanced its survival to metal toxicity, tolerance 

index (TI) is used, which describes the growth rate in the presence of metals as compared to 

the control growth rate in the absence of metals. The growth is measured after a number of 

days (5-21 day) and then used to calculate the tolerance index, which is normally interpreted 

by saying organisms with a tolerance index of or above 1 are tolerant, while below 1 means 

susceptible to the metal tested (Priyadarshini et al., 2021; Anahid et al., 2011; Valix et al., 

2001). Overall, studies from Naseri et al. (2023), Shah et al. (2020), and Bahaloo-Horeh et al. 

(2018), have shown the benefit of this adaptation process where pre-adapted A. niger, P. 

citrinum and P. simplicissium enhanced bioleaching efficiency. According to Priyadarshini et 

al. (2021) using tolerance index as a measure for tolerance may provide limited information 

since fungal growth rate is measured based on the extension of hyphal over incubation period. 

And suggested that quantification of biomass should be used along with tolerance index, which 

provides more information about the density of mycelia rather than just measuring the 

extension of mycelia. However, the tolerance index method is still popular especially for 

studies involving the screening for fungal isolates for metal tolerance (Lobos et al., 2021; 

Anahid et al., 2011; Valix & Loon, 2003; Valix et al., 2001; Le et al., 2006). One drawback of 

adaptation is that the process can be time consuming, especially when it comes to fungi whom 

their growth peak is normally reached after a number of days ranging from 5 -21 days.  
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2.7 Metal tolerance mechanism in fungi 

In the previous sections, it is explained that metal ions are detoxified or sequestered or chelated 

through binding etc. However, what was left out is what really happens to the metal ions during 

those highlighted processes and this section will elaborate while focusing only on three 

important mechanisms. The first one is metal chelation where organic acid are involved 

because there is a link between metal tolerance and organic acid production. As much as 

organic acids are the main leaching agents for bioleaching, their production is also a defence 

mechanism against the presence of metals (Šebesta et al., 2022). Thus, the reason why the 

presence of metals as described in section 2.2.1 induce the production of organic acids. Organic 

acids such as citric, oxalic, gluconic, and malic acids are effective metal chelators that 

efficiently bind to metals. This metal chelation ability that eventually result in metal dissolution 

is described in section 2.3 through acidolysis, complexolysis and redoxolysis. When it comes 

to metal ion detoxification or chelation, molecules such as metallothioneins, peroxidases as 

well as homogeneous and heterogeneous proteins are produced in addition to organic acids 

(Šebesta et al., 2022; Geetha et al., 2021; Cánovas et al., 2004). They function by forming 

nontoxic complex of metals that are sequestered into different cellular organelles. The second 

and third mechanisms occur after metal dissolution by the action of organic acid has occurred. 

They require metal ions that are already in a soluble state and are described below. 

• Biosorption 

Once metals are dissolved, the fungal biomass adsorbs the metal ions in the leaching solution 

through a mechanism called biosorption. Which simply imply the biosorption of metal ions to 

the surface of fungal cells or biomass to minimise their damage to the cell and cellular 

activities. This process is made possible through van der Waal forces, covalent bonding, 

electrostatic interaction, or a combination (Ahalya et al., 2003; Priyadarshini et al., 2021). This 

take place on microbial surface, which is characterized by a net negative charge arising from 

the presence of molecules such as proteins and polysaccharides which have different functional 

groups that allows this interaction (Geetha et al., 2021; Gadd, 2009). For example, if 

polysaccharides contain the hydroxyl (-OH) functional group, it can form hydrogen bonds with 

metal ions and if contain carboxyl group (-COOH), can ionise and generate negatively charged 

carboxylate ions that can form coordination bonds with metal ions (Samaddar et al., 2019). If 

we look at the characteristics of fungal cell walls, especially those with metal tolerance, it is 

made up of over 80% polysaccharides (Priyadarshini et al., 2021; Latha et al., 2012). Thus, the 

reason fungi such as Aspergillus and Penicillium are reported for their efficiency in biosorption 
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(Priyadarshini et al., 2021). Once metal ions are bound to the cell surfaces or extracellular 

matrix, they form complexes that are revisable and prevent metal ion uptake into the cytoplasm 

(Priyadarshini et al., 2021). Though this process is important for fungal survival and activity 

under high metal ion concentration, it can also be regarded as a drawback for bioleaching 

efficiency. Thus, according to Dusengemungu et al. (2021) additional leaching process of metal 

ions from biosorption system should be evaluated to increase bioleaching efficiency.  

• Bioaccumulation and compartmentalization 

This process normally occurs after mechanisms such as acidolysis, complexolysis and 

redoxolysis have solubilized metals into metals ions. This differs from biosorption because no 

active uptake and metabolism of adsorbed metal ion by the fungal cells (Priyadarshini et al., 

2021). While in bioaccumulation, metal ion uptake and their intracellular accumulation occurs 

(Dusengemungu et al., 2021), the uptake of metal ions involves an active transport system 

present in fungal cell membranes and energy is required for this process (Ahalya et al., 2003). 

Once transported into the cytoplasm, the metal ions precipitated in cellular compartments such 

as organelles or vacuoles (Priyadarshini et al., 2021). Metal ion bioaccumulation process was 

reported by Sedlakova-Kadukova et al. (2020), where a comparison of different bioleaching 

systems (bacteria, fungi, and yeast) for recovery of lithium (Li) was conducted. What was 

eminent was the difference between the bacterial bioleaching mechanisms as compared to fungi 

and yeast. Lithium (Li) accumulation was observed in fungi and yeast (A. niger and Rodotorula 

mucilaginosa), while no accumulation was observed in bacterial (Acidithiobacillus 

ferrooxidans and Acidithiobacillus thiooxidans) bioleaching. They concluded that bioleaching 

by A. niger and R. Mucilaginosa is a combination of two processes, metal solubilization which 

is followed by bioaccumulation of metal ions. They further added that additional processes 

such as thermal, chemical, or microbiological can be used to recover or extract Li from 

microbial biomass. Overall, the occurrence of both mechanisms within a single organism is 

possible. It was reported by Ezzouhri et al. (2010) that biosorption of Pb was followed by 

bioaccumulation of Pb as a way of resisting Pb toxicity by Penicillium.  

2.8 Functional mechanisms for bioleaching optimization 

Functional molecular methods employ techniques that confirm the production and activity of 

enzymes. Unlike metagenomic studies, such as targeted sequencing, which primarily focus on 

profiling the microbial community, functional studies aim to provide insights into the specific 

capabilities of the microbial community. While bioinformatics software packages like 
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PICRUSt exist to predict potential function from marker genes in metagenomes (Douglas et 

al., 2020), experimental testing is crucial to validate these predictions. Therefore, functional-

related studies are necessary to gain a deeper understanding of bioleaching at the functional 

level, ultimately this will have a positive effect towards bioleaching optimization. Thus far, it 

has been clearly elaborated that key component of bioleaching is organic acids, which their 

production may be affected by factors such as pH, metal toxicity, carbon sources and other 

parameters. Thus, in understanding transcriptome of fungi during bioleaching experiments, 

optimization should be done under a combination of parameter reported to increase bioleaching 

efficiency.  

• Identification and overexpression of key genes 

The importance of monitoring transcriptomes during organic acid production aids in 

identification of up-regulated genes. These genes can be cloned, identified, and characterized 

for function. The next step from here will be to overexpress these genes in a suitable organism. 

This has been accomplished in a study by Kobayashi et al. (2014). Oxaloacetate hydrolase gene 

(oahA), a single gene encoding oxaloacetate hydrolase (OAH; EC 3.7.1.1), was overexpressed 

in citric acid producing A. niger. They isolated, cloned, and inserted the oahA gene in a 

constructed plasmid. The plasmid was then used to transform a citric acid producing A. niger 

WU-2223L. The over expression of oxalic acid was successful because when the transformed 

organism was grown in glucose containing media under favorable growth conditions, 28.9 g/l 

oxalic acid was produced as compared to 15.6 g/l oxalic acid produced in a non-transformed 

citric producing A. niger.  

Another study applied the logic of growth morphology to influence citric acid production by 

A. niger. From literature there are various morphological characteristics observed in fungi, 

however, for submerged fermentation (such as lab scale bioleaching process), pellet 

morphology is common (Gibbs et al., 2000; Cui et al., 1998; Pirt, 1966). Fungal pellet 

morphology can be described as aggregation of fungal cells forming a compact spherical 

structure, which may limit mass transfer and oxygen penetration (Veiter et al., 2018; Hille et 

al., 2005). Zheng et al. (2022) disrupted and conditionally expressed protein kinase A (PKA), 

a signaling cascade that is involved in controlling cell division and growth in fungi, which is 

also responsible for carbon sensing (nutrient sensing). They did this by using a gene encoding 

the catalytic subunit of PKA called pkaC. When the pkaC gene was overexpressed an increase 

of intracellular and extracellular citric acid was observed, while most intracellular intermediate 
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of TCA decreased. Overall, an improvement of up to 1.87-fold citric acid titres was reached by 

modifying the hyphal growth at pellet surface to enable better mass transfer of nutrients, 

oxygen as well as secreted products.  

In an attempt to provide a better understanding of physiological response to metal using 

morphological, physico-chemical and transcriptomics analysis, Zhang et al. (2023) subjected 

A niger to Pb, Cd and Cu stress. They established that this organism could tolerate more Pb 

than Cu and Cd. They linked the tolerance to Pb to the significant upregulation of the gene 

encoding for cell wall α-1.3-glucan synthase, while under Cu and Cd the gene was not 

differentially expressed. The function of cell wall α-1.3-glucan synthase is to reinforce cell 

wall (through polysaccharide production) to provide mechanical strength and protection 

against metal stress (Zhang et al. 2023). On metabolic function, production of oxalic acid was 

not affected by up to 500 mg/l of Pb, but a reduction was observed when Pb concentration was 

increased to 1000 mg/l Pb. They also observed that the presence of Cu or Cd significantly led 

to a decline in oxalic acid. Furthermore, when they investigated the stress response level, genes 

encoding AAA family ATPase and efflux pump antibiotic resistance protein were not affected 

in Pb stress, but down regulated in Cu and Cd. Pump efflux proteins are responsible for removal 

of toxic metals, while ATPases are crucial for energy production, important for cellular 

activities (Zhang et al. 2023). Overall, Pb stress did not inhibit metal detoxification processes 

while Cu and Cd did. The application of transcriptomics in this study was able to identify 

important genes for metal tolerance in A. niger and showed how the same organism differ in 

terms of metal toxicity exposure. This information can be used to optimize bioleaching by this 

organism. It is clear that this organism will be efficient in bioleaching of Pb than Cu and Cd. 

2.9 Exploring metabolomics for insights into bioleaching processes 

Metabolomics is the study of metabolites that are present in biological systems as a result of 

metabolic activity. Applying metabolomics methods in bioleaching may provide a better 

knowledge through the detection of variety of small molecules generated either as a defence 

mechanism or connected to bioleaching effectiveness (Brisson et al., 2020). As mentioned in 

section 2.2.1, metabolic pathways of organic acid production depend on a number of factors 

which also differ based on variation observed within the same genera. Thus, identifying key 

organic acid production pathway in bioleaching fungi is important and such a study has been 

conducted by Deng et al. (2019). Their study characterized metabolites of P. chrysogenum 

during bioleaching of metals found in contaminated soil. Key metabolic pathways were 

observed. This includes the upregulation of glycolysis and the tricarboxylic acid as the main 
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catabolic pathways for glucose metabolism. At the end it was observed that the organic acids 

from TCA, mainly citric acid, was responsible for leaching of metals. However, when they 

analyzed metabolites related to Glutathione (GSH), they found that GSH was down regulated. 

GSH is responsible for removing ROS to ensure proper cell function. This makes sense, since 

up regulation of GSH in relation to its function and the reason that the cell is exposed to metals 

would mean GSH accumulation. However, this down regulation implies that biosynthesized 

GSH is consumed while combating the stress imposed by the presence of Pb ions (Xu et al., 

2014).   
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Chapter objective 

The purpose of this chapter was to profile the fungal communities found in tailing samples with 

the ultimate aim of understanding their bioleaching capability. However, obtaining pure 

genomic DNA from enriched tailings proved challenging due to the presence of metal ions, 

which are abundant in tailings. Therefore, in addition to profiling fungal communities and 

understanding their potential application in bioleaching, this chapter also reports on 

optimization strategy DNA isolation/extraction from samples rich in metal ions which can lead 

to DNA degradation and inhibition of downstream processes such as polymerase chain reaction 

(PCR). This chapter was published as indicated below (see Appendix A3.1). 

Publication  

Nkuna, R., Ijoma, G. N., & Matambo, T. S. (2022). Applying EDTA in Chelating Excess Metal 

Ions to Improve Downstream DNA Recovery from Mine Tailings for Long-Read Amplicon 

Sequencing of Acidophilic Fungi Communities. Journal of Fungi, 8(5), 419.  

Abstract  

The hostile environment of gold mine tailings contains unique microbial life capable of 

bioleaching. The metagenomic analysis of such an environment provides an in-depth 

understanding of the microbial life and its potential, especially in biomining operations. 

However, DNA recovery from samples collected in those environments is challenging due to 

the presence of metal ions that interfere with the DNA analysis. A varied concentration of 

EDTA (4–13 µg/µl) was used to chelate the metal ions of enriched tailing samples prior to 

DNA extraction. The results show that 9 µg/µl of EDTA was effective in most samples. 

However, the increasing concentration of EDTA negatively affected the DNA recovery. The 

sequencing of the successfully extracted DNA revealed a diverse range of fungal genera, some 

of which have not been previously reported in tailing or bioleaching applications. The dominant 

genera include Fodinomyces, Penicillium, Recurvomuces, Trichoderma, and 

Xenoacremonium; their traits were determined using the FungalTraits database. This study 

demonstrates the need to include a preliminary metal-chelating step using EDTA before DNA 

extractions for samples collected from metal-rich environments. It further showed the need for 

optimization but provided a benchmark range, particularly for tailings. However, we caution 

that a further EDTA removal step from the extracted DNA should be included to avoid its 

interferences in downstream applications. 
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3.1 Introduction  

Mine tailings sites frequently contain distinct and phylogenetically diverse microbial 

communities that can be exploited for their specific metal-extraction capabilities (bioleaching) 

(Vázquez-Campos et al., 2014). Despite the presence of both chemolithotrophic prokaryotes 

and heterotroph eukaryotes in these environments, the research is focused more on the 

chemolithotrophic members of the community in comparison to the eukaryotic members 

(Liang et al., 2020; Jia et al., 2018). However, in recent years, the characteristics of the 

eukaryotic members, particularly their acid-tolerance, have piqued the interest of scholars and 

scientists in studying and applying them in bioleaching processes (Huerta-Rosas et al., 2020). 

Depending on the research question, bioleaching research employs either a culture-dependent 

method or a culture-independent method or a combination of the two (Selbmann et al., 2021). 

However, profiling such microbial communities relies on metagenomics approaches as they 

have been shown to be very useful in rapidly elucidating large sample areas. Metagenomic 

DNA isolated from tailing environments is a potential genetic resource from which the 

uncultured microbial species’ phylogenetic affiliation can be determined, and their genetic 

potential can be explored by identifying novel genes with potential applications in bioleaching 

processes (Desai & Madamwar, 2007: Zhang et al., 2016). Metagenomic approaches are 

crucial for unravelling the complexities of these communities, especially for unculturable 

microorganisms. Recent studies in similar environments showcase the power of these tools. 

For instance, Dusengemungu et al. (2024) successfully employed the DADA2 ITS pipeline 

workflow for analysing fungal diversity in metal-rich mine tailings, demonstrating its 

effectiveness for such samples. 

The foundation of various biological applications in microbial profiling depends on accurate 

and reliable DNA analysis. Separating pure DNA from cell matrix or biological samples has 

proven to be extremely complicated and challenging in a complex environment (Liu et al., 

2019). Tailings are one of the most challenging environmental samples to recover pure DNA 

from (Desai & Madamwar, 2007). They have high concentrations of heavy metals, which are 

impurities in the form of metal ions that have an impact on downstream DNA applications 

(Bernardino et al., 2019; Colin et al., 2019). According to published research, these metal ions 
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can interfere with the DNA analysis at various stages, from extraction to polymerase chain 

reaction (PCR) (Kuffel et al., 2021; Moreno & McCord, 2017; Desai & Madamwar, 2007). 

Metal ions cause interferences during DNA analysis; they act as cofactors required to increase 

the activity of various enzymes/nucleases such as Deoxyribonuclease (DNase) (Guéroult et al., 

2010). DNase is an endonuclease that hydrolyses double-stranded DNA, and divalent metal 

ions such as magnesium (Mg2+) and calcium (Ca2+) increase its activity (Schrader et al., 2012; 

Guéroult et al., 2010; Dominguez & Ward, 2009; Melgar & Goldthwait, 1968). Although DNA 

is packaged in a nucleus and protected from nucleases, it is exposed to nucleases during DNA 

extraction (El-Ashram et al., 2016). Metal ions in extracted DNA can also prevent successful 

PCR (Kuffel et al., 2021); Ca2+, for instance, is an inorganic substance known to have 

inhibitory effects on PCR (Schrader et al., 2012). 

Commercial extraction kits/protocols are designed to extract DNA in its purest form, removing 

most impurities derived from the biological sample content or cell matrix (Heikrujam et al., 

2020). To address metal ion removal or stability during extraction, lysis buffer contains 

chelating agents that are capable of stabilizing metal ions such as iron, magnesium, manganese, 

cobalt, zinc, lead, copper, calcium, etc. (Kuffel et al., 2021; Bonsu et al., 2020; Feng & van 

Deventer, 2010). Chelating agents include ethylene diamine tetraacetic acid (EDTA) and 

ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) (Kuffel et al., 

2021; Heikrujam et al., 2020). EDTA and EGTA have similar properties and can both chelate 

similar metals, such as Mg2+, Cu2+, Fe2+, Mn2+, Ni2+, and Zn2+ ions (Lopata et al., 2019). 

However, the affinity of EDTA and EGTA for magnesium varies, with EDTA having a high 

affinity and EGTA having a low affinity (Portzehl et al., 1964). EDTA chelates metal ions at a 

1:1 ratio regardless of cation charge and forms stable chelating complexes with cations 

(Zaitoun & Lin, 1997). 

The metal content of environmental samples and the success of DNA extraction protocols differ 

depending on the sample’s chemical composition. According to Kuffel et al. (2021), the impact 

of metal ion interference on the recovery of DNA is determined by the concentration of the 

various metals involved. As a result, the challenges of successful DNA extraction or PCR are 

expected with tailing samples with their associated high concentration of metal ions. 

Nearly all of the previous investigations relating to metal interference in DNA extraction can 

only be found in forensic science, with studies conducted on methods of optimizing DNA 

extraction and PCR processes in relation to metal ion interferences on blood, bone, and other 
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samples collected from crime scenes (Kuffel et al., 2021; Moreno & McCord, 2017; 

Khosravinia & Ramesha, 2007). Their findings thus far suggest the pre-treatment of samples 

containing significantly higher concentrations of metal ions with chelating agents such as 

EDTA, EGTA, and CHELEX (a chelating agent manufactured by Bio-Rad laboratories) before 

extraction (Hall & Axelrod, 1977). This pre-treatment is an accepted protocol addition despite 

the included presence of chelating agents in all DNA extraction buffers found in commercial 

kits (Fortin et al., 2007). However, it appears that the studies carried out investigating this 

likely interference for environmental samples, especially tailings, are few to non-existent. 

EDTA was chosen as the chelating agent in this study because it has a higher affinity for 

chelating Mg2+ ions (cofactor for DNase) compared to EGTA and does not interfere with most 

chemicals used in standard buffers. Moreover, previous studies demonstrated that the chelating 

ability of EDTA is effective between 4–13 µg/µl (Khosravinia & Ramesha, 2007). Beyond this 

concentration, EDTA may affect DNA recovery negatively. In this study, EDTA (4–13 µg/µl) 

was used as a metal ion chelating agent in tailing samples to optimize DNA recovery and PCR, 

with the goal of profiling the potential bioleaching fungal communities present in the tailing 

samples. 

In this study, DNA isolation from metal-rich tailing samples was optimized using EDTA, a 

cheating agent, with the objective of profiling and identifying fungal genera in mine tailing 

samples with bioleaching potential.  Subsequently, the FungiTraits database was employed to 

assign ecological and functional information to the dominant fungal taxa. This knowledge will 

be instrumental in guiding future studies aimed at isolating fungal communities with 

bioleaching potential. 

3.2 Methodology  

3.2.1 Site description and soil sampling 

Gold mine tailing samples were collected at three different tailing storage sites in Krugersdorp, 

Gauteng province, South Africa (mixed tailing and tailing A -26°07'58.9"S 27°42'42.2"E, 

tailing B - 26°07'42.2"S 27°41'44.6"E, and tailing C - 26°08'28.6"S 27°43'02.8"E). A diagonal 

sampling method was used (Tang et al., 2021), and the samples were collected at various 

depths: depth 1: 0-15 cm, depth 2: 15-30 cm, and depth 3: 30-45 cm, while mixed tailings 

(mixed tailings before re-processing) were collected on the surface. Each depth’s samples were 

combined (for instance, all 0-15 cm depth samples were combined to form one sample per 

sampling site), and from each tailing storage site, a total of three samples were obtained 
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resulting in a total of 12 samples (3 depths + 3 mixed tailings sample). All samples were 

collected using sterile zipper bags and transported to the university laboratory on ice, and upon 

arrival, the samples were stored at 4 °C until further analysis.  

 

Figure 3.1: map showing the three sampling sites were tailing samples were collected in 

Krugersdorp, Gauteng province, South Africa. 

3.2.2 Characterization of tailing samples 

The pH of the tailings was determined by dissolving 1 g of tailings in 10 ml of dH2O and 

allowing it to sit for an hour before taking pH measurements with an Eutech PH 1710 pH/mV 

bench meter (Inflitek). For heavy metal content analysis, 0.25 g samples were digested by 

mixing nitric acid (HNO3) and hydrochloric acid (HCL) at a ratio of 3:1 in a microwave digester 

(CEM Mars-6using Xpress plus vessels, MAD TECHNOLOGY (PTY) LTD, Johannesburg, 

South Africa), heated to 180 °C, and held there for 10 min. The samples were then diluted up 

to 50 ml in falcon tubes. The metals in the solution were initially scanned, followed by 

quantification using inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

(Shimadzu ICPE-9820, Gauteng, South Africa). 
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3.2.3 Microbial enrichment and DNA extraction  

Two different selective media (Table 3.1) were used to enrich the fungal communities found 

in the tailing samples. The purpose of enrichment was to target the acidophilic/acid-tolerant 

communities with bioleaching potential and to increase their population for DNA isolation. 

The two media were prepared as follows: 

Table 3.1. Media composition for enrichment of bioleaching microorganisms. 

Solution Name Composition 

General 

A Basic bioleaching 

media 

composition 

3.0 g/l (NH4)2SO4, 0.5 g/l MgSO4·7H2O, 0.5 g/l K2HPO4, 0.1 g/l 

KCl, and 1.5% Agar bacteriological 

B 44.2 g/l FeSO4·7H2O or 30 g/l sulfur 

 Compounds Different in Each Media pH References 

A 
Glucose yeast 

extract medium 

(GYEM) 

5 g/l glucose, 0.05 g/l yeast extract 3 

(Kishimoto & 

Tano, 1987) 

 

A 

Yeast sucrose 

media (YSM) 

100 g/l sucrose, 1.5g/l NaNO3, 1.6 g/l yeast 

extract 
3 

(Amiri et al., 

2011) 

 

 

• Solution A contains all the compounds listed in Table 3.1 (for each media) except iron 

(II) sulfate or sulfur, which were sterilized by autoclaving at 112 °C for 30 min. 

• Solution B contains either iron (II) sulfate (44.2 g/l in liquid media and 6 g/l on solid 

media, maintained at pH 2 to avoid oxidation) or sulfur (30 g/l in liquid media and 10 

g/l) (Hassanshahian & Ghoebani, 2018; Martínez et al., 2012). The solutions were 

sterilized by filtration using 0.2 µm sterile filters and added to solution A aseptically to 

prepare iron- or sulfur-containing media (Dong et al., 2013). 

For the initial enrichment, only solution A was prepared, in which 20 g of tailings was added 

to 250 ml of the two specific media in Duran Schott bottles. The contents of the tailings were 

used as an energy source. The samples were enriched for 12 days at 30 °C in a shaker incubator 

at 140 rpm (Labotec (PTY) LTD, Model 353, Gauteng, South Africa); this was referred to as 

S1. After 12 days, 20 ml was transferred to the fresh liquid media containing both solution A 

https://www.mdpi.com/2309-608X/8/5/419#table_body_display_jof-08-00419-t001
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and solution B (iron (II) sulfate heptahydrate served as the energy source) and incubated for a 

further 12 days; this was referred to as S2. 

3.2.4 Optimization of DNA extraction 

Several failed attempts at extracting DNA and running a successful PCR from the enriched 

tailing samples led to the assumption that metal ions may have been interfering with the DNA 

extraction process. To stabilize the metal ions in the samples, 10 ml of S1 and S2 samples was 

centrifuged at 14,000 rpm, and the supernatant was discarded. The pellet was resuspended with 

EDTA (4–13 µg/µl) and treated at room temperature for an hour on a rotating mixer at 60 rpm 

before extraction (Hall & Axelrod, 1977). The samples were further centrifuged to remove the 

EDTA and resuspended in 250 µl sterile dH2O. The samples with no EDTA treatment were 

centrifuged and only resuspended in sterile dH2O. DNA extractions were conducted using 

Zymo soil/faecal and BIOMICS DNA extraction kits (Zymo Research Corp, Irvine, 

California), according to the manufacturer’s instructions. The ratio of absorbance at 260 and 

280 nm was used to check the purity of the extracted DNA using a nanodrop (Mfg year 2016) 

and quantified using a QUBIT fluorometer (ThermoFisher, Edenvale, South Africa). To 

confirm the elimination of PCR inhibitors following EDTA treatment, the ITS region was 

amplified using ITS1 - 5′ CTTGGTCATTTAGAGGAAGTAA-3′ and ITS4 - 5′ 

CCTCCGCTTATTGATATGC-3′ primers (Adeleke et al., 2010). The ITS gene was amplified 

in a 25 µl reaction containing DNA template, 5 µM of each primer, and 12.5 µl of Biolabs 2X 

Master mix (New England Biolabs). The PCR amplification was performed as follows: initial 

denaturation at 95 °C for 30 s, 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C 

for 1 min, extension at 68 °C for 1 min, and a final extension at 68 °C for 5 min. One percent 

agarose gel electrophoresis was used to view the amplified gene. The DNA samples treated 

with EDTA that resulted in a successful PCR amplification were submitted to Inqaba 

Biotechnical Industries (Pty) Ltd., Pretoria, South Africa for long amplicons sequencing with 

PacBio sequel II. 

3.2.5 Bioinformatics and statistics  

A total of 1,375,847 demultiplexed reads were obtained across 46 samples, with an average of 

29,909 reads per sample. The DADA2 ITS pipeline workflow (Callahan et al., 2020) with 

technology specific for PacBio (Callahan et al., 2019) was used. The DADA2 R package 

v1.18.0 was installed on R studio. The sequences were quality filtered and denoised, and the 

chimeric sequences were removed (https://benjjneb.github.io/dada2/ITS_workflow.html). The 
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DADA2 default naïve Bayesian classifier (Wang et al., 2007) was used to assign taxonomy to 

the amplicon sequence variants based on the UNITE database (Kõljalg et al., 2013). The 

resulting OTU table with assigned taxonomy was exported to Excel for relative abundance 

plots at different levels. The alpha and beta diversities plots were generated using 

MicrobiomeAnalyst (a comprehensive statistical, visual, and meta-analysis of microbiome 

data) (Dhariwal et al., 2017). The FungalTraits database was used to determine the dominant 

fungal taxa’s ecological information and functional assignment (Tanunchai et al., 2022; Põlme 

et al., 2020). This database categorizes the functional assignment into various “traits”, such as 

primary and secondary lifestyles, endophytic interaction capacity, aquatic habitat, and many 

others. 

3.3 Results 

3.3.1 Tailing characterization  

Table 3.2 shows the pH measurements of the four different tailing samples, which ranged from 

3.9 to 1.8 in all four tailing sites. The pH range in tailings A and B is the lowest. Figure 3.2 

depicts the metal content analysis of the tailings at various depths using ICP-AES. The highest 

concentrations of iron and sulfur were observed in all the tailings, followed by aluminium in 

varying concentrations. The differences in the tailings revealed that tailings A and B had the 

highest concentrations of the three metals, with iron at 75.7 ppm and 87.3 ppm and sulfur at 

88.1 ppm and 73.2 ppm, respectively. Rubidium and calcium were observed to be highest in 

tailing A only at 46.3 and 65.8 ppm, respectively. Rubidium (except in tailing A depth 1), 

Calcium (except in tailing A depth 1), potassium, and sodium were found in lower 

concentrations.  

Table 3.2: pH measurements of the different tailing  

Level Mixed tailings Tailing A Tailing B Tailing C 

1-0-15 cm  3.27 ± 0.75 2.1 ± 0.017 3.0 ± 1.06 3.945 ± 0.02 

2-15-30 cm 3.305 ± 0.46 1.8 ± 0.04 2.8 ± 1.12 3.7 ± 0.04 

3-30-45 cm 3.25 ± 0.61 1.8 ± 0.005 2.8 ± 1.12 3.7 ± 0.01 

*The total number of tailing samples is 12 (3 per sampling site + 3 for mixed tailing samples. 

 ± - standard deviation 

https://www.mdpi.com/2309-608X/8/5/419#table_body_display_jof-08-00419-t002
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Figure 3.2: Heavy metal characterization of 4 different tailings at different levels. 1- 3 

sampling depth, T- tailing, A-C - different tailings and M - mixed tailing 

3.3.2 DNA optimization  

An EDTA concentration of 9 µg/µl was found to be effective for metal ion chelation in S1 

samples. This was confirmed by comparing the 260/280 ratio DNA concentration and the 

successful PCR amplification of the ITS1–ITS4 region in S1 samples from both enrichment 

media. The 260/280 ratio and the DNA concentration improved in the EDTA-treated samples 

(Table 3.3). The average ratio of the samples without EDTA treatment in GYEM and YSM 

was 1.68 and 1.18, respectively, and improved to 2.0 and 1.75, respectively, in the samples 

treated with EDTA. The DNA concentration increased from 1.31 ng/ml in GYEM and 0.35 

ng/ml in YSM in the control samples to 74.4 ng/ml and 30.7 ng/ml, respectively, in the EDTA-

treated samples. The PCR amplification of the ITS region was successful in all the EDTA-

treated DNA samples (Appendix 3.2). 

EDTA concentrations ranging from 9–13 µg/µl were used in the S2 samples. The average ratio 

of the samples without EDTA treatment in GYEM and YSM was 1.72 and 1.07, respectively, 

whereas the average ratio improvement in the samples treated with EDTA was 2.38 and 1.70, 

respectively. In GYEM, the average DNA concentration increased from 1.52 ng/ml in the 
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samples that were not treated with EDTA to 39.72 ng/ml in the samples that were treated with 

EDTA. In YSM S2, the samples without EDTA treatment yielded no DNA, whereas the 

samples with EDTA yielded 1.92 ng/ml on average. Amplification of the ITS region by PCR 

was mostly successful in the GYEM S2 samples treated with EDTA (Appendix A3.2). 

Table 3.3: Effectiveness of EDTA as chelating agent based on DNA purity, concentration, and 

successful sequencing of ITS region. 1- 3 sampling depth, T- tailing, A-C – different tailings 

and M – mixed tailing. 

Sample 

ID 

 A260/A280  Fluorometer (ng/ml) Reads count 

  Glucose yeast exract media 

S1 S2 S1 S2 S1 S2 

No 

EDTA 

EDTA No 

EDTA 

EDTA No 

EDTA 

EDTA No 

EDTA 

EDTA EDTA EDTA 

TM1 2.0 1.95 1.83 2.50 1.25 78.5 1.50 14.4 43557 25392 

TM2 1.55 2.00 2.0 2.33 1.18 1.09 2.00 2.08 45882 43225 

TM3 1.40 2.00 1.50 2.66 low 0.59 2.50 14.5 10319 76036 

1TA 1.60 2.10 2.10 2.40 1.31 140 0.58 19.6 60803 3868 

2TA 1.5 2.00 1.93 2.70 0.98 172 1.95 7.59 19980 6725 

3TA 2.0 2.00 1.55 2.75 1.51 6.64 0.88 7.72 60633 6365 

1TB 1.66 1.92 2.00 2.20 0.89 225 2.80 42.1 34189 125058 

2TB 1.50 1.9 1.01 2.20 low 37.8 0.94 7.61 51553 44624 

3TB 2.0 1.95 1.35 2.20 0.84 139 1.21 13.5 43365 22567 

1TC 1.71 2.14 1.88 2.25 1.29 8.88 low 2.09 37915 45172 

2TC 1.50 2.14 1.6 1.92 1.07 26.0 3.08 340 31218 100441 

3TC 1.80 2.00 2.00 2.50 5.48 58 0.86 5.54 7045 75451 

  Yeast sucrose media 
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*-- refers to samples that had no reading (repeated 3 times) 

3.3.3 Alpha and Beta Diversities 

A total of 766,039 sequences were clustered into 564 OTUs, after filtering, using the following 

criteria - a minimum count of 4 OTUs per sample and the OTU number was 167 using 

MicrobiomeAnalyst (a comprehensive statistical, visual, and meta-analysis of microbiome 

data) (Dhariwal et al., 2017). The alpha diversities were measured at the feature level using the 

Kruskal-Wallis statistical method (3.3); significant differences for alpha-diversity indices S1 

and S2 were observed. The statistical p-values were as follows: observed and chao1 - p < 0.002, 

Shannon - p < 0.003 and Simpson - p > 0.006. The highest diversity index was observed in 

GYEM S2, and the lowest diversity index was observed in YSM S2. The beta diversity was 

also measured using the Bray–Curtis index distance method, and the PERMANOVA statistical 

method was used (F-value: 2.5639; R-squared: 0.15479; p-value < 0.001) (Figure 3.4). Beta 

 S1 S2 S1 S2 S1 S2 

No 

EDTA 

EDTA No 

EDTA 

EDTA No 

EDTA 

EDTA No 

EDTA 

EDTA EDTA EDTA 

TM1 1.7 1.62 0.22 4.00 1.85 14.8 low 0.75 29426 9131 

TM2 1.54 1.50 1.40 1.50 1.47 1.54 low 0.88 27541 681 

TM3 1.62 1.88 1.35 1.50 0.98 5.74 low 1.32 38058 failed 

1TA 1.70 1.7 0.18 -- low 9.31 low 0.50 22704 568 

2TA 0.18 1.85 1.80 2.50 low 7.79 low 2.60 23805 33873 

3TA 1.27 1.87 1.44 2.25 low 183 low 3.37 24542 20572 

1TB 0.90 1.78 1.35 1.36 low 64.4 low 2.06 34033 1193 

2TB 1.44 1.62 1.55 1.58 low 10.1 low 3.78 6816 1433 

3TB 0.71 1.72 1.28 2.00 low 16.5 low 2.57 11643 1261 

1TC 1.0 1.86 0.81 2.00 low 45.1 low 1.19 13849 3809 

2TC 1.40 1.93 0.23 -- low 9.34 low 2.81 20693 1685 

3TC 0.75 1.75 1.27 1.75 low 1.30 low 1.21 27148 failed 

https://www.mdpi.com/2309-608X/8/5/419#fig_body_display_jof-08-00419-f002
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diversity compares the number of species shared between samples; from Figure 3.4, overlaps 

can be seen from all the four grouped samples (based on media (GYEM and YSM) and 

enrichment (S1 and S2). 

 

Figure 3.3. Alpha diversity indices of fungi: (a) - observed OTUs (richness index), (b) - Chao1 

(estimation/estimator of the total richness), (c) - Shannon index (richness and evenness) and 

(d) - Simpson index (number of species present, as well as the relative abundance of each 

species). 

 

https://www.mdpi.com/2309-608X/8/5/419#fig_body_display_jof-08-00419-f003
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Figure 3.4. Bray-Curtis measures of beta-diversity visualized using principal coordinate 

analysis (PCoA) for the comparison of fungal diversity for enrichment (S1 and S2) of tailing 

samples using GYEM and YSM. 

3.3.4 Taxonomic diversity of microbial community on GYEM and YSM enrichment 

The relative abundance of the microbial communities enriched with glucose yeast extract and 

yeast sucrose media was determined at the phylum and genus depths comprising at least 1% in 

at least one sample (Figure 3.3 and Figure 3.4). There was an abundance of the Ascomycota, 

Basidiomycota, Chytridiomycota, and Rozellomycota phyla (Figure 3.5). Despite the apparent 

dominance of these phyla in the various tailing sites, each enrichment medium had its own 

distinct fungal community composition (Figure 3.6). The phylum Ascomycota was the most 

prevalent in both enrichment media, represented by the 

genera Penicillium, Xenoacremonium, Talaromyces, Fodinomyces, Recurvomyces, 

and Trichoderma. The phylum Basidiomycota was abundant in YSM-S2, with the genera 

Rhodotorula and Malassezia representing this phylum.  

https://www.mdpi.com/2309-608X/8/5/419#fig_body_display_jof-08-00419-f004
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Figure 3.5: Relative abundance of fungi at phyla depth: a - glucose yeast extract media and b 

- yeast sucrose media. 

The following paragraphs compare the diversity abundance of S1 and S2 on both enrichment 

media per tailing site at genus level (Figure 3.6). Furthermore, by using the PacBio platform, 

the taxonomic profile of some fungal populations in the tailing samples was resolved to the 

species level (Appendix A3.3)  

Tailing A: The genera Penicillium, Fodinimyces, and Recurvomyces were observed in most 

depths of the tailing A samples for both media in the S1 and S2 enrichments, ranging from 4.2-

45%. Talaromyces was observed only in GYES-S1 depth 1 and 2 (7.09% and 10.5%), while 

Trichoderma and Xenoacremonium were observed only in depth 1 and 2 of GYEM-S2 (12.6-

50.6%). The genus Rhodotorula was only observed in depth 1 S1 of both media enrichment 

but was most dominant in GYEM-S1 at 20.6%. Unique genera to GYEM-S2 depth 1 and 3 

were Trichoderma (50.6%), Scoleobasidium (6.6%), and Acidothrix (20.8%), whereas 

Paraphaesophaeria (11.3%) Basidiomycota (11.5%), and Malassezia (23.8%) were unique to 

YSM-S2 depth 1. 

Tailing B: Similar to tailing A, Penicillium, Fodinomyces, and Recurvomyces were observed 

in most depths of the tailing B samples for both media in the S1 and S2 enrichments, ranging 

https://www.mdpi.com/2309-608X/8/5/419#fig_body_display_jof-08-00419-f005
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from 15.7-52%. Malassezia was only observed in YSM-S2 depth 1 and 2 at 10.11% and 38.4%, 

respectively, while Acidothrix was observed in S2 depth 3 in both media. Mollisia (3.1%) was 

unique to GYEM-S2 depth 3, and Spegazzinia (5.3%) was unique to YSM-S2. 

Tailing C: The genera Penicillium, Fodinimyces, Acidomyces, and Recurvomyces were 

observed in most depths of the tailing C samples for both media in S1 and S2 enrichments, 

ranging from 4.9-44%. Penicillium was observed in S1 of both media (GYEM-S1 depth 1 at 

31.9% and 2 at 9.7%, YSM-S1 depth 1 at 4.1%). Xenoacremonium (8.9%) was observed in the 

GYEM-S1 depth, while in YSM-S2 it was observed at depth 1 and 2 (43.6% and 

13.8%). Talaromyces (28.7%), Coniochaeta (6.2%), and Acidothrix (20.3%) were unique to 

GYEM-S1 depth 1 and 2, while Candida (41.8%) was unique to YSM-S2 depth 2 

and Fusarium (9.5%) and Pleosporale (4.4%) were unique to YSM-S2 depth 2. 

Mixed tailings: The genera Penicillium and Xenoacremonium were abundant in most depths of 

mixed tailing samples for both media in the S1 and S2 enrichments, ranging from 7.9-52.7%. 

Sorduriomycetes was observed in both media S1 but was most abundant in GYEM at 

5.87%. Scolecobasidium (7.5%) was unique to GYEM-S1 depth 2, 

whereas Scytalidium (57.6%), Malassezia (25.6%), and Spegazzinia (5.3%) were unique to 

YSM-S2 depth 1 and 2. 
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Figure 3.6: Relative abundance of fungi at genus depth: a - glucose yeast extract media and b - yeast sucrose media.
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The FungalTraits database revealed ecological and functional information for eight of the 17 

dominant genera. According to the findings of the ecological functional assignment, for 

primary lifestyle, the genera are mostly soil and wood saprotrophs. Their secondary lifestyle 

and endophytic interaction capacity are primarily foliar-endophytic, with a few genera assigned 

to root-associated and rock-inhabiting. Table 3.4 contains more detailed information on the 

ecological data and the functional assignment found for the fungal isolates present in this study. 

https://www.mdpi.com/2309-608X/8/5/419#table_body_display_jof-08-00419-t004
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Table 3.4: Ecological information and functional assignment of dominant fungal taxa using FungalTraits database. 

 Genera primary 

lifestyle 

Secondary 

lifestyle 

Comment on 

lifestyle  

Endophytic 

interaction 

capability  

Plant 

pathogenic 

capacity 

Decay 

substrate  

Decay 

type  

Aquatic habitat Animal biotrophic 

capacity 

Growth 

form  

Fruitbody 

type  

Penicillium unspecified 

saprotroph 

foliar 

endophyte 

toxin-producing, 

animal parasite some 

species,mycoparasite 

some species 

foliar 

endophyte 

0 soil mold partly aquatic opportunistic human 

parasite 

filamentous 

mycelium 

0 

Recurvomyces soil 

saprotroph 

rock-

inhabiting 

0 0 0 soil 0 non-aquatic 0 filamentous 

mycelium 

perithecium 

(hymenium 

hidden, 

narrow 

opening) 

Talaromyces unspecified 

saprotroph 

0 hypervariable, 

thermophile, some 

species animal 

parasite some 

species various 

saprotrophs 

0 0 leaf/fruit/seed, 

soil, 

animal 

material 

mold partly aquatic opportunistic human 

parasite 

filamentous 

mycelium 

0 

Xenoacremonium wood 

saprotroph 

0 0 0 0 wood 0 partly marine 

(partly non-

aquatic) 

opportunistic human 

parasite 

filamentous 

mycelium 

0 

Rhodotorula unspecified 

saprotroph 

foliar 

endophyte 

0 foliar 

endophyte 

0 0 0 partly aquatic opportunistic human 

parasite 

yeast none 

Acidothrix soil 

saprotroph 

0 0 0 0 soil 0 non-aquatic 0 filamentous 

mycelium 

none 

Malassezia soil 

saprotroph 

root-

associated 

0 root-

associated 

root-

associated 

roots, soil 0 partly aquatic animal-

associated/opportunistic 

human parasite 

yeast none 

Spegazzinia wood 

saprotroph 

0 0 no 

endophytic 

capacity 

0 wood 0 non-aquatic 0 filamentous 

mycelium 

perithecium 

(hymenium 

hidden, 

narrow 

opening) 
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Coniochaeta unspecified 

saprotroph 

foliar 

endophyte 

hypervariable foliar 

endophyte 

leaf/fruit/seed 

pathogen 

leaf/fruit/seed, 

soil, dung, 

animal 

material 

0 non-aquatic animal parasite filamentous 

mycelium 

cleistothecium 

(closed, 

spherical) 
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3.4 Discussion  

Metal ion interference on DNA recovery is largely determined by metal concentration (Kuffel 

et al. 2021). As shown in S1 and S2 of both enrichment media, the effectiveness of EDTA in 

chelating metal ions varied with the metal content and concentration. In S1, the main energy 

source was the tailing contents (Figure 3.2), whereas in S2 the main energy source was the 

inclusion of iron (II) sulfate heptahydrate. As a result of the higher Fe2+ ion concentrations, the 

S2 samples may have required a higher EDTA concentration to complete chelation. Fe2+ may 

also be responsible for the low DNA recovery and the encountered difficulty in running PCR 

in S2 samples. These findings are similar to an observation made by Kuffel et al. (2021) when 

they investigated metal ion interferences in forensic DNA analysis from crime scenes, where 

DNA extractions were carried out from swabs of a variety of metal objects, including bullets, 

cartridge casings, gun surfaces, knives, metal wires, and surfaces, as well as calcium-rich bone 

samples. They caution that the metal ions’ impacts on DNA recovery, extraction, and 

amplification are not entirely understood. However, their investigations demonstrate the effects 

of some metals on DNA amplification, showing that inhibitory effects were observed with zinc, 

tin, iron (II), and copper, with 50% of the inhibitory concentration (IC50) values much below 

1 mM. Thus, their study finding supports the observation made in this present study regarding 

the inhibitory effects observed with Fe2+ ions. 

The low recovery of DNA and failed PCR may also be attributed to the high concentration of 

EDTA used in S2 as compared to the S1 samples. According to a study conducted by 

Khosravinia & Ramesha, (2007), EDTA concentrations > 11 µg/µl are known to reduce DNA 

recovery. Beyond chelating, Lopata et al. (2019) also showed that EDTA affects enzyme 

activity by tightly binding to the active site of enzymes such as Taq DNA polymerase, 

dUTPase, and dNTPase, resulting in low or no PCR products. As an example, Taq polymerase 

requires Mg2+ for activation, while EDTA tends to compete with Mg2+ for binding, resulting in 

enzyme inhibition. This trend of the poor activity of enzymes in the presence of higher 

concentrations of EDTA and metal ions was also observed by Kuffel et al. (2021) and they 

highlighted that KOD polymerase was more metal-resistant than Taq polymerase in such 

instances. 

A ratio of absorbance at 260 and 280 nm can be used to assess DNA purity, and a measured 

ratio of ≈1.8 and even up to 2.0 represents a pure DNA. However, a ratio above 2.0 shows the 

likelihood of RNA contamination of the DNA being assessed for purity. Moreover, a ratio of 

https://www.mdpi.com/2309-608X/8/5/419#fig_body_display_jof-08-00419-f001
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>2 is related to DNA degradation and is showing, rather, a measurement of free nucleotides, 

as described in the protocol manual for the NanoDrop instrument (Determination of DNA 

Concentration and Purity, NanoDrop, n.d.). Moreover, a ratio of 1.6 suggests the presence of 

proteins, phenol, or other contaminants that absorb strongly at or near 280 nm (Lucena-Aguilar 

et al., 2016). The S2 samples had an average ratio of 1.7 after treatment with EDTA, which is 

likely due to any one of the factors described. 

Metamorphic environments such as tailings are characterized by high metal concentrations and 

extremely low pH ranges. These factors contribute to the diversity structure of the acidophilic 

or acid-tolerant communities found in that environment (Hu et al., 2021; Xue et al., 2018). As 

a result, the taxonomic abundance of the fungal community observed in the four tailing samples 

was influenced by their habitat. Furthermore, the nutrients provided by the enrichment media 

also contributed to the taxonomic abundance. Tailing A and B had the lowest pH ranges of 

<2.1, which decreased with each depth, whereas mixed tailing and tailing C had pH ranges of 

>3 for all depths. However, the four tailings had similar metal content with high concentrations 

of iron, sulfur, and aluminium, though the concentration differed (Figure 3.2). This explains 

why genera such Penicillium, Fodinomyces, and Recurvomyces were dominant in most depths 

of the different tailings. Penicillium and Fodinomyces are both acidophilic (growing only at 

pH below 5) and acid-tolerant (growing at pH ranging below or above 5) (Vázquez-Campos et 

al., 2014). Furthermore, their abundance in both enrichment media demonstrates their ability 

to thrive in different carbon sources (Xia et al., 2018; Vázquez-Campos et al., 

2014). Penicillium and Fodinomyces have been applied in bioleaching and have demonstrated 

metal tolerance and good bioleaching efficiencies (Begum et al., 2021; Vázquez-Campos et 

al., 2014). To the best of our knowledge, this is the first report of Recurcomyces in tailing 

samples. However, this genus has been described by Selbmann et al. (2008) as a rock-

inhabiting yeast found in cold, dry environments, and this ecological feature is supported by 

analysis conducted using the FungalTraits database (Table 3.4). Furthermore, Coleine et al. 

(2021) suggested that nonsporulating fungi found in rock habitats may occasionally be 

dispersed between continents, for example via dust, and adapt to other ecologically similar 

habitats. As a result, the characteristics of Recurvomyces, such as growing in an extreme 

environment, as described by Coleine et al. (2021), Selbmann et al. (2021), Ametrano et al. 

(2019), and Selbmann et al. (2008) are evident enough to support the possibility of its existence 

in tailings. Further investigations of this genus’ bioleaching efficiency are therefore required. 

https://www.mdpi.com/2309-608X/8/5/419#table_body_display_jof-08-00419-t004
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Another dominant genus that was observed in most of the tailings (except in tailing B), 

especially in depths 1 and 2, is Xenoacremonium. This genus, previously referred to 

as Acremonium recifei (now renamed Xenoacremonium recifei L. by Lombard and Crous) 

(Lombard et al., 2015), is a plant pathogen involved in wood decay and has also been isolated 

from petroleum-contaminated sites (Patel et al., 2021; Taha et al., 2020). Ecological 

information from FungalTraits also shows that it is a wood saprotroph; thus, its characterization 

as a wood decaying pathogen is valid. To the best of our knowledge, this is the first report of 

this genus in tailing samples. No studies have yet linked this genus to bioleaching processes or 

applications. Acidothrix is also another genus observed to be dominant mostly in depth 3 of the 

tailing samples (except tailing C). Acidothrix exhibits both acid-tolerant and acidophilic 

characteristics and is mostly found in extreme habitats such as acidic soils (Hujslová et al., 

2014). This explains its detection only at depth 3, where the lowest pH ranges were observed. 

Although similar genera were observed in most tailings, some genera were only found in 

specific tailing samples. For example, genera such as Trichoderma, Rhodotorula, 

and Paraphaesophaeria were only observed in tailing A, Mollisia in tailing B, whereas 

Candida,  Acidomyces,  Coniochaeta, Fusarium, and Pleosporale were observed in tailing C, 

and Scytalidium in mixed tailings. Though the following genera are unique to each 

tailing,  Trichoderma,  Candida,  Acidomyces,  Rhodotorula,  Fusarium,  Coniochaeta, and 

Scytalidium have been observed to share similar characteristics such as acid and metal 

tolerance. Their occurrence in tailing samples has been reported as well as their application to 

the bioleaching process (Begum et al., 2021; Ou et al., 2021; Tansengco et al., 2018). The 

fungus Paraphaesophaeria was only found in tailing A and is known to be a plant-associated 

(primarily a desert plant) fungi with Cu, Cr, and Cd tolerance (An et al., 2015). It has also been 

reported in manganese oxidation (Takano et al., 2006). Mollisia is another genus found only in 

tailing B. It is an endophyte that is associated with plants and is also involved in plant decay 

(Tanney & Seifert, 2020; Clark et al., 2019;). Its presence in tailings is likely due to the current 

efforts to revegetate tailings to prevent dust dispersion during windy days, as well as other 

environmental concerns linked to airborne pollution (Zappelini et al., 2015). 

A comparison of the observed genera in the two media revealed genera that were unique to 

each. For example, Malassezia and Spegazzinia were observed only in YSM S2 

and Scoleobasidium, which was unique to GYEM. The genus Malassezia has been reported in 

flotation tailings of the Kevitsa mine in Finland (Bomberg et al., 2020) and in zinc and copper 

tailings (Miettinen et al., 2021). Because the genus is known to dominate parts of the human 
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microbiota (Sparber et al., 2020), it was suggested by Miettinen et al. (2021) that its presence 

in tailing samples may have come as result of human contamination. However, ecological 

information from FungalTraits assigned Malassezia as a soil saprotroph that is associated with 

plant roots. This may be a demonstration of the genera’s versatility and mobility. Thus, its 

ability to survive in low pH and high concentrations of iron (II) sulfate heptahydrate in the S2 

media enrichment, as observed in this study, implies that members of this genus are potentially 

acid-tolerant and further investigations may be required to determine their bioleaching 

potential. According to Amend (2014), Malassezia are ecologically hyper-diverse and have 

been reported in diverse environmental sources, such as Antarctic soils (Garmendia et al., 

2021), hydrothermal vents, and deep-sea sediments (Amend, 2014). Spegazzenia is a wood 

saprotroph with no endophytic capability, as described in Table 3.4, obtained from 

FungalTraits. This genus of Spegazzenia was observed by Samarakoon et al. (2020) to be 

associated with Musa sp. (banana). No reports of Spegazzenia in the past have associated any 

member of this genus with tailing or bioleaching. Scoleobasidium is an endophyte that was 

previously isolated in tomato fruits, as reported by Mahmoud & Narisawa (2013). The genus 

showed the ability to increase plant biomass in the presence of an organic nitrogen source. The 

plant growth promoting ability was also reported by Hamayun et al. (2009) in soybean plants. 

Therefore, just like Mollisia, its introduction to tailings is likely due to the revegetation process 

at these tailing sites. These four genera, however, have not been previously reported in 

association with bioleaching processes and will require extensive investigations. This validates 

the need for routine bioprospecting of extreme environments for microorganisms that may 

potentially be useful for industrial applications and biomining operations. 

3.5 Conclusion  

In this work, the application of EDTA to stabilize divalent metal ions was explored as a result 

of the difficulties encountered in extracting DNA from the metal-rich environment of tailings. 

Our investigation showed that the use of EDTA improved the DNA recovery for S1 samples 

with no interference with the downstream application. However, in the S2 samples, the use of 

a high EDTA concentration led to low DNA recovery, which impacts the downstream 

application. It is therefore recommended that a necessary preliminary application of optimal 

concentrations of EDTA is required to extract DNA from environmental samples obtained from 

metal-rich environments such as those present in tailings. However, we caution that a further 

EDTA removal step must be included above the conventional wash step advised by the DNA 

https://www.mdpi.com/2309-608X/8/5/419#table_body_display_jof-08-00419-t004
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extraction kit manufacturers. The elimination of the additional EDTA is needed to ensure the 

integrity of the DNA extracts and to prevent enzyme inhibition during downstream analysis. 

The fungal ITS1 region long-read amplicon sequencing revealed the presence and varied 

compositions of the acidophilic and acid-tolerant fungal diversity at different depths of the four 

tailing samples. Genera with applications in bioleaching research, such as Trichoderma, 

Candida, Acidomyces, Rhodotorula, Fusarium, Coniochaeta, and Scytalidium, were identified. 

The sequencing also elucidated novel fungal genera not previously found in tailing samples, 

likely unique to these mines in Krugersdorp, Gauteng province, South Africa. These include 

Recurcomyces and Xenoacremonium, which, to the best of our knowledge, have not been 

previously linked to metal-containing samples like tailings. The findings of this study clearly 

support the use of long-read amplicon sequencing to gain a more in-depth understanding of 

biodiversity. However, amplicon sequencing studies do not provide enough opportunities to 

visualize (morphological characteristics), to test functions (such as bioleaching ability), and to 

investigate the genetics and genomics of these acidophiles. This limitation is being solved by 

the creation of the FungalTraits database. Nonetheless, they provide great insights with their 

high throughput that prompt further investigation, particularly with regard to applications and 

further tests of microbial efficiencies and abilities. As such, they are excellent tools for 

bioprospecting vast sample areas. 
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Objective  

Bioleaching is a process in which metals are extracted from ore or tailing by the activity of 

microbial communities. For an organism to be used in bioleaching experiments, it should have 

abilities such as metal tolerance and production of organic acids. In this chapter, the dominant 

fungi identified in chapter 3 were isolated. Fifteen different isolated fungi were screened for 

their metal tolerance, growth rates in the presence and absence of metals, carbon utilization, 

and organic acid production Therefore, this chapter focused on screening 15 different fungal 

isolates, in which their isolation was guided by the results from chapter 3,  for their metal 

tolerance, growth rates carbon utilization, and production of organic acids. The purpose was to 

ultimately select 1 isolated for use in bioleaching assay. 

Publication 

Rosina Nkuna and Tonderayi S. Matambo. (2024). Determining the Metabolic Processes of 

Metal-Tolerant Fungi Isolated from Mine Tailings for Bioleaching. Minerals 2024, 14(3), 

235 

Abstract  

This study evaluated the bioleaching potential of fungal isolates from South African tailing 

samples. Following an initial screening of 15 isolates, four were selected for further analysis 

based on their potential for organic acid production and metal tolerance. In terms of tolerance 

to Al, Zn, Ni, and Cr, these four isolates - Trichoderma, Talaromyces, Penicillium_3, and 

Penicillium_6 displayed varying degrees of resistance, with Trichoderma displaying better 

tolerance (TI>1). The isolates' growth rates (kd) were also assessed, and Trichoderma once 

more displayed greater growth rates under metal stress. High Performance Liquid 

Chromatography (HPLC) was used to measure organic acids and Gas Chromatography Mass 

Spectrometry (GC-MS) to identify metabolites. The four isolates were shown to mostly 

produce citric acid, with Trichoderma producing the most in the shortest amount of time. GC-

MS results showed citric acid cycle is main pathways for organic acid production, though other 

pathways related to lipid biosynthesis and carbohydrate metabolism also play significant roles. 

Three compounds involved in furfural breakdown were abundant. Using KEGG, a link between 

these compounds and the citric acid cycle was established, where their breakdown generates 

an intermediate of citric acid cycle. This research offers perceptions into the metabolic 

procedures of metal-tolerant fungi, which may advance the development of bioleaching. 

Keywords: Metal tolerance, Organic acid, Metabolites, Bioleaching 
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4.1 Introduction  

The fungal domain is known for its remarkable metabolic versatility that enables these 

organisms to thrive in diverse environments such as metal-rich mine tailings (Shourie and 

Vijayalakshmi, 2022; Russo et al., 2019). These microorganisms have gained attention for their 

ability to produce secondary metabolites, particularly organic acids, with wide-ranging 

industrial applications, from pharmaceuticals to bioleaching (Mishra et al., 2023; Wösten, 

2019). In bioleaching, an eco-friendly approach for metal extraction, organic acids are the main 

leaching agents (Pathak, et al., 2021a, 2021b). Consequently, the efficiency of metal 

solubilization depends on the continuous production of organic acids (Din et al., 2020; 

Narayanasamy et al., 2018; Kolenčík et al., 2013; Ren et al., 2009; Wu and Ting, 2006). The 

production of organic acid is a result of microbial metabolic activities, and as a result, 

challenges such as slow kinetics and low yields are often expected during bioleaching processes 

(Moazzam et al., 2021; Roy et al., 2021; Pathak et al., 2017).  

Slow kinetics arise from various factors, including limited nutrient availability, metal toxicity, 

adaptability requirements, and environmental conditions (Sajjad et al., 2019). For instance, 

before organic acids can be produced, cells must first utilize nutrients, grow, and multiply. 

Furthermore, the type of metal, carbon source and the fungal genus or species play pivotal roles 

in determining the type of organic acid produced. For example, when grown in glucose 

containing media, Aspergillus niger produces citric acid as the main organic acid whereas 

Aspergillus flavus produces malic acid (Keshavarz et al., 2021; Qayyum et al., 2019). 

Moreover, citric acid production varies when environmental conditions involve metals. For 

instance, in the presence of aluminium, A. niger produces citric acid as the main organic acid, 

but in the presence of manganese, citric acid production is inhibited while favouring the 

production of oxalic acid (Alavi et al., 2021; Muddanna & Baral, 2019; Santhiya & Ting, 

2005).  

Organic acids are the main leaching agents in metal bioleaching, employing mechanisms like 

acidolysis (direct interaction of organic acid with metal-containing minerals) and 

complexolysis (formation of stable complexes between organic acids and metal ions) (Pathak 

et al., 2021a, 2021b). Consequently, organic acids such as citric and oxalic acid are known to 

bioleach metals such as Aluminium (Al), Copper (Cu), Chromium (Cr), Iron (Fe), Nickel (Ni), 

Manganese (Mn), and Zinc (Zn), with citric acid being more efficient than oxalic acid (Brown 

et al., 2023; Shekhar Samanta et al., 2023; Sarkodie et al., 2022; Dusengemungu et al., 2021). 
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In fungi, the production of organic acids is intricately linked to their utilization of carbon 

sources. As a result, bioleaching studies determine and use optimal carbon sources for organic 

acid production to improve bioleaching process efficiency (Din et al., 2020). While this is a 

crucial step in optimizing fungal bioleaching, gaining a deeper understanding of carbon 

utilization at the metabolic level is imperative.  This can be achieved through approaches like 

metabolomics, offering insights into the upregulated metabolic pathways during fungal carbon 

utilization and subsequent conversion into organic acids (Brisson et al., 2020). Such knowledge 

opens new avenues for process optimization. 

In addition to organic acid production, fungal isolates with bioleaching potential should also 

demonstrate metal tolerance (Rose & Devi, 2018; Valix & Loon, 2003). The challenges 

encountered during bioleaching processes, particularly slow kinetics and low metal yields, are 

exacerbated by elevated metal concentrations, which trigger adaptation and stress response 

mechanisms in fungal organisms (Mani & Kumar, 2014). Metal toxicity can disrupt growth 

phases, such as prolonging the lag phase, hinder organic acid production, or even completely 

inhibit fungal growth (Anahid et al., 2011). To address these challenges, harnessing indigenous 

microbial communities adapted to extreme environments with high metal concentrations and 

low pH becomes advantageous (Thavamani et al., 2017). These native microorganisms likely 

possess stress response mechanisms that facilitate efficient growth and potential bioleaching 

activities in metal-rich environments such as tailings. 

In this study, fungal isolates were obtained from mine tailings samples in South Africa with 

the objective of assessing their growth rates under various metal stresses to determine their 

metal tolerance and potential suitability for bioleaching. Furthermore, we investigated their 

organic acid production during growth stages at the metabolic level, using glucose as the carbon 

source to identify enriched metabolic pathways with significant importance towards organic 

acid production. This knowledge will contribute towards the optimization of the bioleaching 

process using fungal isolates with similar characteristics. 

4.2 Material and methods 

4.2.1 Fungal isolation and identification  

Tailing samples were collected in Krugersdorp, a mining city in Gauteng province, South 

Africa, as described in Chapter 3, section 3.2.3 (Nkuna et al., 2022). To isolate fungi, we 

initially enriched microorganisms in the tailing samples using the media listed in Table 4.1, 

following the media preparation as outlined in Chapter 3, section 3.2.3. GYEM and YSM were 
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also used as listed in Table 3.1 (Chapter 3). Fungal isolates were obtained from enriched tailing 

samples using the same media, slightly modified with the addition of 1.5% bacteriological agar 

to solidify the liquid media for isolation on petri dishes. The purified isolates were stored in 

slants. For identification, ITS1—5′ CTTGGTCATTTAGAGGAAGTAA-3′ and ITS4—5′ 

CCTCCGCTTATTGATATGC-3′ primers were used to amplify the ITS region of the pure 

isolates using extracted gDNA (BIOMICS extraction kit, Zymo Research Corp, Irvine, 

California) as a template for polymerase chain reaction (PCR) (Adeleke et al., 2010). 

Amplified genes were visualized using 1% gel electrophoresis. The PCR product containing 

the amplified ITS genes were sequenced at Inqaba Biotechnical Industries (Pty) Ltd, Pretoria, 

South Africa, using the ABI Big dye V3.1 kit following the manufacturer’s instructions and 

sequenced using the ABI 3500XL genetic analyzer. The sequences were aligned using 

ClustalW multiple alignment on BioEdit and MAFFT- an online version of a multiple sequence 

alignment program (Katoh et al., 2019). Operational taxonomic units (OTUs) were generated 

using MOTHUR (Reintroducing mothur: 10 Years Later – PMC (nih.gov)) to group similar 

species at a 97% similarity threshold. The representative OTU sequences were then compared 

to sequences in the GenBank database for identification. 

Table 4.1: Media composition for enrichment and isolation of bioleaching microorganisms. 

Name  Composition 

General 

Basic composition of 

bioleaching media  

3.0 g/l (NH4)2SO4, 0.5 g/l K2HPO4, 0.5 g/l MgSO4·7H2O, 0.1 g/l 

KCl, FeSO4·7H2O or sulfur and 1.5% Agar bacteriological 

Compounds different in each media pH References 

Silverman and Lundgren 9 K 0.01 g/l Ca (NO3)2 1.8 (Chen et al., 2019) 

KDM 0.145 g/l NaH2PO4, 0.021 g/l 

CaCL2 

1.8 (Martínez et.al., 2012) 

Iron-tryptone soya broth 

(FeTSB) 

0.05 g/l Ca (NO3)2, 0.25 g/l 

Tryptone soy broth 

1.8 (Ilyas et al., 2010) 

4.2.2 Screening for organic acid production and metal tolerance. 

Fifteen representative fungal isolates (based on OTUs) were screened for their organic acid 

production and metal tolerance using qualitative and quantitative assays. 
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4.2.2.1 Qualitative and quantitative assay 

The isolates were grown in glucose yeast extract agar (GYEA) supplemented with 1% 

bromophenol blue indicator for organic acid screening. Five mm mycelial plugs of fresh pure 

isolates (5-7 days old) were inoculated and incubated at 30°C for 5-7 days. After incubation, 

the plates were observed for colour change, where a yellow coloration of the medium indicated 

the production of organic acids (Din et al., 2020). The colony size as well as the yellow zone 

around the colony were measured using a digital calliper (mm) (RS PRO Pty (Ltd) ltd). Acid 

Unitage (AU) was calculated using formula 4.1 (Shaikh & Qureshi, 2013). The same 15 isolates 

were also screened for their tolerance to Al, Zn, Ni and Cr. Potato dextrose agar was used to 

grow the isolates and after 5 days of incubation at 30°C, the agar plate was covered with sterile 

dH2O, and spores were collected. The collected spores were then serially diluted up to 107 

(vortexing in between) (Krishnamoorthy et al., 2021; Faraji et al., 2018). Ten microliters of 107 

fungal spore dilution were spread on GYEA media supplemented with 100 mg/l of each heavy 

metal (Rose & Devi, 2018). Hundred milligram per liter was selected based preliminary 

screening of few isolates. Metal tolerance was determined by visible growth after 72 hours of 

incubation at 30 °C. 

𝐴𝑐𝑖𝑑 𝑈𝑛𝑖𝑡𝑎𝑔𝑒 (𝐴𝑈) =  
𝐹𝑢𝑛𝑔𝑖 𝑧𝑜𝑛𝑒 𝑤𝑖𝑡ℎ 𝑦𝑒𝑙𝑙𝑜𝑤 ℎ𝑎𝑙𝑜 (𝑚𝑚)

𝑍𝑜𝑛𝑒 𝑤𝑖𝑡ℎ 𝐹𝑢𝑛𝑔𝑖 (𝑚𝑚)
       (4.1) 

Fresh fungal isolates were grown in glucose yeast extract broth (GYEB) for 5 days at 30°C in 

a shaking incubator at 120 rpm. The pH of the medium was adjusted to 5.5. After incubation, 

the final pH was measured. 

• Metal tolerance and growth rate assays 

Based on the qualitative organic acid assay, metal tolerance and quantitative organic acid assay, 

isolates were selected for metal tolerance and growth rates assay. The isolates were grown in 

GYEA supplemented with increasing concentrations of metals as follows: Al from 100 – 1600 

mg/l, Zn from 100 -1000 mg/l, Ni from 100-400 mg/l and Cr from 50-210 mg/l. To induce 

tolerance, each organism was allowed to grow for 5-7 days in one concentration of metal before 

being transferred to the next concentration. At each concentration, the measured growth 

diameter (colony zize) from the metal supplemented agar and the controls were used to 

calculate the tolerance index (TI) using formula 4.2 (Valix and Loon, 2003). TI values were 

interpreted as follows: a TI of ≥1 signified resistance or high metal tolerance, while a TI below 

1 indicated low or no tolerance, implying susceptibility. 
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𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 𝐼𝑛𝑑𝑒𝑥 (𝑇𝐼) =  
𝐹𝑢𝑛𝑔𝑎𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 (𝑚𝑚)

𝐹𝑢𝑛𝑔𝑎𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑚𝑒𝑡𝑎𝑙 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 (𝑚𝑚)
      (4.2) 

Once minimum inhibitory concentration (MIC) of metals was reached, the lowest and highest 

metal concentration (or the ones that showed susceptibility) were used to study the metal 

tolerance behaviour, that is, the effect of metals on the growth phases of fungi and growth rates 

(kd) of each isolate. MIC refers to the minimum heavy metal concentration that entirely inhibits 

the noticeable growth of microorganisms. In the metal tolerance behaviour and growth rates 

experiment, fresh fungal mycelia plug (5 mm) was aseptically inoculated onto the centre of 

sterilized modified GYEA supplemented with each heavy metal. The plates were incubated at 

30 °C for 5-7 days. The metal tolerance index was determined by measuring the diameter of 

the colonies with a digital calliper (RS PRO Pty (Ltd) ltd) daily and used to plot growth phase 

graph. The growth phase graph was interpreted using Figure 4.1 The kd of an individual fungus 

was determined by following equation 4.3 (Rose & Devi, 2018). 

𝑘𝑑 = 𝐷/𝑇            (4.3) 

Where:  

D is the average diameter (mm) of the fungal colony (excludes diameter of inoculum, 5 mm),  

T is time (period) in hours (h). 

 

Figure 4.1: Five different growth phases of fungi in the presence of metals. This Figure was 

adapted and modified from those observed in Rose & Devi, (2018) and Valix et al. (2001). 

4.2.3 Carbon source for organic acid production 

• Screening for carbon source 
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The ability of the four selected isolates to produce organic acids was further investigated using 

GYEB. The broth was supplemented with 30 g/l of either glucose, sucrose, or fructose, and the 

initial pH was adjusted to approximately 5.5 (Barrat et al., 1965; Din et al., 2020). Adjusting 

the initial pH to 5.5 for all isolates creates a standardized starting point. Five-millimetre 

mycelial plugs of freshly grown fungal isolates were inoculated into 100 ml broth containing 

either glucose, sucrose or fructose as the carbon source. The inoculated broth was incubated at 

30°C in a shaking incubator at 120 rpm for 5 days. After incubation, a cell free extract was 

prepared by syringe filtering the fungal culture using 0.2 µm filters. The filtrate was collected 

in 5 ml tubes to analyze for a decrease in pH and to determine the molarity of produced organic 

acid. The filtrate was titrated against 0.1 M sodium hydroxide (NaOH) using phenolphthalein 

indicator (0.5 ml/100 ml). The molarity was determined by the formula below (Din et al., 

2020).  

𝑀𝑎 =  
𝑀𝑏𝑉𝑏

𝑉𝑎
            (4.4) 

Where: Ma is the unknown molarity of organic acid solution, Va is the volume of organic acid 

sample, Mb is the known molarity of NaOH and Vb is the volume of NaOH. 

• Organic acid and metabolites identification 

The carbon source best utilized by the four isolates was selected based on the results obtained 

above. The isolates were grown as indicated above, except that 100 g/l of glucose was used. 

The collected samples were sent to the University of the Witwatersrand, South Africa, for Gas 

Chromatography–Mass Spectrometry (GC-MS) and High-Performance Liquid 

Chromatography (HPLC) analysis. The HPLC was conducted as follows: The standard 

solutions were injected into the HPLC instrument (Agilent 1200 series) followed by the 

samples. The injection volume was 20 µl, with a flow rate of 1 ml/min, and 0.2 ml of sulfuric 

acid in 1L of deionized water was used as the mobile phase. The separation of components 

took place in a Bio-Rad fermentation column at a temperature of 65°C. The separated 

components were then detected by the Refractive Index column, and the profile was observed. 

Quantification and detection were performed using Agilent CDS Open Lab software Rev 

c.01.10 (287). The GC-MS analysis was performed as follows: A 1 µl sample was injected into 

a Shimadzu GC-MS-QP2010 Ultra instrument using the split injection method. The injector 

temperature was kept at 260 ˚C, while the oven temperature was held at 60˚C for 3 minutes 
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before being ramped up to 280˚C and held there for 19 minutes. This resulted in a total run 

time of 21 minutes. The ion source temperature was kept at 200˚ C. 

4.3 Results  

4.3.1 Microbial isolation  

A total of 60 fungal isolates were obtained from the different enriched tailing samples. Three 

percent of the isolates were obtained from sulfur containing media, whereas the rest were 

isolated from iron (II) sulfate containing media. The breakdown percentages of isolates 

obtained from each media was as follows; GYEA– 67%, YSM – 23%, FeTSB – 5%, 9K – 3%, 

and KDM – 2%. The sanger sequences of the isolates were clustered into operational taxonomic 

units (OTUs) at similarity of 97% and 15 different OTUs were obtained, Appendix A4.2 shows 

morphological characteristics of each of the 15 OTUs. Comparison of the 15 representative 

sequences with that of NCBI showed 8 different genera with the Penicillium genus as the most 

abundant followed by the genus Trichoderma (Appendix A4.3). The representative OTUs, 

different genera that are grouped together and their frequency as well as accession numbers of 

each sequence are listed in Appendix A4.3. As mentioned above, Penicillium was the most 

dominant genera with 7 out of the 15 OTUs belonging to this genus. As a result, the OTUs 

belonging to Penicillium were differentiated by a number at the end (e.g., Penicillium_3) 

4.3.2 Qualitative screening 

Two critical qualities for potential bioleaching fungi are organic acid production and metal 

tolerance (Bahaloo-Horeh et al., 2018; Le et al., 2006). To assess these qualities, the 15 isolates 

underwent screening. Among these 15 isolates, 12 were found to be positive for organic acid 

production, as indicated by the formation of a yellow zone on GYEA plates supplemented with 

bromophenol blue. Notably, the highest AU, exceeding 2, was observed in Penicillium_2 and 

Penicillium_3 (Table 4.2). Further evaluation of organic acid production employed a 

quantitative assay, wherein the isolates were cultured in GYEB, and the resulting decrease in 

pH was measured. As depicted in Table 4.2, Penicillium_6, Penicillium_3, Trichoderma, 

Fusarium, and Talaromyces exhibited a decrease in pH to below 4, with Talaromyces recording 

the lowest at 3.46.  

For qualitative metal tolerance screening, growth appearance was used to determine positive 

results. These results were categorized as follows: visible growth (+), good visible growth (++), 

and very good visible growth (+++) (Rose & Devi, 2018). Most fungal isolates displayed very 
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good visible growth when cultivated on GYEA supplemented with 100 mg/l of Al, Zn, and Ni. 

However, only Penicillium_6, Penicillium_3, and Trichoderma exhibited positive results for 

Cr tolerance. Consequently, based on the results of quantitative organic acid assays and 

qualitative metal tolerance screening, Trichoderma, Talaromyces Penicillium_3 and 

Penicillium_6, were selected for further analysis due to their ability to achieve the lowest pH 

levels and their tolerance to all five metals. Talaromyces, while able to tolerate only four 

metals, was included due to having the lowest pH. Fusarium on the other hand was not included 

since its growth was inhibited by 100 mg/l of all the tested metals. 

Table 4.2: Qualitative and quantitative screening of fungal isolates for organic acids 

production and metal tolerance at 100 mg/l for Aluminium (Al), Zinc (Zn), Nickel (Ni), and 

Chromium (Cr). ± represent standard deviation; n=3. Visible growth (+), good visible growth 

(++), and very good visible growth (+++) 

 

Organism 

Organic acid  Metal tolerance screening 

Qualitative Quantitative  

colony 

zone (mm) 
yellow 

zone (mm) 
acid unitage 

(AU) 
pH Al Zn Fe Ni Cr 

Penicillium_7 27.91±0.39 49.04±0.41 1.75±0.06 6.25±0.10 + - - - - 

Coniochaeta 28.06±0.54 44.68±0.39 1.59±0.03 6.16±0.14 ++

+ 

++

+ 

- +++ - 

Acidiella 0.00 0.00 0.00 6.15±0.14 + ++ ++ +++ - 

Penicillium_4 23.91±0.21 44.74±0.11 1.87±0.06 6.01±0.02 ++

+ 

++

+ 

++

+ 

+++ - 

Penicillium_1 23.55±0.70 34.42±0.31 1.46±0.03 6.04±0.03 ++

+ 

++

+ 

++

+ 

+++ - 

Acidomyces 0.00 0.00 0.00 5.97±0.01 - - - - - 

Penicillium_2 21.76±0.45 44.99±0.60 2.03±0.03 5.88±0.4 ++

+ 

++

+ 

++

+ 

+++ - 

Talaromyces_2 25.34±0.56 36.67±0.45 1.45±0.14 5.76±0.02 ++

+ 

++

+ 

++

+ 

+++ - 

Fodinomyces 0.00 0.00 0.00 5.53±0.06 ++ ++ - ++ - 

Penicillium_5 26.21±0.09 46.55±0.07 1.77±0.35 5.07±0.0 ++

+ 

++

+ 

++

+ 

+++ - 

Fusarium 32.50±0.03 37.75±0.03 1.16±0.05 4.14±0.0 - - - - - 

Penicillium_6 21.50±0.09 28.81±0.08 1.33±0.17 4.16±0.03 ++

+ 

++

+ 

++

+ 

+++ + 

Penicillium_3 17.86±0.05 37.97±0.09 2.13±0.11 4.08±0.01 ++ ++

+ 

++

+ 

++ ++ 

Trichoderma 35.71±0.15 48.81±0.11 1.37±0.007 3.70±0.003 ++

+ 

++

+ 

+ +++ ++ 

Talaromyces_1 8.56±0.3 15.62±0.10 1.82±0.02 3.46±0.01 ++

+ 

++

+ 

++ ++ - 
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4.3.3 Quantitative screening   

The four selected isolates underwent a quantitative screening for metal tolerance. The tolerance 

index (TI) served as the metric to assess the influence of different concentrations of metals, 

such as Al, Zn, Ni, and Cr, on the growth of Trichoderma, Talaromyces, Penicillium_3, and 

Penicillium_6. TI values were interpreted as follows: a TI of ≥1 signified resistance or high 

metal tolerance, while a TI below 1 indicated low or no tolerance, implying susceptibility. 

Comparison among the four isolates revealed that Trichoderma exhibited higher tolerance to 

300 mg/l of Al and Zn, as well as 100 mg/l of Ni (Figure 4.2). In contrast, the other three 

isolates demonstrated a TI<1 at 100 mg/l of Al, Zn, and Ni, as well as 50 mg/l of Cr, with 

Talaromyces exhibiting the lowest TI of below 0.6. The cell growth of the isolates was only 

inhibited at concentrations of 1600 mg/l for Al, 1000 mg/l for Zn, and 400 mg/l for Ni across 

all four isolates. 

 

Figure 4.2: Tolerance index of the four selected isolates to increasing concentration of four 

different metals: a- Aluminium, b- Zinc, c- Nickel and d – Chromium. 
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The growth rates (kd) of the four isolates were assessed as shown in Figure 4.3. It was observed 

that at 100 mg/l of Al, Zn, and Ni, Trichoderma exhibited higher growth rates compared to the 

control without added metal, while at the highest metal toxicity affected the growth rates of 

Trichoderma. The other three isolates demonstrate lower kd when compared to their controls.  

 

Figure 4.3: Illustrates a comparison of the growth rates of Trichoderma, Talaromyces, 

Penicillium_3, and Penicillium_6 under varying metal concentrations. The growth rate of the 

cultures was determined by dividing the average diameter measured after 5-7 days by the 

corresponding time period in hours. Lowest metal concentration (100 mg/l) and the highest 

metal concentrations (1500 mg/l for Al, 600 mg/l for Zn, and 200 mg/l for Ni). This was in 

contrast to the control group (no added metal). 

4.3.3.1 Effect of heavy metal concentration on fungal growth phases 

To efficiently monitor the effect of metals on the growth of fungi, a five-growth phase behavior 

of fungi under metal stress was used. This growth phase was initially proposed by Valix et al. 
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(2001) and Valix & Loon, (2003) and was also reported by Rose & Devi, (2018). The five 

phases are indicated in Figure 4.1 and each phase is explained.  

To assess the growth behaviour of the four isolates in the presence of metals, two different 

concentrations (Highest and lowest – which differed per metal) of Al, Zn, Ni, and Cr were used 

as indicated in Figure 4.2. Ideally, the lowest concentration should be the one at which the 

organism demonstrates a TI greater than 1. However, this criterion is only applicable to 

Trichoderma. Nevertheless, we still evaluated the effect of metals on the growth rates of the 

other three organisms, using the initial metal concentration as the lowest. When examining the 

growth behaviour of Trichoderma (Figure 4.4a), it is evident that it does not follow the five-

growth phase behaviour for Ni and Zn, both at the lowest and highest concentrations. For Al 

and Cr, we did observe a semblance of the five-growth phase for Trichoderma, where phases 

b, c, and d were noticeable. In the case of Talaromyces, Penicillium_3, and Penicillium_6, a 

five-growth phase was observed for most metals at the lowest metal concentration. However, 

a noteworthy observation is the demonstration of susceptibility through an extended lag phase, 

especially in Talaromyces (Figure 4.4b) and Penicillium_3 (Figure 4.4c) 

 



 

89 

 

Figure 4.4: Growth phases of selected isolates in the presence of metals. a- Trichoderma, b- 

Talaromyces, c - Penicillium_3 and d- Penicillium_6. 

4.3.3.2 Carbon utilization 

To determine the optimal carbon source for organic acid production, the four isolates were 

cultivated in glucose, sucrose, and fructose. As illustrated in Figure 4.5a, utilization of glucose 

as a carbon source resulted in the lowest pH for all four isolates, indicating that glucose is the 

most effectively utilized carbon source by these isolates. When comparing pH to molarity, as 

shown in Figure 4.5a and b, a significant difference is observed between sucrose and glucose 

pH levels, especially in Talaromyces.  

 

Figure 4.5: Glucose, sucrose and fructose utilization by the four selected isolates. a- represents 

pH decrease after 5 days of incubation, and b- represents the calculated molarity of organic 

acids. Carbon source utilisation is directly linked to production of organic acids which causes 

a decrease in pH. The use of glucose resulted the lowest pH for Trichoderma, Talaromyces, 

Penicillium_3 and Penicillium_6  

The isolates were subsequently grown in glucose containing media and samples were collected 

every other day for 15 days for organic acid and metabolite analysis using HPLC and GC-MS 

respectively. In Figure 4.6, the pH profiles during the growth of these isolates revealed a 

difference in the metabolic activities of Trichoderma compared to the other isolates. 

Trichoderma exhibited the lowest pH reached within just 5 days of growth, in contrast to day 

9 for Penicillium_6 and day 15 for Talaromyces and Penicillium_3. The organic acids produced 

during the growth of these four isolates were identified and quantified using HPLC. Figure 4.7 

illustrates that citric acid was the primary organic acid produced by all four isolates, followed 



 

90 

 

by oxalic acid. Propionic acid was only quantified for Trichoderma. When comparing citric 

acid production, it become evident that within 24 hours, Trichoderma produced 350 g/l of citric 

acid, surpassing the other three isolates.  

 

Figure 4.6: Organic acid production by Trichoderma, Talaromyces, Penicillium_3 and 

Penicillium_6 with glucose as the carbon source after 15 days. Error bars represent ±SD; n=3. 
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Figure 4.7: Organic acid produced by Trichoderma, Talaromyces, Penicillium_3 and 

Penicillium_6, quantified using HPLC. a- citric acid, b- oxalic acid and c – propionic acid. 

4.3.3.3 Compounds/Metabolites screening  

To gain insights into the up-regulated pathways during organic acid production, we employed 

GC-MS to identify metabolites/compounds contributing to organic acid production, especially 

citric acid production. The same samples used for the above were analyzed for 

metabolites/compounds. Figure 4.8 displays the different chemical compounds that were 

identified. Kyoto Encyclopedia of Genes and Genomes (KEGG) was used for compound 

identification and determination of the pathways they are related to. Most of the compounds 

were associated with pathways related to the citric acid cycle (highlighted in blue), lipid 

biosynthesis (purple), and carbohydrate metabolism (orange). Compounds linked to 

carbohydrate metabolism were observed to be more abundant in the early growth stages of all 

four isolates, with Talaromyces exhibiting the most pronounced increase.  
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Figure 4.8: The heatmap depicts the average levels of identified metabolites detected during 

the growth of Trichoderma, Talaromyces, Penicillium_3, and Penicillium_6. Columns 

represent sample collection days for each isolate, while rows represent different metabolites. 

Metabolites highlighted in blue are associated with the citric acid cycle, those in purple pertain 

to lipids, and those in orange are related to carbohydrate metabolism. 

Compounds that eventually contribute to the citric acid cycle were also observed, which 

explains why all four isolates produced citric acid as the primary organic acid. These 
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compounds include 2-Furan, 2-Furanmethanol, 2-Furancarboxylic acid, 3-Furaldehyde and 5-

Hydroxymethylfurfural; all of which are furan derivatives except 3-Furaldehyde (Dutta, 2021; 

der Hoeven et al., 1989). Figure 4.9a shows that they are part of furfural degradation 

metabolism, as highlighted in red.  Three of these compounds were observed to be abundant 

and were compared among the four isolates, as shown in Figures 4.9b, c and d. Talaromyces 

had the highest abundance of 2-furan, followed by Penicillium_3. While 2-Furanmethanol was 

abundant in all isolates except Talaromyces. 5-Hydroxymethylfurfural was abundant in all the 

four isolates. 
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Figure 4.9: a-depicts the furfural degradation pathway, with the four compounds highlighted in red.  b-d: The Box plots represent the most 

abundant metabolites and show their comparison among the four isolates, which eventually contributes to the citric acid cycle. 



 

95 

 

4.4 Discussion  

In the current study, mine tailing samples, representing an extreme environment, were used to 

isolate fungi.  Eight different genera were identified and all of them have been reported or 

linked to bioleaching related studies (Yin et al., 2023; Tansengco et al., 2018; Etemadzadeh et 

al., 2016; Martinez et al., 2015; Vásquez et al., 2015; Amiri et al., 2011). Thus, confirming the 

importance of isolating potential bioleaching from extreme environments.  

Qualitative and quantitative assay: organic acid and metal tolerance 

The ability of a fungi to cause a decrease in pH during growth is linked to the production of 

organic acid. Thus, the isolates were screened for organic acid production, as one of the most 

important qualities for potential bioleaching fungi. A lowest pH during the growth of 

Trichoderma, Talaromyces, Penicillium_3 and Penicillium_6 was observed, and the isolates 

were selected for further analysis. Of the 4, Trichoderma showed higher metal tolerance 

(Figure 4.2). Its growth at 300 mg/l of Al and Zn, as well as 100 mg/l of Ni exceeded that of 

the controls without metals, suggesting an enhanced metal tolerance ability, possibly due to 

various mechanisms that allow the fungus to thrive in the presence of these metals such as 

metal uptake and sequestration as well as stress responses (Moore et al., 2008; Bellion et al., 

2006). A TI of less than 1 was observed for Talaromyces, Penicillium_3 and Penicillium_6. 

This implies that these isolates are susceptible to the toxicity of the metals. At TI<1 a sublethal 

effect was observed since the organisms did not die but showed characteristics of impaired 

growth as compared to the controls (Appendix A4.5), which may result from reduced or 

impaired metabolic functions (Lobos et al., 2021). It is important to note that petri dish assays 

have limitations regarding biomass production. For example, fungal growth may primarily 

focus on hyphal extension with limited biomass accumulation. This makes it challenging to 

accurately assess the effect of metals on growth. For more accurate measurements, broth can 

be used instead of agar, where dried cell weight can be used as a measure (Alavi et al., 2021; 

Bahaloo-Horeh et al., 2018). While the growth of all four isolates was affected as metal 

concentration increased, cell growth was not inhibited until extremely high concentration (such 

as 1600 mg/l of Al) was used. This indicates the acclimatization potential of the isolates, 

meaning that the four isolates may adapt to even higher concentrations of the metals over time. 

This acclimatization effect was reported by Yang et al. (2009), where the two un-adapted A. 

niger strains were susceptible to Al and Fe, however after six months of adaptation, the 
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organism could tolerate up to 3500 mg/l Al and 700 mg/l Fe. This acclimatization potential can 

also be represented by the near zero TI for Peniccilim_3 and 6 when exposed to Cr.  

Growth rates and effects of metal on fungal growth phases 

In bioleaching, one of the challenges lies in the slow kinetics, which can be attributed to the 

growth and activities of fungi. Therefore, identifying isolates with high growth rates under 

metal exposure is crucial. From the growth rate results, it was observed that Trichoderma 

exhibited higher growth rates compared to the control without added metal, while the opposite 

trend was noticed at the highest metal concentrations (Figure 4.3). According to Bahaloo-

Horeh et al. (2018) and Jang & Valix (2017), microorganisms tend to respond to heavy metals 

in a biphasic manner, with low metal concentrations stimulating growth and higher metal 

concentrations inhibiting it. The high growth rates exhibited by Trichoderma at metal 

concentrations where it has a TI >1 indicate its suitability as a bioleaching candidate. 

A five-growth phase behaviour of fungi under metal stress was used to understand the effect 

of metals on the fungal growth (Figure 4.1). For a fungus to exhibit good tolerance towards a 

specific metal, it should demonstrate a higher TI (>1) at a similar growth phase, in this case, 

phase d. However, Trichoderma which demonstrated TI>1did not follow the five-growth phase 

behaviour while others did (Figure 4.4). In a study by Rose & Devi (2018), this observation 

was reported at a metal concentration in which the organism has TI <1, however in our results, 

this was observed at TI >1 and TI <1 for Trichoderma and at TI< 1 for the other isolates. 

According to Valix & Loon (2003), a higher TI in fungi is linked to the initial rapid fungal 

growth seen in phase b and the relatively low death rate noted in phase c. Ther other three 

isolates had a TI<1 even at the lowest concentration and this can be attributed to the accelerated 

growth in phase b while in phase c a continuous decline in growth rate was observed.  

Furthermore, a prolonged lag phase as seen in Talaromyces and Penicillium_3 also demonstrate 

the susceptibility of these isolates to metal where their growth rates and activity are affected.  

Carbon source utilisation: glucose, sucrose and fructose 

Organic acid production is mainly dependent on availability of carbon source and from 

literature it is important to identify carbon source best utilized by the organism in question 

(Shen et al., 2023; Din et al., 2020; Chaerun et al., 2017). In addition to using pH, calculated 

molarity of organic acid was used to select the best utilized carbon source. However, there was 

no substantial difference in terms of the calculated molarity between the different carbon 

sources used while pH difference was observed (Figure 4.5). This suggests that the molarity of 
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the acids produced may not scale directly with pH. This phenomenon is likely due to the 

production of multiple acids by each organism when utilizing different carbon sources. Each 

acid has a unique effect on pH, and when titrated, some acids will be monoprotic, while others 

are weak acids, only partially dissociating (Park et al., 2017). Nevertheless, regardless of their 

identity and characteristics, all acids will still have an effect on pH. In this case based on the 

lowest pH observed, glucose was selected as the best utilized carbon source. 

Comparison of organic acid production using glucose as the carbon source 

Comparison of the 4 isolates showed that Trichoderma reached the lowest pH at the lowest 

time (Figure 4.6). This rapid decline in pH is indicative of Trichoderma's rapid metabolic 

activities, suggesting that the provided carbon source was rapidly converted into organic acids 

and other metabolic products. Our findings align with a study conducted by Shah et al. (2020), 

who investigated pH and organic acid produced during the growth of A. niger. Their study 

reported a similar phenomenon, where an increase in A. niger's biomass coincided with a 

decrease in pH. Notably, in this study by Shah et al. (2020), a strong negative correlation 

between biomass and pH was observed, highlighting the important role of metabolic activities 

in driving the production of organic acids. Using HPLC, citric acid, oxalic acid and propionic 

acids were quantified (Figure 4.7). Comparison of citric acid, which was produced as the main 

organic acid, showed that the highest concentration was reached by Trichoderma in a shortest 

time. This further confirms Trichoderma's fast metabolism, which also explains the quicker 

attainment of the lowest pH. A fast metabolism implies that Trichoderma was able to utilize 

the carbon source within five days, as evidenced by the observed increase in pH after day 5. 

This increase may be due to a shift in metabolic processes from producing organic acids to 

utilizing them for energy or the production of secondary metabolites hence the rise in pH after 

day 5. Subsequently, the citric acid concentration in the other three isolates exceeded that of 

Trichoderma after day 7, elucidating why their lowest pH was observed after day 9. When it 

came to oxalic acid, Penicillium_3 and Penicillium_6 recorded the highest oxalic acid 

produced. 

The purpose of this study was to screen fungal isolates for their bioleaching potential. In 

bioleaching, organic acids serve as the primary leaching agents, with citric and oxalic acid 

being major contributors through processes such as acidolysis and complexolysis, which 

involve chelation reactions (Dusengemungu et al., 2021; Pathak et al., 2021b). Citric acid is 

typically generated via the citric acid cycle, whereas oxalic acid and propionic acid follow 
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distinct pathways. The prevalence of citric acid production across all isolates suggests their 

metabolic processes are inclined toward the citric acid cycle. This alignment with the citric 

acid cycle could be attributed to its role in cellular respiration, the primary energy production 

pathway. GC-MS was used to identify metabolite/compound produced during the production 

of organic acids listed above, mainly citric acid (Figure 4.8). The higher levels of carbohydrate 

metabolites produced in the early growth stages were observed, which may be connected to 

biomass formation and energy production, crucial for cell functioning (Zuo et al., 2021). 

Additionally, pathways leading to lipid metabolite production, primarily fatty acyls, were also 

abundant. Lipids are primarily associated with energy storage (Lin & Heitman, 2005). Since 

the isolates were grown glucose as a carbon source, excess glucose could have been converted 

into fatty acids and stored as lipids for later ATP generation.  

Compounds such as 2-Furan, 2-Furanmethanol and 5-Hydroxymethylfurfural were found in 

abundance (Figure 4.9). 2-Furan also known as furan, is a compound biologically produced by 

fungi as a secondary metabolite, which functions among others as a defence mechanism (Chen 

et al., 2021; Luo et al., 2017). 2-Furanmethanol is also a secondary metabolite with 

antimicrobial activities (Al-Rashdi et al., 2022). 5-Hydroxymethylfurfural on the other hand is 

known for its antioxidant activities, that is, providing protection to cells against free radicals 

(Zhu et al., 2022). The question arises as to why these fungal isolates produced these 

compounds in abundance. One possible explanation may be due to excess carbon influx, where 

the high concentration of glucose led to a metabolic overflow (Legiša & Mattey, 2007). In such 

a scenario, the excess carbon from metabolic pathways like glycolysis and gluconeogenesis 

could surpass the capacity of downstream pathways such as the citric acid cycle. Consequently, 

a metabolic diversion will occur, resulting in the production of these compounds in addition to 

lipid metabolism (Liu et al., 2023; Morin et al., 2011). As illustrated in Figure 4.9a, they are 

involved in furfural degradation metabolism, ultimately contributing to the citric acid cycle 

(citrate cycle). This was explained in a metabolic analysis study of Penicillium by Yang et al. 

(2021), stating that the increase of 2-Furoic acid in the furfural degradation pathway, produces 

more α-ketoglutarate (also known as oxoglutarate), which is an important intermediate in citric 

acid cycle. Thus, it may represent another metabolic pathway related to energy storage in fungi.   
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4.5 Conclusion  

This study identified Trichoderma as a promising candidate for bioleaching due to its metal 

tolerance, fast growth rates, and organic acid production. Metabolic profiling of the four fungal 

isolates revealed that the citric acid cycle is the predominant pathway involved in organic acid 

production, with glucose as the carbon source. Other pathways related to lipid biosynthesis and 

carbohydrate metabolism also play important roles. The production of compounds that are part 

of furfural degradation metabolism may represent another metabolic pathway related to energy 

storage in fungi.  

Although the three non-Trichoderma isolates showed low metal tolerance, they may still be 

useful for indirect/spent media bioleaching, where only their organic acids interact with the 

metals. Overall, bioleaching experiments are required to test the organisms' bioleaching ability, 

whether through direct bioleaching in the case of Trichoderma or spent media bioleaching for 

the other three isolates.  

Future studies  

In the future, researchers may further explore the molecular mechanisms that are involved in 

bioleaching processes with the fungal isolates that have been identified. Transcriptomic, 

proteomic, or metabolomic analyses to can be used to identify and characterize specific genes, 

proteins, and metabolites that play a role in metal tolerance, organic acid production, and the 

overall efficiency of bioleaching. Optimizing the conditions for bioleaching is necessary in 

order to improve the efficiency of fungal isolates. This may involve optimizing factors such as 

pH, temperature, nutrient levels, and metal concentrations to increase the production of organic 

acids and solubilization of metals.  

Beyond bioleaching, the organic acids produced by the fungal isolates may have potential 

applications in other biotechnological processes. Further research could investigate the 

possibility of using these organic acids for metal recovery from electronic waste, soil 

remediation, or as starting materials for creating more valuable chemicals. 

 



 

100 

 

4.6 References  

Adeleke, Rasheed, Eugene Cloete, and D. K. (2010). Isolation and identification of iron ore - 

solubilising fungus. South African Journal of Science, 106(9), 1–6. 

https://doi.org/10.4102/sajs.v106i9/10.254 

Alavi, N., Partovi, K., Majlessi, M., Rashidi, M., & Alimohammadi, M. (2021). Bioleaching of 

metals from cellphones batteries by a co-fungus medium in presence of carbon materials. 

Bioresource Technology Reports, 15. https://doi.org/10.1016/j.biteb.2021.100768 

Al-Rashdi, F. K. H., Al-Sadi, A. M., Al-Riyamy, B. Z., Maharachchikumbura, S. S. N., Al-Sabahi, 

J. N., & Velazhahan, R. (2022). Endophytic fungi from the medicinal plant Aloe dhufarensis 

Lavranos exhibit antagonistic potential against phytopathogenic fungi. South African Journal 

of Botany, 147, 1078–1085. https://doi.org/10.1016/j.sajb.2020.05.022 

Amiri, F., Mousavi, S. M., & Yaghmaei, S. (2011). Enhancement of bioleaching of a spent Ni/Mo 

hydroprocessing catalyst by Penicillium simplicissimum. Separation and Purification 

Technology, 80(3), 566–576. https://doi.org/10.1016/j.seppur.2011.06.012 

Anahid, S., Yaghmaei, S., & Ghobadinejad, Z. (2011). Heavy metal tolerance of fungi. Scientia 

Iranica, 18(3 C), 502–508. https://doi.org/10.1016/j.scient.2011.05.015 

Bahaloo-Horeh, N., Mousavi, S. M., & Baniasadi, M. (2018). Use of adapted metal tolerant 

Aspergillus niger to enhance bioleaching efficiency of valuable metals from spent lithium-ion 

mobile phone batteries. Journal of Cleaner Production, 197, 1546–1557. 

https://doi.org/10.1016/j.jclepro.2018.06.299 

Barratt RW, Johnson GB, Ogata WN. (1965). Wild-type and mutant stocks of Aspergillus nidulans. 

Genetics 52(1):233–246 

Bellion, M., Courbot, M., Jacob, C., Blaudez, D., & Chalot, M. (2006). Extracellular and cellular 

mechanisms sustaining metal tolerance in ectomycorrhizal fungi. In FEMS Microbiology 

Letters (Vol. 254, Issue 2, pp. 173–181). https://doi.org/10.1111/j.1574-6968.2005.00044.x 

Brisson, V. L., Zhuang, W. Q., & Alvarez-Cohen, L. (2020). Metabolomic Analysis Reveals 

Contributions of Citric and Citramalic Acids to Rare Earth Bioleaching by a Paecilomyces 

Fungus. Frontiers in Microbiology, 10. https://doi.org/10.3389/fmicb.2019.03008 

Brown, R. M., Mirkouei, A., Reed, D., & Thompson, V. (2023). Current nature-based biological 

practices for rare earth elements extraction and recovery: Bioleaching and biosorption. In 



 

101 

 

Renewable and Sustainable Energy Reviews (Vol. 173). Elsevier Ltd. 

https://doi.org/10.1016/j.rser.2022.113099 

Chaerun, S. K., Sulistyo, R. S., Minwal, W. P., & Mubarok, M. Z. (2017). Indirect bioleaching of 

low-grade nickel limonite and saprolite ores using fungal metabolic organic acids generated by 

Aspergillus niger. Hydrometallurgy, 174, 29–37. 

https://doi.org/10.1016/j.hydromet.2017.08.006 

Chen, A., Hao, X., Xiao, Y., Zou, K., Liu, H., & Liu, X. (2019). Responses of Acidithiobacillus 

thiooxidans A01 to Individual and Joint Nickel ( Ni 2 + ) and Ferric ( Fe 3 + ). 1–12. 

https://doi.org/10.3390/min9020082 

Chen, S., Cai, R., Liu, Z., Cui, H., & She, Z. (2021). Secondary metabolites from mangrove-

associated fungi: source, chemistry and bioactivities. In Natural Product Reports (Vol. 39, 

Issue 3, pp. 560–595). Royal Society of Chemistry. https://doi.org/10.1039/d1np00041a 

der Hoeven, van, M Mutat, J. C., & Kallio, H. (1989). Food Chem. In Gazz. Chim. Ital (Vol. 37). 

https://pubs.acs.org/sharingguidelines 

Din, G., Hassan, A., Rafiq, M., Hasan, F., Badshah, M., Khan, S., Chen, G., Ripp, S., & Shah, A. 

A. (2020). Characterization of Organic Acid Producing Aspergillus tubingensis FMS1 and its 

Role in Metals Leaching from Soil. Geomicrobiology Journal, 37(4), 336–344. 

https://doi.org/10.1080/01490451.2019.1701585 

Dusengemungu, L., Kasali, G., Gwanama, C., & Mubemba, B. (2021). Overview of fungal 

bioleaching of metals. Environmental Advances, 5, 100083. 

https://doi.org/10.1016/j.envadv.2021.100083 

Dutta, S. (2021). Valorization of biomass-derived furfurals: reactivity patterns, synthetic strategies, 

and applications. In Biomass Conversion and Biorefinery. Springer Science and Business 

Media Deutschland GmbH. https://doi.org/10.1007/s13399-021-01924-w 

Etemadzadeh, S. S., Emtiazi, G., & Etemadifar, Z. (2016). Heterotrophic Bioleaching of Sulfur, 

Iron, and Silicon Impurities from Coal by Fusarium oxysporum FE and Exophiala spinifera 

FM with Growing and Resting Cells. Current Microbiology, 72(6), 707–715. 

https://doi.org/10.1007/s00284-016-1008-x 

https://doi.org/10.1007/s00284-016-1008-x


 

102 

 

Faraji, F., Golmohammadzadeh, R., Rashchi, F., & Alimardani, N. (2018). Fungal bioleaching of 

WPCBs using Aspergillus niger: Observation, optimization and kinetics. Journal of 

Environmental Management, 217, 775–787. https://doi.org/10.1016/j.jenvman.2018.04.043 

Ilyas, S., Bhatti, H. N., Bhatti, I. A., Sheikh, M. A., & Ghauri, A. (2010). Bioleaching of metal ions 

from low grade sulphide ore : Process optimization by using orthogonal experimental array 

design. African Journal of Biotechnology, 9(19), 2801–2810. 

https://doi.org/10.5897/AJB10.026 

Jang, H. C., & Valix, M. (2017). Overcoming the bacteriostatic effects of heavy metals on 

Acidithiobacillus thiooxidans for direct bioleaching of saprolitic Ni laterite ores. 

Hydrometallurgy, 168, 21–25. https://doi.org/10.1016/j.hydromet.2016.08.016 

Katoh K, Rozewicki J, Yamada KD. (2019). MAFFT online service: multiple sequence alignment, 

interactive sequence choice and visualization. Brief Bioinform. 19;20(4):1160-1166. doi: 

10.1093/bib/bbx108.  

Keshavarz, S., Faraji, F., Rashchi, F., & Mokmeli, M. (2021). Bioleaching of manganese from a 

low-grade pyrolusite ore using Aspergillus niger: Process optimization and kinetic studies. 

Journal of Environmental Management, 285. https://doi.org/10.1016/j.jenvman.2021.112153 

Kolenčík, M., Urík, M., Čerňanský, S., Molnárová, M., & Matúš, P. (2013). LEACHING OF ZINC, 

CADMIUM, LEAD AND COPPER FROM ELECTRONIC SCRAP USING ORGANIC ACIDS 

AND THE ASPERGILLUS NIGER STRAIN. 

Le, L., Tang, J., Ryan, D., & Valix, M. (2006). Bioleaching nickel laterite ores using multi-metal 

tolerant Aspergillus foetidus organism. Minerals Engineering, 19(12), 1259–1265. 

https://doi.org/10.1016/j.mineng.2006.02.006 

Legiša, M., & Mattey, M. (2007). Changes in primary metabolism leading to citric acid overflow in 

Aspergillus niger. In Biotechnology Letters (Vol. 29, Issue 2, pp. 181–190). 

https://doi.org/10.1007/s10529-006-9235-z 

Lin, X., & Heitman, J. (2005). Chlamydospore formation during hyphal growth in Cryptococcus 

neoformans. Eukaryotic Cell, 4(10), 1746–1754. https://doi.org/10.1128/EC.4.10.1746-

1754.2005 

Liu, H., Jin, Y., Zhang, R., Ning, Y., Yu, Y., Xu, P., Deng, L., & Wang, F. (2023). Recent advances 

and perspectives on production of value-added organic acids through metabolic engineering. 



 

103 

 

In Biotechnology Advances (Vol. 62). Elsevier Inc. 

https://doi.org/10.1016/j.biotechadv.2022.108076 

Lobos, A., Harwood, V. J., Scott, K. M., & Cunningham, J. A. (2021). Tolerance of three fungal 

species to lithium and cobalt: Implications for bioleaching of spent rechargeable Li-ion 

batteries. Journal of Applied Microbiology, 131(2), 743–755. 

https://doi.org/10.1111/jam.14947 

Luo, Z., Ren, H., Mousa, J. J., Rangel, D. E. N., Zhang, Y., Bruner, S. D., & Keyhani, N. O. (2017). 

The PacC transcription factor regulates secondary metabolite production and stress response, 

but has only minor effects on virulence in the insect pathogenic fungus Beauveria bassiana. 

Environmental Microbiology, 19(2), 788–802. https://doi.org/10.1111/1462-2920.13648 

Mani, D., & Kumar, C. (2014). Biotechnological advances in bioremediation of heavy metals 

contaminated ecosystems: An overview with special reference to phytoremediation. In 

International Journal of Environmental Science and Technology (Vol. 11, Issue 3, pp. 843–

872). Center for Environmental and Energy Research and Studies. 

https://doi.org/10.1007/s13762-013-0299-8 

Martínez P, Gálvez S, Ohtsuka N, Budinich M, Cortés MP, Serpell C, Nakahigashi K, Hirayama A, 

Tomita M, Soga T, Martínez S, Maass A, P. P. (2012). Metabolomic study of Chilean 

biomining bacteria Acidithiobacillus ferrooxidans strain Wenelen and Acidithiobacillus 

thiooxidans strain Licanantay. Metabolomics, 9(1), 247–257. https://doi.org/10.1007/s11306-

012-0443-3 

Martinez, P., Vera, M., Bobadilla-Fazzini, R. A., Haghshenas, D. F., Alamdari, E. K., 

Bonakdarpour, B., Darvishi, D., Nasernejad, B., Elissawy, A., Ebada, S. S., & Ashour, M. L. 

(2015). Omics on bioleaching: current and future impacts. Applied Microbiology and 

Biotechnology, 99(20), 8337–8350. https://doi.org/10.1007/s00253-015-6903-8 

Mishra, S., Panda, S., Akcil, A., & Dembele, S. (2023). Biotechnological Avenues in Mineral 

Processing: Fundamentals, Applications and Advances in Bioleaching and Bio-beneficiation. 

In Mineral Processing and Extractive Metallurgy Review (Vol. 44, Issue 1, pp. 22–51). Taylor 

and Francis Ltd. https://doi.org/10.1080/08827508.2021.1998043 

Moazzam, P., Boroumand, Y., Rabiei, P., Baghbaderani, S. S., Mokarian, P., Mohagheghian, F., 

Mohammed, L. J., & Razmjou, A. (2021). Lithium bioleaching: An emerging approach for the 



 

104 

 

recovery of Li from spent lithium ion batteries. In Chemosphere (Vol. 277). Elsevier Ltd. 

https://doi.org/10.1016/j.chemosphere.2021.130196 

Moore, B. A., Duncan, J. R., & Burgess, J. E. (2008). Fungal bioaccumulation of copper, nickel, 

gold and platinum. Minerals Engineering, 21(1), 55–60. 

https://doi.org/10.1016/j.mineng.2007.08.005 

Morin, N., Cescut, J., Beopoulos, A., Lelandais, G., Le Berre, V., Uribelarrea, J. L., Molina-Jouve, 

C., & Nicaud, J. M. (2011). Transcriptomic analyses during the transition from biomass 

production to lipid accumulation in the oleaginous yeast Yarrowia lipolytica. PLoS ONE, 6(11). 

https://doi.org/10.1371/journal.pone.0027966 

Muddanna, M. H., & Baral, S. S. (2019). Leaching of nickel and vanadium from the spent fluid 

catalytic cracking catalyst by reconnoitering the potential of Aspergillus niger associating with 

chemical leaching. Journal of Environmental Chemical Engineering, 7(2). 

https://doi.org/10.1016/j.jece.2019.103025 

Narayanasamy, M., Dhanasekaran, D., Vinothini, G., & Thajuddin, N. (2018). Extraction and 

recovery of precious metals from electronic waste printed circuit boards by bioleaching 

acidophilic fungi. International Journal of Environmental Science and Technology, 15(1), 

119–132. https://doi.org/10.1007/s13762-017-1372-5 

Nkuna, R., Ijoma, G. N., & Matambo, T. S. (2022). Applying EDTA in Chelating Excess Metal Ions 

to Improve Downstream DNA Recovery from Mine Tailings for Long-Read Amplicon 

Sequencing of Acidophilic Fungi Communities. Journal of Fungi, 8(5). 

https://doi.org/10.3390/jof8050419 

Park, L. K. E., Liu, J., Yiacoumi, S., Borole, A. P., & Tsouris, C. (2017). Contribution of acidic 

components to the total acid number (TAN) of bio-oil. Fuel, 200, 171–181. 

https://doi.org/10.1016/j.fuel.2017.03.022 

Pathak, A., Kothari, R., Vinoba, M., Habibi, N., & Tyagi, V. V. (2021b). Fungal bioleaching of 

metals from refinery spent catalysts: A critical review of current research, challenges, and 

future directions. Journal of Environmental Management, 280(November 2020), 111789. 

https://doi.org/10.1016/j.jenvman.2020.111789 



 

105 

 

Pathak, A., Morrison, L., & Healy, M. G. (2017). Catalytic potential of selected metal ions for 

bioleaching, and potential techno-economic and environmental issues: A critical review. 

Bioresource Technology, 229, 211–221. https://doi.org/10.1016/j.biortech.2017.01.001 

Pathak, A., Vinoba, M., & Kothari, R. (2021a). Emerging role of organic acids in leaching of 

valuable metals from refinery-spent hydroprocessing catalysts, and potential techno-economic 

challenges: A review. Critical Reviews in Environmental Science and Technology, 51(1), 1–

43. https://doi.org/10.1080/10643389.2019.1709399 

Qayyum, S., Meng, K., Pervez, S., Nawaz, F., & Peng, C. (2019). Optimization of pH, temperature 

and carbon source for bioleaching of heavy metals by Aspergillus flavus isolated from 

contaminated soil. Main Group Metal Chemistry, 42(1), 1–7. https://doi.org/10.1515/mgmc-

2018-0038 

Rose, P. K., & Devi, R. (2018). Heavy metal tolerance and adaptability assessment of indigenous 

filamentous fungi isolated from industrial wastewater and sludge samples. Beni-Suef 

University Journal of Basic and Applied Sciences, 7(4), 688–694. 

https://doi.org/10.1016/j.bjbas.2018.08.001 

Roy, J. J., Cao, B., & Madhavi, S. (2021). A review on the recycling of spent lithium-ion batteries 

(LIBs) by the bioleaching approach. In Chemosphere (Vol. 282). Elsevier Ltd. 

https://doi.org/10.1016/j.chemosphere.2021.130944 

Russo, F., Ceci, A., Pinzari, F., Siciliano, A., Guida, M., Malusà, E., Tartanus, M., Miszczak, A., 

Maggi, O., & Persiani, A. M. (2019). Bioremediation of dichlorodiphenyltrichloroethane 

(DDT)- contaminated agricultural soils: Potential of two autochthonous saprotrophic fungal 

strains. Applied and Environmental Microbiology, 85(21). 

https://doi.org/10.1128/AEM.01720-19 

Sajjad, W., Zheng, G., Din, G., Ma, X., Rafiq, M., & Xu, W. (2019). Metals Extraction from Sulfide 

Ores with Microorganisms: The Bioleaching Technology and Recent Developments. In 

Transactions of the Indian Institute of Metals (Vol. 72, Issue 3, pp. 559–579). Springer. 

https://doi.org/10.1007/s12666-018-1516-4 

Santhiya, D., & Ting, Y. P. (2005). Bioleaching of spent refinery processing catalyst using 

Aspergillus niger with high-yield oxalic acid. Journal of Biotechnology, 116(2), 171–184. 

https://doi.org/10.1016/j.jbiotec.2004.10.011 



 

106 

 

Sarkodie, E. K., Jiang, L., Li, K., Yang, J., Guo, Z., Shi, J., Deng, Y., Liu, H., Jiang, H., Liang, Y., 

Yin, H., & Liu, X. (2022). A review on the bioleaching of toxic metal(loid)s from contaminated 

soil: Insight into the mechanism of action and the role of influencing factors. In Frontiers in 

Microbiology (Vol. 13). Frontiers Media S.A. https://doi.org/10.3389/fmicb.2022.1049277 

Shah, S. S., Palmieri, M. C., Sponchiado, S. R. P., & Bevilaqua, D. (2020). Environmentally 

sustainable and cost-effective bioleaching of aluminum from low-grade bauxite ore using 

marine-derived Aspergillus niger. Hydrometallurgy, 195(May), 105368. 

https://doi.org/10.1016/j.hydromet.2020.105368 

Shaikh, Z., & Qureshi, P. (2013). Screening and Isolation of organic acid producers from samples 

of diverse habitats. In Int.J.Curr.Microbiol.App.Sci (Vol. 2, Issue 9). http://www.ijcmas.com 

Shekhar Samanta, N., Das, P. P., Dhara, S., & Purkait, M. K. (2023). An Overview of Precious 

Metal Recovery from Steel Industry Slag: Recovery Strategy and Utilization. In Industrial and 

Engineering Chemistry Research. American Chemical Society. 

https://doi.org/10.1021/acs.iecr.3c00604 

Shen, L., Zhou, H., Shi, Q., Meng, X., Zhao, Y., Qiu, G., Zhang, X., Yu, H., He, X., He, H., & Zhao, 

H. (2023). Comparative chemical and non-contact bioleaching of ion-adsorption type rare earth 

ore using ammonium sulfate and metabolites of Aspergillus niger and Yarrowia lipolytica to 

rationalise the role of organic acids for sustainable processing. Hydrometallurgy, 216. 

https://doi.org/10.1016/j.hydromet.2023.106019 

Shourie, A., & Vijayalakshmi, U. (2022). Fungal Diversity and Its Role in Mycoremediation. In 

Geomicrobiology Journal (Vol. 39, Issues 3–5, pp. 426–444). Taylor and Francis Ltd. 

https://doi.org/10.1080/01490451.2022.2032883 

Tansengco, M., Tejano, J., Coronado, F., Gacho, C., & Barcelo, J. (2018). Heavy metal tolerance 

and removal capacity of trichoderma species isolated from mine tailings in Itogon, Benguet. 

Environment and Natural Resources Journal, 16(1), 39–57. 

https://doi.org/10.14456/ennrj.2018.5 

Thavamani, P., Samkumar, R. A., Satheesh, V., Subashchandrabose, S. R., Ramadass, K., Naidu, 

R., Venkateswarlu, K., & Megharaj, M. (2017). Microbes from mined sites: Harnessing their 

potential for reclamation of derelict mine sites. In Environmental Pollution (Vol. 230, pp. 495–

505). Elsevier Ltd. https://doi.org/10.1016/j.envpol.2017.06.056 



 

107 

 

Valix, M., & Loon, L. O. (2003). Adaptive tolerance behaviour of fungi in heavy metals. Minerals 

Engineering, 16(3), 193–198. https://doi.org/10.1016/S0892-6875(03)00004-9 

Valix, M., Usai, F., & Malik, R. (2001). Fungal bio-leaching of low grade laterite ores. Minerals 

Engineering, 14(2), 197–203. https://doi.org/10.1016/S0892-6875(00)00175-8 

Vásquez, C., Colmenárez, Y., Morales-Sánchez, J., Valera, N., Sandoval, M. F., & Balza, D. (2015). 

Current and Potential Use of Phytophagous Mites as Biological Control Agent of Weeds. July. 

Wösten, H. A. B. (2019). Filamentous fungi for the production of enzymes, chemicals and materials. 

In Current Opinion in Biotechnology (Vol. 59, pp. 65–70). Elsevier Ltd. 

https://doi.org/10.1016/j.copbio.2019.02.010 

Wu, H. Y., & Ting, Y. P. (2006). Metal extraction from municipal solid waste (MSW) incinerator 

fly ash - Chemical leaching and fungal bioleaching. Enzyme and Microbial Technology, 38(6), 

839–847. https://doi.org/10.1016/j.enzmictec.2005.08.012 

Yang, J., Wang, Q., Wang, Q., & Wu, T. (2009). Heavy metals extraction from municipal solid 

waste incineration fly ash using adapted metal tolerant Aspergillus niger. Bioresource 

Technology, 100(1), 254–260. https://doi.org/10.1016/j.biortech.2008.05.026 

Yang, Q., Qian, X., Routledge, M. N., Wu, X., Shi, Y., Zhu, Q., & Zhang, H. (2021). Metabonomics 

analysis of postharvest citrus response to Penicillium digitatum infection. LWT, 152. 

https://doi.org/10.1016/j.lwt.2021.112371 

Yin, X., Shan, X., Shao, W., Liu, L., Liang, G., Zhou, Q., & Lin, W. (2023). Copper from Waste 

Printed Circuit Boards Was Effectively Bioleached Using Newly Isolated Microorganisms and 

Subsequently Recovered by Microbial Fuel Cell. Sustainability, 15(13), 9996. 

https://doi.org/10.3390/su15139996 

Zhu, A., Zheng, F., Zhang, W., Li, L., Li, Y., Hu, H., Wu, Y., Bao, W., Li, G., Wang, Q., & Li, H. 

(2022). Oxidation and Antioxidation of Natural Products in the Model Organism 

Caenorhabditis elegans. In Antioxidants (Vol. 11, Issue 4). MDPI. 

https://doi.org/10.3390/antiox11040705 

Zuo, J., Tang, J., Lu, M., Zhou, Z., Li, Y., Tian, H., Liu, E., Gao, B., Liu, T., & Shao, P. (2021). 

Glycolysis Rate-Limiting Enzymes: Novel Potential Regulators of Rheumatoid Arthritis 

Pathogenesis. In Frontiers in Immunology (Vol. 12). Frontiers Media S.A. 

https://doi.org/10.3389/fimmu.2021.779787 



 

108 

 

 

 

 

 

 

 

 

 

 

5. CHAPER 5: BIOLEACHING STUDIES BY TRICHODERMA ASPERELLUM: 
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Objective  

Chapter 4 evaluated the bioleaching capabilities of four fungal isolates, assessing their growth 

rates, metal tolerance, and organic acid production. Among the four isolates, Trichoderma 

asperellum (T. asperellum) emerged as the most promising bioleaching fungus. This chapter 

evaluated the bioleaching capabilities of the fungus T. asperellum using different metal-

containing samples, such as tailings, its natural habitat, and ore, a distinct environment. The 

objective of this chapter is to gain insights into the bioleaching ability, specifically metal 

tolerance and organic acid production, at the genetic level by employing a combined 

transcriptomics and metabolomics approach.  

Publication status  

This chapter has been submitted to Journal of Environmental Management, see appendix A5.1.  

Nkuna, R. and Matambo, T. S. Insights into Metal Tolerance and Resistance Mechanisms in 

Trichoderma asperellum Unveiled by De Novo Transcriptome Analysis during Bioleaching.  

Journal of Environmental Management – submitted. 

Abstract 

Bioleaching is a biotechnological process that use fungi to extract metals from ores and 

tailings/waste. This study evaluated the genetic responses of the fungus T. asperellum during 

bioleaching of ore and tailing samples. One-step, two-step and spent media bioleaching 

processes were compared. From HPLC results, oxalic acid, citric acid and propionic acids were 

quantified, however, oxalic acid was the main organic acid involved in bioleaching of metals. 

Metal recovery exhibited variations between ore and tailing samples and among different 

bioleaching approaches. Notably, the two-step bioleaching process for both tailing and ore 

resulted in the highest recovery of zinc (>54%) and nickel (>60%), respectively. Oxalic acid is 

known to efficiently bioleach metals such as Zn amongst others. The differences in the highest 

metal recovered by the same organism were attributed to nickel's tendency to precipitate as 

nickel oxalate when oxalic acid is the main bioleaching agent, while its efficient recovery in 

ore bioleaching was correlated with the presence of manganese. Additional metals such as Co, 

Mn, Mg, Cu, and As were also successfully recovered. Transcriptomic analysis unveiled 

substantial upregulation of genes associated with biological processes, cellular components, 

and molecular functions. Notably, genes involved in cell membrane structure and function were 

consistently upregulated, indicating T. asperellum's capacity to adapt to the environmental 

stresses encountered during metal bioleaching. These findings expand our comprehension of 
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the multifaceted mechanisms dictating varying metal recovery rates in diverse bioleaching 

processes.   

Keyword words: Bioleaching, organic acid, differentially expressed genes, metal recovery. 

5.1 Introduction  

In recent years, there has been a growing interest in evaluating the use of filamentous fungi in 

bioleaching due to the inherent challenges associated with the process, including slow kinetics, 

low yield, and extreme conditions (Dusengemungu et al., 2021; Moazzam et al., 2021; Pathak 

et al., 2017). Furthermore, the demand for an effective bioleaching process is also amplified 

by the environmental impact of conventional methods observed from mining activities that 

threatens the continuous use of natural resources such as soil and water (Farjana et al., 2019; 

Yang et al., 2019; Pourret et al., 2015; Huang et al., 2010). Bioleaching is a low-cost and 

energy-efficient method that offers a simplified approach without the need for specialized 

equipment, unlike traditional methods (Moazzam et al., 2021; Opare et al., 2021; Borja et al., 

2016). The recent exploitation of low-grade ore resulting from rapid depletion of high-grade 

ore reserves also contributed to the growing demand for an efficient bioleaching process 

because in conventional methods higher energy input is required as the metal content in the ore 

decreases (Sajjad et al., 2019). Filamentous fungi play a crucial role in bioleaching by 

providing another notable advantage when dealing with low-grade ores that contain multiple 

metals, since filamentous fungi can simultaneously bioleach multiple metals, unlike 

conventional methods (Pathak et al., 2021). However, despite these advantages, the above-

mentioned challenges impede the commercial application of this process. 

The challenges encountered in the bioleaching process are attributed to the reliance on 

biological activities of microorganisms. These activities can be influenced by various factors, 

including pH levels, high concentrations of heavy metals, and essential nutrients (Arshadi et 

al., 2020; Sajjad et al., 2019; Gu et al., 2018). As a result, optimization studies normally involve 

screening for potential organism(s) that can function better under extreme conditions expected 

during bioleaching. One such organism is the fungus Trichoderma asperellum, which was 

isolated from mine tailing and selected for this study based on its metal tolerance and organic 

acid production. Thus, examples of optimisation strategies include isolation of fungi from 

extreme habitat, testing their heavy metal tolerance or adapting them to increasing 

concentration of heavy metals, finding optimal growth conditions (pH and Temperature), as 

well as their carbon source utilisation which leads to the production of organic acids (Din et 
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al., 2020; Bahaloo-Horeh et al., 2018; Oladipo et al., 2018). The success of one such strategy, 

namely metal tolerance adaptation, was demonstrated in a study conducted by Bahaloo-Horeh 

et al. (2018). They observed that subjecting A. niger to serial adaptation from 0.3% to 1% of 

spent battery powder (which contains metals) enhanced the fungus's tolerance to metals as 

compared to un-adapted A. niger. Similar results were reported by Shah et al. (2020). Once the 

metal tolerance is acquired, it allows fungi to withstand and thrive in environments with 

elevated metal concentrations. This tolerance to metals is often accompanied or results from 

an upregulation of genes associated with metal chelation, metal transport, and organic acid 

production (Chen et al., 2023; Dey et al., 2022). The increased expression of these genes leads 

to improved production and secretion of organic acids, including oxalic acid, citric acid, and 

gluconic acid. The study by Bahaloo-Horeh et al. (2018), also observed that the adaptation to 

metals also resulted in an improved production of organic acids, which ultimately enhanced 

the efficiency of bioleaching compared to un-adapted A. niger. It should be noted that in fungi, 

bioleaching revolves around the production of organic acids which are responsible for metal 

solubilization through mechanisms such as acidolysis and complexolysis (Dusengemungu et 

al., 2021; Pathak et al., 2021, 2017; Faraji et al., 2018; Pinzari et al., 2012; Xu & Ting, 2009). 

Therefore, understanding the regulation and optimization of organic acid production as well as 

metal tolerance in fungi during bioleaching is essential for enhancing the process.  

In this study, the bioleaching ability of T. asperellum, was evaluated for metals contained in 

tailings, a habitat to which the organism is adapted. This ability was compared to its bioleaching 

performance for metals present in ore. The focus of the study was to compare the solubilization 

of metals, production of organic acids, and the expression of genes under different bioleaching 

strategies (one-step, two-step, and spent media bioleaching). By studying the genetic and 

molecular mechanisms underlying organic acid production and metal tolerance in fungi, 

researchers can identify key genes and metabolic pathways involved. This knowledge can be 

applied to improve the efficiency of the process and develop strategies for optimizing metal 

extraction from mineral resources.  

5.2 Methodology  

5.2.1 Mine tailing chromite ore characterization 

Tailings samples were collected from different dumps around Krugersdorp, Gauteng province 

South Africa as described in chapter 3 section 3.2.1. The ore was obtained from open cast mine 

in Limpopo Province, South Africa. The tailings were ground in a pestle and mortar to break 

lumps. The initial metal composition of the two different samples were quantified using 
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inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Shimadzu ICPE-9820, 

Gauteng, South Africa) by ICP-AES, as described in chapter 3 section 3.2.2. 

5.2.2 Bioleaching assay 

The fungal isolate T. asperellum was isolated from mine tailing samples, along with other 

fungi, it was selected for bioleaching assay in this chapter based on its high metal tolerance and 

fast metabolism in organic acid production from the experiments conducted in chapter 4. In 

this study, the bioleaching ability of T. asperellum was evaluated on tailings and ore. The 

tailing represents a habit for this organism (the organism was isolated from tailings), while ore 

represent a different type of sample in which the bioleaching ability of T. asperellum was 

evaluated. To prevent indigenous microorganisms from the samples from influencing the 

bioleaching experiment, the fine samples were autoclaved three times at 112°C for 30 minutes 

(Horeh et al., 2016; Martínez et al., 2012) 

5.2.2.1 Bioleaching media and inoculum preparation  

Potato dextrose agar was used to grow T. asperellum isolate and after 5 days of incubation at 

30°C, the agar plate was covered with dH2O, and spores were collected. The collected spores 

were then serially diluted up to 107 (vortexing in between) for use in bioleaching experiments 

(Krishnamoorthy et al., 2021; Faraji et al., 2018). Bioleaching media, GYEM, listed in Table 

3.1 (Chapter 3) was prepared and supplemented with 100 g/l of glucose (Amiri et al., 2011; 

Kishimoto & Tano, 1987). 

5.2.2.2 Bioleaching experimental set-up 

In bioleaching assays by fungi, there are three main procedures: one-step, two-step, and spent 

medium. These approaches, as reported by several researchers (Krishnamoorthy et al., 2021; 

Faraji et al., 2018; Bahaloo- Horeh et al., 2017; Horeh et al., 2016) will be compared in this 

study. 

All bioleaching experiments were carried out in triplicates in 500 ml Duran Schott bottles 

containing 400 ml of sterile bioleaching media. Twenty grams of sterilized tailing or ore was 

used. This was determined by an initial screening test where the fungus T. asperellum was 

grown in different amounts (5-30g) of the samples and the pH was measured as compared to 

the fungi grown in a media only (Appendix A5.2). All reaction bottles were incubated at 30°C 

in a shaking incubator at 120 RPM as described by Faraji et al., (2018). Three bioleaching 

approaches, i.e., one-step, two-step, and spent media were used to bioleach the various metals 

present in the tailings and ore samples. In one step approach, the fungal spores were inoculated 
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to the bioleaching media, along with the addition of the tailing or ore. This was incubated for 

31 days. In two-step approach, the fungal spores were grown in the bioleaching media, and the 

pH was monitored daily. The tailings or ore were added once a significant drop in pH was 

observed (Krishnamoorthy et al., 2021; Faraji et al., 2018) and then followed by incubation for 

31 days. In the last approach, spent media bioleaching, the fungal spores were grown in 

bioleaching media for 14 days. The media with cells was filtered using sterile 0.2 µm filters, 

to remove cells and the filtered solution containing organic acids, referred to as spent media, 

was mixed with either tailings or ore samples. This was incubated for 7 days in a shaking 

incubator. Two controls were employed: (1) a positive control containing bioleaching media 

inoculated with fungal spores, and (2) a negative control containing uninoculated bioleaching 

media. 

In one-step and two-step, the pH was monitored every other day, while samples for RNA, metal 

and organic acid analysis (15 ml in total) were collected every 7 days. Every collection day, in 

both one-step and two-steps, bioleaching media (equal amounts as the samples removed) was 

added to each reaction bottle (Krishnamoorthy et al., 2021). The choice was made due to the 

nature of sampling process, which is destructive sampling process. Removal of the sample for 

further analysis may disrupt the overall activity of the fungi and the bioleaching process. 

However, adding the same volume of bioleaching media that was removed to the system could 

help maintain the appropriate carbon source concentration and pH in the leaching solution. The 

collected samples were stored in -80˚C freezer, until further analysis. For spent media 

bioleaching, after tailing or ore samples were added, the pH was measured every day and 

samples for metal and organic acid analysis were also collected every day. ICP-AES was 

conducted as explained in section 5.2.1, except that the sample were in liquid form and there 

was no need for digestion.  

The recovery of metals was calculated by equation 5.1 (Alavi et al., 2021 and Bahaloo- Horeh 

et al., 2017): 

Metal recovery % =
𝐶𝑆 𝑥 𝑉𝑆

𝐶𝐹 𝑥 𝑀𝐹
100        (5.1) 

where CS = metal concentration in the leach liquor (mg/l), VS = the volume of the bioleaching 

medium (L), CF = metal content of the tailing/ ore samples (mg/g) and MF =mass of the 

tailing/ore used. 
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5.2.3 HPLC analysis 

The collected samples for organic acid quantification using HPLC, were filtered using 0.2 µm 

filters. The samples were analyzed at the University of the Witwatersrand, South Africa. The 

procedure is as follows: the standard solutions were injected into the HPLC (Agilent 1200 

series) followed by samples. The injection volume was 20 µl, with a flow rate of 1 ml/min and 

0.2 ml of sulfuric acid in 1 L of deionised water was used as mobile phase. The separation of 

components took place in a BioRad fermentation column at a temperature of 65°C. The 

separated components were then detected by Refractive index column and the profile was 

observed. The quantification and detection were then performed using Agilent CDS Open Lab 

software Rev c.01.10 (287). 

5.2.4 RNA extraction  

Samples collected from bioleaching assay were centrifuged at 10 000 RPM to pellets the fungal 

cells and the supernatant was discarded. The cells were resuspended in 8 µg/µl EDTA for metal 

ion stabilisation as described in Chapter 3, section 3.3.2 (Nkuna et al., 2022). The Zymo 

research Quick-RNA™ MiniPrep Plus Kit (Zymo Research Corp, Irvine, California) was used 

to extract RNA from treated fungal cells, following manufacture’s instruction. The 260/280 

ratio of the extracted RNA, which represent RNA purity was measured using NanoDropTM 

(Thermo Scientific™, Waltham United States). The RNA samples were sent to Inqaba Biotech 

(Gauteng, South Africa) on dry ice for RNA-Seq using ILLUMINA MiSeq. The RNA MiSeq 

method involved conversion of total extracted RNA cDNA synthesis using reverse 

transcription. Ribosomal RNA depletion was performed to enrich for mRNA molecules. Next, 

library preparation was carried out, including adapter ligation and PCR amplification. Quality 

control checks were conducted before sequencing on the Illumina MiSeq platform, generating 

high-throughput RNA sequencing data for downstream analysis. 

5.2.4.1 RNA sequence analysis 

The RNA sequences were received from Inqaba Biotech as Fastq files. The raw RNA sequence 

reads were inspected for quality using FastQC (version 0.11.5), followed by trimming sequence 

of low-quality reads using Trimmomatic (version 0.39) (Bolger et al., 2014). Summarised 

quality control is represented in Table 5.1. De novo assembly of the quality-controlled reads 

was performed with Trinity v2.15.1 (Haas et al., 2013; Grabherr et al., 2011). The quality of 

assembled sequences was evaluated using BUSCO and N50, where the former assesses the 

completeness of an assembly while the latter is a statistical measure were a higher N50 value 

indicates longer and more complete transcripts (Manni et al., 2021; Haas et al., 2013). 
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Differentially expressed transcripts were extracted using DESeq2 from Trinity output and 

heatmap was generated. Trinotate v4.0.1 (swissprot_blastx, swissprot_blastp and 

TrinotatePFAM) was used for functional annotation of the assembled transcripts. The gene 

identity number from sprot_Top_BLASTX_hit in the Trinotate output were used for gene 

enrichment on ShinyGO 0.77 (http://bioinformatics.sdstate.edu/go/). 

Table 5.1: Overview of Illumina RNA-seq data quality  

Sample groups Average total clean 

reads 

Average clean bases 

(Mbp) 

Average GC% 

Control 1039269 149.67 52.67 

One step ore 929885 134.24 52.80 

Two step ore 2529094 125.37 52.67 

One step tailing 3880038 137.27 52.00 

Two step ore 2357572 136.46 51.80 

5.3 Results 

The fungus T. asperellum was used for bioleaching of metals from tailing and ore using three 

bioleaching approaches.  

5.3.1 Changes in pH 

One-step bioleaching: The pH decreased consistently during the first 7 days, followed by 

fluctuations in the range of 3.5-4 for tailings and ±4 for ore (Figure 5.1a). The pH of tailings 

samples was lower than that of ore throughout the experiment. Two-step bioleaching: Twenty-

four hours after adding samples to be leached, the pH increased from 3.7 to around ±4.3 for 

tailings and from 4 to around 4.5-5 for ore. The pH remained within these ranges for 21-24 

days (Figure 5.1b). In the last 6-10 days of the experiment, the pH of both tailings and ore 

decreased continuously. Spent media: The pH measured on day 14 (before addition of tailings 

and ore) was around 5 and remained within the range of 5-5.5 after addition of samples. 
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Figure 5.1:  pH measurements between different bioleaching steps. a – one-step bioleaching, 

b – two-step bioleaching.  

5.3.2 Bioleaching mechanisms.  

Initial metal analysis in tailing and ore was conducted using ICP-AES as indicated in Table 

5.2. One-step bioleaching: Higher recovery across most metals in tailings. Tailings showed 

significant recovery for several metals (Co, As, Mg, Zn), while ore only showed notable 

recovery for Mg and As (Figure 5.2a and b). Two-step bioleaching: Similar bioleaching 

efficiency for both tailings and ore, but higher overall recovery in ore for many metals (Ni, Mn, 

Zn, Cu, Mg). Tailings still had good recovery for specific metals (Zn, Co, Ni). Spent media 

leaching: Again, higher recovery in tailings for majority of metals (Co, Ni, Cu) compared to 

ore, except for Mg. 
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Table 5.2: ICP-AES quantified metal concentration of tailings and ore samples. 

Sample Metals (% W/W) 

Cr Ni As Al Co Cu Fe Mg Mn Zn 

Tailing 5.4±0072 4.5±0.0573 5.3±0.0872 572.3±0.0111 0.9±0.0190 2.5±0.030 616.9±0.0067 107.5±0.091 6.1±0.0180 7.2±0.012 

Ore 15.8±0.044 2.7±0.0062 2.9±0.0051 56.2±0.0011 0.0 1.2±0.033 165.2±0.0211 62.8±0.0028 2.2±0.0037 23.0±0.033 
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Figure 5.2:  Comparison of percentage of metals recovered from ore (a) and tailing (b) using 

three bioleaching steps, i.e., one-step, two-step and spent media. 

5.3.3 Organic acid production  

Results from high performance liquid chromatography shows that T. asperellum produced 

oxalic acid (C2H2O4) and citric acid (C6H8O7) during various bioleaching processes (Figure 

5.3a and b). T. asperellum produced oxalic acid as the main organic acid, while citric acid was 

produced in low quantities (Figure 5.3a – d). In both one-step and two-step bioleaching of 
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tailing samples, T. asperellum produced high levels of oxalic acid, averaging 672.52 mg/l in 

one-step and 930.13 mg/l in two-step bioleaching. In Figure 5.3b, the organic acid (~800 mg/l 

oxalic acid) produced in two-step before addition of metal containing samples was quantified 

and plotted under day 0

 

Figure 5.3. Comparison of organic acid quantified using HPLC. a – one step and b -two step 

for oxalic acid, c – one step and d two step for citric acid  

5.3.4 RNA-Seq data analysis 

Differential expression: to determine the differentially expressed gene in T. asperellum during 

one-step and two-step bioleaching of ore and tailing, DESeq2 (R/Bioconductor package) 

software was used to analyze the differential expression of log2-transformed FPKM values 

obtained from Trinity. The differentially expressed genes (DEGs) were then clustered as 

indicted in Figure 5.4, where yellow represent upregulated genes and purple downregulated 

genes. The heatmap shows that most of the up-regulated genes were observed in tailing samples 

(both one-step and two-step) though some genes of one-step ore were up-regulated, most are 
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down-regulated. Two-step ore on the hand shows similar profile to the control were all DEGs 

are downregulated. 

 

Figure 5.4: Hierarchical cluster analysis of the differentially expressed genes in T. asperellum 

during one-step and two step bioleaching processes of ore and a tailing.  Control samples (T. 

asperellum grown in bioleaching media without tailing or ore samples) are also included. The 

expression values are plotted a logarithmic scale, with the mean value of each feature 

subtracted from all of its value in that row. Upregulated genes are shown in yellow and 

downregulated genes as purple.  
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5.3.4.1 Pathway analysis 

Functional enrichment analysis was performed on the above DEGs, and it revealed significant 

genes for biological processes (BP), cellular component (CC) and molecular function (MF) for 

T. asperellum during bioleaching of tailing and ore (Figure 5.5a). Of the enriched genes, most 

are involved in biological process related to transport and maintenance of balance between iron 

ions within the cell (iron transport and homeostasis) as seen in Figure 5.5a. Enriched genes 

belonging to cellular components include those that related to cellular and structural aspects of 

the cell membrane. The relationship between enriched genes is shown in Figure 5.5b, where 

pathways sharing >20% genes are connected. In this plot, a connection between significantly 

enriched gene sets (darker colour) that are involved in biological function and cellular 

component is shown. To list a few, Figure 5b shows an enrichment of a set of genes involved 

in plasma membrane- an outer part of the cell, intrinsic component of membrane – intrinsic 

membrane proteins embedded in the cell membrane with roles such as adhesion, transport and 

signalling, transmembrane transport- involved in the movement of substances across the cell 

membrane. 
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Figure 5.5: a - Gene enrichment dot plot for T. asperellum gene expressed during bioleaching (The gene ratio versus the enriched pathway). The 

colour scale indicates different thresholds of the p-value, and the size of the dot indicates the number of genes corresponding to each pathway. The 

Fisher test was performed to indicate the significance of gene enrichment (FDR < 0.05). b- Interactive plot showing the relationship between 

enriched pathways. Darker nodes represent more significantly enriched gene sets.  
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Differentially expressed genes with functions related to the cell membrane were compared 

among the different bioleaching experiments and the control. Comparison between the samples 

was decided based on the points listed in Figure 5.6. The results of the comparisons were 

presented using MA plots, which shows up- and down-regulated genes. 

 

Figure 5.6: Comparison of differenctially expressed genes between one-step, two-step 

bileaching (for tailing and ore) and control.  

Trinity was used for de novo assembly of the transcript, followed by Trinotate for functional 

annotation. The differentially expressed genes on the MA plots are labeled with Trinity IDs 

(e.g., DN14535_C0_G1). These Trinity IDs will be used along with gene ontology numbers 

obtained from KEGG during Trinotate functional annotation. In Figure 5.7, the MA plots 

represent comparisons of the log fold change of expression in one sample compared to another. 

For example, one MA plot compares the log fold change of expression in one-step ore to the 

log fold change of expression in the control. The DEGs are labeled on each MA plot with an 

indication of whether they are upregulated or downregulated. A common observation among 

the 8 comparison groups is that most of the DEGs are related to the function of cell membrane. 

No differentially expressed genes related to organic acid production were observed. Another 

common observation is that the comparion between groups 1- 4 (bioleaching types vs control) 

showed fewer DEGs. Whereas comparions between groups 5-8 (amongs the different 

bioleaching types) has more DEGs, especially comparison of two-step tailing to two-step ore 

(the two bioleaching processess with the highest recovery of metals). 
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Figure 5.7: MA plot of the differentially expressed genes of compared groups.  The values 

were calculated as the log fold change of expression in sample A compared to sample B (as 

indicted in Figure 5.6.). Genes that differentially expressed are labelled as either up or 

downregulated.  

5.4 Discussion 

In the present study, the bioleaching potential of a candidate fungus was assessed using 

different metal-containing samples and bioleaching conditions. The primary objective was to 

elucidate the bioleaching capacity and metal tolerance at a functional level, employing 

transcriptomics and metabolomics to unravel the mechanisms underlying metal recovery and 

tolerance during bioleaching. 

Changes in pH 

Organic acids are part of secondary metabolites which directly result in pH changes (Horeh et 

al. 2016). Thus, the continuous decrease and fluctuation in pH during the bioleaching 

experiment. It was observed that the fungus T. asperellum reached the lowest pH in just 5 days 

in the absence of metal-containing samples (before addition of metals for two-step), compared 

to 7 days in one-step bioleaching. This highlights a drawback of the one-step process, where 

mixing samples and cells at the same time may impede the growth rate and subsequently the 

activity of the organism (Elahian et al., 2020). The overall comparison of the two metal 

containing samples shows that the bioleaching of tailings had the lowest pH in both one-step 

and two-step. Similar results were observed by Krishnamoorthy et al. (2021) and Marappa et 

al. (2020). Low pH enhances metal solubilization; therefore, two-step bioleaching is 

characterized as the most efficient metal leaching process compared to one-step leaching in 

most studies (Arshadi et al., 2020; Srichandan et al., 2019; Xu et al., 2014; Qu & Lian, 2013).  

Bioleaching mechanism 

Overall, the bioleaching of tailing samples was efficient in all the bioleaching processes. This 

is likely due to the lower pH observed in tailing samples. According to McCarthy & Blum 

(2018), pH is a crucial factor that enhances the activity of fungi. The low pH in tailings 

bioleaching creates an acidic environment that is ideal for the growth and activity of acidophilic 

organisms like T. asperellum. Hence, higher metal recovery was observed in all tailings 

bioleaching experiments. One-step ore bioleaching had the lowest metal recovery. This is likely 

because of the adaptation process to metals in ore, where the growth rate was delayed, and this 

may have negatively affected the metabolic activities of T. asperellum (Xu and Ting, 2009). In 
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addition, the difference in chemical composition between tailing and ore may have also 

contributed to the higher metal recovery in one-step tailing bioleaching. Tailings are reported 

to contain more organic matter than ore, which may influence the leaching process (Bolaños-

Benítez et al., 2018). Organic matter can sometimes positively impact the process by serving 

as a nutrient source and exhibiting chelating abilities (Bolaños-Benítez et al., 2018). In two-

step, the bioleaching ability of T. asperellum was confirmed, where the highest recovery of Ni 

(>65%) and Zn (>54%) for both ore and tailing samples, respectively, was observed. This 

difference in the highest metal recovered may also be due to the difference in chemical 

composition between tailing and ore. 

Organic acid production 

In the context of fungi, bioleaching is an indirect process in which organic acids produced by 

fungi interact with metal compounds to solubilize them. There are three main mechanisms by 

which this can occur: acidolysis, complexolysis, and redoxolysis and bioaccumulation 

(subsequent mechanism that occur after the three) (Alavi et al., 2021; Bahaloo-Horeh et al., 

2018; Xia et al., 2018; Asghari et al., 2014). Acidolysis is the key mechanism, involving the 

protonation of oxygen atoms on the surface of the metal compound (Xia et al., 2018). The 

metal is separated from the surface of the metal compound once the oxygen and protons are 

combined with water. The protons are provided by the organic acids produced by the fungi. 

Although acidolysis is the key mechanism, it is complemented by complexolysis, in which the 

metal ions released during acidolysis are stabilized (Burgstaller & Schinner, 1993). T. 

asperellum produced oxalic acid (C2H2O4) and citric acid (C6H8O7) during various bioleaching 

processes. The reaction of oxalic acid (C2H2O4) and citric acid (C6H8O7) during various 

bioleaching processes (Figure 5.3a and b). The reactions between these two organic acids and 

metals through acidolysis and complexolysis are represented below (Alavi et al., 2021; Xia et 

al., 2018). 

Oxalic acid:  

C2H2O4→C2HO4
- +H+ (pKa1 = 1.25)  

C2HO4
- →C2O4

2- +H+ (pKa2 = 4.14) 

 

Citric acid: 

C6H8O7
-→C6H7O7

- +H+ (pKa1 = 3.09)  

C6H7O7
2- →C6H6O7

2- +H+ (pKa2 = 4.75)  

C6H6O7
2- →C6H5O7

3- +H+ (pKa3 = 6.40) 
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It was observed that T. asperrellum produced high levels of oxalic acid in both one-step and 

two-step bioleaching. Similar results were reported by Alavi et al. (2021), where in both one-

step and two-step bioleaching processes oxalic acid was the highest. One of the reasons they 

gave for high oxalic acid, that relate to the current study is that the presence of nickel 

contributes to the production of oxalic acid (Alavi et al., 2021; Santhiya & Ting, 2005). In 

terms of metal recovery, Faraji et al. (2018) and Krężel & Maret (2016) observed that high 

oxalic acid concentrations are associated with high bioleaching efficiency of zinc. 

Consequently, the two-step bioleaching process for tailings in the current study demonstrated 

higher bioleaching efficiency of zinc (>54%). Low bioleaching of metals such as copper and 

nickel was observed in both methods for tailing. This could be due to the precipitation of copper 

and nickel as oxalates in the presence of high oxalic acid concentrations (Tzeferis & Agatzini-

Leonardou, 1994). Faraji et al. (2018) reported similar findings with oxalic acid, where A. niger 

demonstrated high bioleaching efficiency of zinc but low bioleaching efficiency of copper and 

nickel. High oxalic acid production poses a limitation for bioleaching of copper or nickel, as it 

precipitates these metals as insoluble oxalates, significantly decreasing bioleaching efficiency. 

Contrary to the results of tailing leaching, two-step ore leaching resulted in high recovery of 

nickel (>65%), even though oxalic acid was present in high concentration (686.72 mg/L). This 

raises the question of why nickel precipitation did not occur, as explained for tailing. In addition 

to being efficient at leaching zinc, oxalic acid is also known to leach many other metals, 

including nickel. As explained above, complexolysis complements acidolysis, where the 

organic acid (such as oxalic acid) acts as a chelator and forms complexes (ligand-induced metal 

solubilization) with the metal ions released by acidolysis. These metal complexes have higher 

solubility than the original mineral. However, a number of bioleaching conditions can cause 

these soluble complexes to precipitate, including increased pH, high oxalate ion concentration, 

and increased heat (Verma et al., 2019). pH and temperature are unlikely to be the cause in this 

study, as the pH was still acidic (although slightly higher than in tailing) and the experiments 

were conducted at approximately constant temperature (30˚C). Therefore, the precipitation of 

nickel oxalate in tailing may have been caused by the high concentration of oxalate ions. 

Asadrokht & Zakeri (2022) observed that oxalic acid initially dissolved both iron and nickel 

from laterite ore, but that long leaching times allowed unstable nickel oxalate ions to precipitate 

as nickel oxalate dihydrate (NiC2O4⋅2H2O). The high recovery of nickel in two-step ore may 

have been influenced by the presence of manganese, as over 35% of manganese was recovered 

in two-step ore, while less than 10% manganese was recovered in two-step tailing. Manganese 
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can form complexes with organic acids like oxalic acid (Keshavarz et al., 2021). This 

complexation can make manganese more soluble in the leachate. In the presence of manganese, 

oxalic acid may preferentially bind to manganese ions, leaving fewer oxalate ions available to 

form precipitates with nickel. This could explain why nickel does not precipitate as nickel 

oxalate in the ore samples. Ghosh & Paul (2016), observed that oxalic acid facilitated the 

solubilization of manganese from ferro-manganese nodules, and that the solubilization of 

manganese released nickel concomitantly. However, it should be noted that the presence of 

manganese can have either a positive or negative effect on the bioleaching of nickel. Overall, 

the high concentrations of oxalic acid observed suggest that the bioleaching processes were 

mainly carried out by oxalic acid, even though citric acid was also quantified.  

Pathways analysis 

Differentially expressed genes refers to genes that have different levels of expression in 

different conditions, such as in one-step versus two-step or one-step/two-step versus control. 

The up or down regulationa means that are either being transcribed more or less frequently in 

one condition compared to the other. These DEGs are important when it comes to 

understanding how T. asperellum respond to different metal containing samples and different 

bioleahcing processess. From the results it was observed that all DEGs are related to the 

function of cell membrane and none of the DEGs are related to organic acid prodcution. This 

may suggest that the production of organic acid in T. asperellum may not be affected (to some 

extend) by the presence of metals. This was confrimed in the MA plot of one-step tailing vs 

control (Figure 5.7) where no differntailly expressed genes were observed. Implying that there 

was no difference in terms of organic acid productction related genes between one-step tailing 

and control, though this one-step tailing leaching method was able to produce high oxalic acid 

(Figure 5.3) and also bioleach over 30% of cobalt (which was the highest) (Figure 5.2). Another 

common observation is that the comparison between bioleaching types and the control revealed 

fewer DEGs (Figure 5.6). This finding suggests that this fungus, isolated from tailing samples 

characterized by low pH and heavy metal content, possesses genes essential for bioleaching. 

This observation underscores the significance of isolating potential bioleaching fungi from 

extreme environments, such as tailing samples.  

Comparions amongst the different bioleaching types showed more DEGs as compared to 

comparison of bioleaching types and control. Figure 5.7 compares the DEGs between one-step 

tailing and one-step ore, highlighting the upregulation of genes DN1476 and DN1909 in tailing 
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samples, with the following gene ontology-GO:0005789 for endoplasmic reticulum (ER) and 

GO:0000139 for endoplasmic reticulum (ER) membrane respectively. The ER is a vast 

membrane-bound compartment that permeates the cytoplasm of eukaryotic cells (Schwarz & 

Blower, 2016). It is enveloped by the ER membrane, a phospholipid bilayer. Both the ER 

membrane and the ER itself play crucial roles in cellular function (Phillips, 2016; Schwarz & 

Blower, 2016). The ER membrane acts as a barrier between the ER lumen and the cytoplasm, 

while the ER serves as the primary site for protein synthesis, folding, and transport (Phillips, 

2016). In the context of metal tolerance or bioleaching, an augmented ER function might be 

necessary to counteract the stress induced by heavy metals or to support metabolic processes 

associated with bioleaching (Chen et al., 2023; Emri et al., 2021). Overall, the upregulation of 

ER-related genes signifies an adaptive response to environmental stress. This explains the 

higher bioleaching efficiency of one-step tailing compared to one-step ore. Metal-induced 

stress, inhibition of transcription factors, and mRNA degradation are potential mechanisms by 

which metal toxicity may have affected the activity of T. asperellum in one-step ore bioleaching 

(Ran et al., 2023; Emri et al., 2021).  

The bioleaching recovery of two-step tailing and two-step ore yielded high metal recovery, 

with Zn recovery exceeding 54% and Ni recovery surpassing 62% for their respective 

processes. Notably, over 10 differentially expressed genes were upregulated in tailing 

compared to ore. This differential gene expression may explain the varying metal recoveries 

observed between the two processes, with ore bioleaching slightly more efficient than tailing 

bioleaching. Several of the upregulated genes were associated with functions related to the 

endoplasmic reticulum (GO:0005789), endoplasmic reticulum membrane (GO:0000139), 

carboxy-lyase activity (GO:0004586), plasma membrane (GO:0015221), integral component 

of plasma membrane (GO:0016020), iron ion binding (GO:0004222), RNA-directed DNA 

polymerase activity (GO:0009036), and lyase activity (GO:0071555). These upregulated genes 

in tailing likely play a role in the response to metal toxicity or other toxic compounds that may 

be present due to the sample type. Despite their high organic content, tailing samples represent 

a byproduct of metal separation processes, such as flotation. The flotation process typically 

employs various chemical reagents, including collectors, frothers, and depressants (Nakhaei & 

Irannajad, 2018). Residues of these reagents can persist in the tailings and may exert toxic 

effects to bioleaching microorganims (Xue et al., 2023; Jafari et al., 2018). Genes associated 

with detoxification and membrane transport, such as those involved in "plasma membrane" and 

"integral component of plasma membrane," may be upregulated in response to the presence of 
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these toxic chemicals (Lewis et al., 2020). Essentially, the presence of potentially toxic 

compounds in tailings can establish a biochemical environment distinct from that of ore. This 

altered environment can trigger specific stress responses and adaptations by T. asperellum, 

leading to the upregulation of genes that are not as prominently expressed during ore 

bioleaching.  

5.5 Conclusion 

This study investigated the bioleaching capabilities of T. asperellum. The analysis of 

differentially expressed genes during the bioleaching of tailings and ore samples has yielded 

valuable insights into T. asperellum's adaptive mechanisms and its remarkable ability to 

bioleach metals under diverse conditions. Several key conclusions can be drawn: 

• The acidic environment observed in tailing bioleaching promotes metal recovery 

through two key mechanisms. Firstly, low pH directly enhances the solubility of target 

metals through protonation, facilitating their release from the mineral matrix. Secondly, 

acidic conditions favor the growth and activity of acidophilic microorganisms like T. 

asperellum 

• Oxalic acid is crucial organic acid involved in bioleaching. High concentrations of 

oxalic acid are associated with enhanced bioleaching efficiency of metals like zinc and 

nickel. However, these elevated oxalic acid levels may lead to the precipitation of nickel 

and copper as oxalates. This precipitation can significantly reduce the overall metal 

recovery efficiency of metals such as copper and nickel. 

• T. asperellum's genetic responses to bioleaching conditions are influenced by both the 

sample type and the presence of potentially toxic compounds. For instance, tailing 

samples, with potential residues from metal separation processes like flotation, may 

have impacted T. asperellum’s gene expression patterns. 

• Differentially expressed genes involved in the transport and maintenance of iron ions 

within the cell play a pivotal role in maintaining iron homeostasis during bioleaching. 

Genes associated with the structure and function of the cell membrane are consistently 

upregulated, highlighting their significance as the first line of defence against metal 

exposure. 

In conclusion, the study highlights the intricate interplay of factors influencing bioleaching 

efficiency, including sample type, genetic responses, metal concentrations, and the presence of 

potentially toxic compounds. These findings provide valuable insights into the mechanisms 



 

131 

 

responsible for varying metal recovery observed in different bioleaching processes and 

highlight the remarkable adaptability of T. asperellum in extreme environments. These 

mechanisms include enhanced protein folding and stress response in the ER in one step tailing 

compared to one-step ore, potentially due to upregulated genes associated with this organelle. 

In tailing bioleaching, T. asperellum adapted to the presence of toxic chemicals through 

upregulated genes related to detoxification and metal handling, leading to a distinct 

biochemical environment, and potentially explaining varying metal recoveries.  

 

 

 

 

 

 

 

 

 



 

132 

 

5.6 References 

Alavi, N., Partovi, K., Majlessi, M., Rashidi, M., & Alimohammadi, M. (2021). Bioleaching of 

metals from cellphones batteries by a co-fungus medium in presence of carbon materials. 

Bioresource Technology Reports, 15. https://doi.org/10.1016/j.biteb.2021.100768 

Amiri, F., Mousavi, S. M., & Yaghmaei, S. (2011). Enhancement of bioleaching of a spent Ni/Mo 

hydroprocessing catalyst by Penicillium simplicissimum. Separation and Purification 

Technology, 80(3), 566–576. https://doi.org/10.1016/j.seppur.2011.06.012 

Arshadi, M., Esmaeili, A., & Yaghmaei, S. (2020). Investigating critical parameters for bioremoval 

of heavy metals from computer printed circuit boards using the fungus Aspergillus niger. 

Hydrometallurgy, 197. https://doi.org/10.1016/j.hydromet.2020.105464 

Asadrokht, M., & Zakeri, A. (2022). Chemo-physical concentration of a Low-grade nickel laterite 

ore. Minerals Engineering, 178. https://doi.org/10.1016/j.mineng.2022.107398 

Asghari, I., Mousavi, S.M., Amiri, F., Tavassoli, S. (2014). Bioleaching of spent refinery catalysts: 

a review. J. Ind. Eng. Chem, 14(7), 553–554. https://doi.org/10.1016/S1473-3099(14)70794-7 

Athirah, S., Jamali, M., Afiza Badaluddin, N., Nataqain Baharum, S., Salim, J. M., Ahmad, A., & 

Taib, M. (2020). Trichoderma atroviride isolated from mangroves of the east coast of 

peninsular malaysia exhibited high tolerance against heavy metal cadmium. In Malays. Appl. 

Biol (Vol. 49, Issue 4). http://www.ncbi.nlm.nih.gov/blast. 

Bahaloo-Horeh, N., Mousavi, S. M., & Baniasadi, M. (2018). Use of adapted metal tolerant 

Aspergillus niger to enhance bioleaching efficiency of valuable metals from spent lithium-ion 

mobile phone batteries. Journal of Cleaner Production, 197, 1546–1557. 

https://doi.org/10.1016/j.jclepro.2018.06.299 

Bolaños-Benítez, V., van Hullebusch, E. D., Lens, P. N. L., Quantin, C., van de Vossenberg, J., 

Subramanian, S., & Sivry, Y. (2018). (Bio)leaching behavior of chromite tailings. Minerals, 

8(6). https://doi.org/10.3390/min8060261 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina 

sequence data. Bioinformatics, 30(15), 2114–2120. 

https://doi.org/10.1093/bioinformatics/btu170 



 

133 

 

Borja, D., Nguyen, K., Silva, R., Park, J., Gupta, V., Han, Y., Lee, Y., & Kim, H. (2016). 

Experiences and Future Challenges of Bioleaching Research in South Korea. Minerals, 6(4), 

128. https://doi.org/10.3390/min6040128 

Burgstaller, W., & Schinner, F. (1993). Leaching of metals with fungi. In Journal of Biotechnology 

(Vol. 27). 

Chen, G., Shi, H., Ding, H., Zhang, X., Gu, T., Zhu, M., & Tan, W. (2023). Multi-scale analysis of 

nickel ion tolerance mechanism for thermophilic Sulfobacillus thermosulfidooxidans in 

bioleaching. Journal of Hazardous Materials, 443. 

https://doi.org/10.1016/j.jhazmat.2022.130245 

Dey, P., Malik, A., Singh, D. K., Haange, S. B., von Bergen, M., & Jehmlich, N. (2022). Insight 

Into the Molecular Mechanisms Underpinning the Mycoremediation of Multiple Metals by 

Proteomic Technique. Frontiers in Microbiology, 13. 

https://doi.org/10.3389/fmicb.2022.872576 

Din, G., Hassan, A., Rafiq, M., Hasan, F., Badshah, M., Khan, S., Chen, G., Ripp, S., & Shah, A. 

A. (2020). Characterization of Organic Acid Producing Aspergillus tubingensis FMS1 and its 

Role in Metals Leaching from Soil. Geomicrobiology Journal, 37(4), 336–344. 

https://doi.org/10.1080/01490451.2019.1701585 

Dusengemungu, L., Kasali, G., Gwanama, C., & Mubemba, B. (2021). Overview of fungal 

bioleaching of metals. Environmental Advances, 5, 100083. 

https://doi.org/10.1016/j.envadv.2021.100083 

Elahian, F., Heidari, R., Charghan, V. R., Asadbeik, E., & Mirzaei, S. A. (2020). Genetically 

modified Pichia pastoris, a powerful resistant factory for gold and palladium bioleaching and 

nanostructure heavy metal biosynthesis. Artificial Cells, Nanomedicine and Biotechnology, 

48(1), 259–265. https://doi.org/10.1080/21691401.2019.1699832 

Emri, T., Gila, B., Antal, K., Fekete, F., Moon, H., Yu, J.-H., & Pócsi, I. (2021). AtfA-Independent 

Adaptation to the Toxic Heavy Metal Cadmium in Aspergillus nidulans. Microorganisms, 9(7), 

1433. https://doi.org/10.3390/microorganisms9071433 

Faraji, F., Golmohammadzadeh, R., Rashchi, F., & Alimardani, N. (2018). Fungal bioleaching of 

WPCBs using Aspergillus niger: Observation, optimization and kinetics. Journal of 

Environmental Management, 217, 775–787. https://doi.org/10.1016/j.jenvman.2018.04.043 



 

134 

 

Farjana, S. H., Huda, N., Parvez Mahmud, M. A., & Saidur, R. (2019). A review on the impact of 

mining and mineral processing industries through life cycle assessment. In Journal of Cleaner 

Production (Vol. 231, pp. 1200–1217). Elsevier Ltd. 

https://doi.org/10.1016/j.jclepro.2019.05.264 

Ghosh, S., & Paul, A. K. (2016). Bioleaching of nickel by Aspergillus humicola SKP102 isolated 

from Indian lateritic overburden. Journal of Sustainable Mining, 15(3), 108–114. 

https://doi.org/10.1016/j.jsm.2016.11.002 

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I., Adiconis, X., 

Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z., Mauceli, E., Hacohen, N., Gnirke, A., Rhind, 

N., Di Palma, F., Birren, B. W., Nusbaum, C., Lindblad-Toh, K., … Regev, A. (2011). Full-

length transcriptome assembly from RNA-Seq data without a reference genome. Nature 

Biotechnology, 29(7), 644–652. https://doi.org/10.1038/nbt.1883 

Gu, T., Rastegar, S. O., Mousavi, S. M., Li, M., & Zhou, M. (2018). Advances in bioleaching for 

recovery of metals and bioremediation of fuel ash and sewage sludge. In Bioresource 

Technology (Vol. 261, pp. 428–440). Elsevier Ltd. 

https://doi.org/10.1016/j.biortech.2018.04.033 

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden, J., Couger, M. B., 

Eccles, D., Li, B., Lieber, M., Macmanes, M. D., Ott, M., Orvis, J., Pochet, N., Strozzi, F., 

Weeks, N., Westerman, R., William, T., Dewey, C. N., … Regev, A. (2013). De novo transcript 

sequence reconstruction from RNA-seq using the Trinity platform for reference generation and 

analysis. Nature Protocols, 8(8), 1494–1512. https://doi.org/10.1038/nprot.2013.084 

Horeh, N. B., Mousavi, S. M., & Shojaosadati, S. A. (2016). Bioleaching of valuable metals from 

spent lithium-ion mobile phone batteries using Aspergillus Niger. Journal of Power Sources, 

320, 257–266. https://doi.org/10.1016/j.jpowsour.2016.04.104 

Huang, X., Sillanpää, M., Gjessing, E. T., Peräniemi, S., & Vogt, R. D. (2010). Environmental 

impact of mining activities on the surface water quality in Tibet: Gyama valley. Science of the 

Total Environment, 408(19), 4177–4184. https://doi.org/10.1016/j.scitotenv.2010.05.015 

Jafari, M., Shafaei, S. Z., Abdollahi, H., Gharabaghi, M., & Chehreh Chelgani, S. (2018). Effect of 

Flotation Reagents on the Activity of L. Ferrooxidans. Mineral Processing and Extractive 

Metallurgy Review, 39(1), 34–43. https://doi.org/10.1080/08827508.2017.1323748 



 

135 

 

Keshavarz, S., Faraji, F., Rashchi, F., & Mokmeli, M. (2021). Bioleaching of manganese from a 

low-grade pyrolusite ore using Aspergillus niger: Process optimization and kinetic studies. 

Journal of Environmental Management, 285. https://doi.org/10.1016/j.jenvman.2021.112153 

Kishimoto, N., & Tano, T. (1987). Acidophilic heterotrophic bacteria isolated from acidic mine 

drainage, sewage, and soils. The Journal of General and Applied Microbiology, 33(1), 11–25. 

https://doi.org/10.2323/jgam.33.11 

Krężel, A., & Maret, W. (2016). The biological inorganic chemistry of zinc ions. Archives of 

Biochemistry and Biophysics, 611, 3–19. https://doi.org/10.1016/j.abb.2016.04.010 

Krishnamoorthy, S., Ramakrishnan, G., & Dhandapani, B. (2021). Recovery of valuable metals 

from waste printed circuit boards using organic acids synthesised by Aspergillus niveus. IET 

Nanobiotechnology, 15(2), 212–220. https://doi.org/10.1049/nbt2.12001 

Lewis, R. W., Okubara, P. A., Fuerst, E. P., He, R., Gang, D., & Sullivan, T. S. (2020). Chronic 

Sublethal Aluminum Exposure and Avena fatua Caryopsis Colonization Influence Gene 

Expression of Fusarium avenaceum F.a.1. Frontiers in Microbiology, 11. 

https://doi.org/10.3389/fmicb.2020.00051 

Manni, M., Berkeley, M. R., Seppey, M., Simão, F. A., & Zdobnov, E. M. (2021). BUSCO Update: 

Novel and Streamlined Workflows along with Broader and Deeper Phylogenetic Coverage for 

Scoring of Eukaryotic, Prokaryotic, and Viral Genomes. Molecular Biology and Evolution, 

38(10), 4647–4654. https://doi.org/10.1093/molbev/msab199 

Marappa, N., Ramachandran, L., Dharumadurai, D., & Nooruddin, T. (2020). Recovery of Gold and 

Other Precious Metal Resources from Environmental Polluted E-waste Printed Circuit Board 

by Bioleaching Frankia. International Journal of Environmental Research, 14(2), 165–176. 

https://doi.org/10.1007/s41742-020-00254-5 

Martínez P, Gálvez S, Ohtsuka N, Budinich M, Cortés MP, Serpell C, Nakahigashi K, Hirayama A, 

Tomita M, Soga T, Martínez S, Maass A, P. P. (2012). Metabolomic study of Chilean 

biomining bacteria Acidithiobacillus ferrooxidans strain Wenelen and Acidithiobacillus 

thiooxidans strain Licanantay. Metabolomics, 9(1), 247–257. https://doi.org/10.1007/s11306-

012-0443-3 

McCarthy, S., Ai, C., & Blum, P. (2018). Enhancement of Metallosphaera sedula Bioleaching by 

Targeted Recombination and Adaptive Laboratory Evolution. In Advances in Applied 



 

136 

 

Microbiology (Vol. 104, pp. 135–165). Academic Press Inc. 

https://doi.org/10.1016/bs.aambs.2018.03.002 

Mishra, N., Khan, S. S., & Sundari, S. K. (2016). Native isolate of Trichoderma: a biocontrol agent 

with unique stress tolerance properties. World Journal of Microbiology and Biotechnology, 

32(8). https://doi.org/10.1007/s11274-016-2086-4 

Moazzam, P., Boroumand, Y., Rabiei, P., Baghbaderani, S. S., Mokarian, P., Mohagheghian, F., 

Mohammed, L. J., & Razmjou, A. (2021). Lithium bioleaching: An emerging approach for the 

recovery of Li from spent lithium ion batteries. In Chemosphere (Vol. 277). Elsevier Ltd. 

https://doi.org/10.1016/j.chemosphere.2021.130196 

Nakhaei, F., & Irannajad, M. (2018). Reagents types in flotation of iron oxide minerals: A review. 

In Mineral Processing and Extractive Metallurgy Review (Vol. 39, Issue 2, pp. 89–124). Taylor 

and Francis Inc. https://doi.org/10.1080/08827508.2017.1391245 

Nkuna, R., Ijoma, G. N., & Matambo, T. S. (2022). Applying EDTA in Chelating Excess Metal Ions 

to Improve Downstream DNA Recovery from Mine Tailings for Long-Read Amplicon 

Sequencing of Acidophilic Fungi Communities. Journal of Fungi, 8(5). 

https://doi.org/10.3390/jof8050419 

Oladipo, O. G., Awotoye, O. O., Olayinka, A., Bezuidenhout, C. C., & Maboeta, M. S. (2018). 

Heavy metal tolerance traits of filamentous fungi isolated from gold and gemstone mining sites. 

Brazilian Journal of Microbiology, 49(1), 29–37. https://doi.org/10.1016/j.bjm.2017.06.003 

Opare, E. O., Struhs, E., & Mirkouei, A. (2021). A comparative state-of-technology review and 

future directions for rare earth element separation. In Renewable and Sustainable Energy 

Reviews (Vol. 143). Elsevier Ltd. https://doi.org/10.1016/j.rser.2021.110917 

Pathak, A., Kothari, R., Vinoba, M., Habibi, N., & Tyagi, V. V. (2021). Fungal bioleaching of metals 

from refinery spent catalysts: A critical review of current research, challenges, and future 

directions. Journal of Environmental Management, 280(November 2020), 111789. 

https://doi.org/10.1016/j.jenvman.2020.111789 

Pathak, A., Morrison, L., & Healy, M. G. (2017). Catalytic potential of selected metal ions for 

bioleaching, and potential techno-economic and environmental issues: A critical review. 

Bioresource Technology, 229, 211–221. https://doi.org/10.1016/j.biortech.2017.01.001 



 

137 

 

Phillips, J. (2016). Climate change and surface mining: A review of environment-human interactions 

& their spatial dynamics. In Applied Geography (Vol. 74, pp. 95–108). Elsevier Ltd. 

https://doi.org/10.1016/j.apgeog.2016.07.001 

Pinzari, F., Colaizzi, P., Maggi, O., Persiani, A. M., Schütz, R., & Rabin, I. (2012). Fungal 

bioleaching of mineral components in a twentieth-century illuminated parchment. Analytical 

and Bioanalytical Chemistry, 402(4), 1541–1550. https://doi.org/10.1007/s00216-011-5263-1 

Pourret, O., Lange, B., Bonhoure, J., Colinet, G., Decrée, S., Mahy, G., Séleck, M., Shutcha, M., & 

Faucon, M. P. (2015). Assessment of soil metal distribution and environmental impact of 

mining in Katanga (Democratic Republic of Congo). Applied Geochemistry, 64, 43–55. 

https://doi.org/10.1016/j.apgeochem.2015.07.012 

Qu, Y., & Lian, B. (2013). Bioleaching of rare earth and radioactive elements from red mud using 

Penicillium tricolor RM-10. Bioresource Technology, 136, 16–23. 

https://doi.org/10.1016/j.biortech.2013.03.070 

Ran, M., Zhao, G., Jiao, L., Gu, Z., Yang, K., Wang, L., Cao, X., Xu, L., Yan, J., Yan, Y., Xie, S., 

& Yang, M. (2023). Copper Ion Mediates Yeast-to-Hypha Transition in Yarrowia lipolytica. 

Journal of Fungi, 9(2). https://doi.org/10.3390/jof9020249 

Sajjad, W., Zheng, G., Din, G., Ma, X., Rafiq, M., & Xu, W. (2019). Metals Extraction from Sulfide 

Ores with Microorganisms: The Bioleaching Technology and Recent Developments. In 

Transactions of the Indian Institute of Metals (Vol. 72, Issue 3, pp. 559–579). Springer. 

https://doi.org/10.1007/s12666-018-1516-4 

Santhiya, D., & Ting, Y. P. (2005). Bioleaching of spent refinery processing catalyst using 

Aspergillus niger with high-yield oxalic acid. Journal of Biotechnology, 116(2), 171–184. 

https://doi.org/10.1016/j.jbiotec.2004.10.011 

Schwarz, D. S., & Blower, M. D. (2016). The endoplasmic reticulum: Structure, function and 

response to cellular signaling. In Cellular and Molecular Life Sciences (Vol. 73, Issue 1, pp. 

79–94). Birkhauser Verlag AG. https://doi.org/10.1007/s00018-015-2052-6 

Shah, S., Cesar Palmieri, M., Regina Pombeiro Sponchiado, S., & Bevilaqua, D. (2020). Enhanced 

bio-recovery of aluminum from low-grade bauxite using adapted fungal strains. Brazilian 

Journal of Microbiology , 51, 1909–1918. https://doi.org/10.1007/s42770-020-00342-

w/Published 



 

138 

 

Srichandan, H., Mohapatra, R. K., Parhi, P. K., & Mishra, S. (2019). Bioleaching approach for 

extraction of metal values from secondary solid wastes: A critical review. Hydrometallurgy, 

189. https://doi.org/10.1016/j.hydromet.2019.105122 

Tzeferis, P. G., & Agatzini-Leonardou, S. (1994). Leaching of nickel and iron from Greek non-

sulphide nickeliferous ores by organic acids. In Hydrometallurgy (Vol. 36). 

Verma, A., Kore, R., Corbin, D. R., & Shiflett, M. B. (2019). Metal Recovery Using Oxalate 

Chemistry: A Technical Review. Industrial and Engineering Chemistry Research, 58(34), 

15381–15393. https://doi.org/10.1021/acs.iecr.9b02598 

Xia, M., Bao, P., Liu, A., Wang, M., Shen, L., Yu, R., Liu, Y., Chen, M., Li, J., Wu, X., Qiu, G., & 

Zeng, W. (2018). Bioleaching of low-grade waste printed circuit boards by mixed fungal 

culture and its community structure analysis. Resources, Conservation and Recycling, 

136(January), 267–275. https://doi.org/10.1016/j.resconrec.2018.05.001 

Xu, T. J., Ramanathan, T., & Ting, Y. P. (2014). Bioleaching of incineration fly ash by Aspergillus 

niger - Precipitation of metallic salt crystals and morphological alteration of the fungus. 

Biotechnology Reports, 3, 8–14. https://doi.org/10.1016/j.btre.2014.05.009 

Xu, T. J., & Ting, Y. P. (2009). Fungal bioleaching of incineration fly ash: Metal extraction and 

modeling growth kinetics. Enzyme and Microbial Technology, 44(5), 323–328. 

https://doi.org/10.1016/j.enzmictec.2009.01.006 

Xue, Z., Feng, Y., Li, H., Zhu, Z., Xu, C., Ju, J., & Yang, Y. (2023). A comprehensive review on 

progresses of coal and minerals bioflotation in presence of microorganisms. In Journal of 

Environmental Chemical Engineering (Vol. 11, Issue 6). Elsevier Ltd. 

https://doi.org/10.1016/j.jece.2023.111182 

Yang, B., Bai, Z., & Zhang, J. (n.d.). Environmental impact of mining-associated carbon emissions 

and analysis of cleaner production strategies in China. https://doi.org/10.1007/s11356-020-

11551-z/Published 

  

 



 

139 

 

 

 

 

 

 

 

 

 

 

6. CHAPTER 6: GENERAL CONCLUSIONS AND RECOMMENDATIONS  
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6.1 Conclusions 

The challenges experienced during bioleaching are mainly due to the activities of microbial 

communities being affected by the metal toxicity and other harsh condition related to 

bioleaching process. Accordingly, this study focused on process optimization through 

understanding functional activities taking place during metal exposure and bioleaching. In the 

first objective, we were able to troubleshoot challenges presented by metal ions in affecting 

recovery and downstream application of DNA. The recommendation from this chapter was 

later applied towards successful RNA extraction and subsequent analysis using EDTA and the 

recommended concentration range.  

In a study where the interest is on the activity of microorganisms, it is important to isolate such 

organisms. In chapter 3, the profiling of the fungal community gave insights on the type of 

dominant genera and with the use of selective media we were able to isolate most of the profiled 

dominant genera as reported in chapter 4. Of the 15 different isolates, 12 had bioleaching 

potential, that is, metal tolerance and organic acid production. Thus, the use of tailings, which 

resembles bioleaching condition (extremely low pH and high heavy metal content) was 

confirmed as the source of phylogenetically diverse fungal community with bioleaching 

capability. Subsequent quantitative analysis led to the selection of four fungal isolates, 

Trichoderma, Talaromyces, Penicillium_3 and Penicillium_6 in which their metabolites were 

studies during growth and glucose metabolism. This was based on the importance of organic 

acids during bioleaching which is mainly dependent on the type of carbon source used. In 

addition to carbohydrate and lipids, which were eventually linked to citric acid production the 

upregulation of compounds such as 2-Furan, 2-Furanmethanol and 5-Hydroxymethylfurfural 

was observed. These compounds are involved in furfural degradation metabolism, ultimately 

contributing to the citric acid cycle (citrate cycle). This is important because when grown in 

high glucose source, the fungus diverted metabolic activities to circumvent the carbon overflow 

and in addition to lipid production, the fungus produced secondary metabolites that eventually 

can be converted to organic acid in case of carbon source depletion. Thus, it may represent 

another metabolic pathway related to energy storage in fungi.  Comparison of results in chapter 

4 lead to the selection of T. asperellum as a candidate for bioleaching. One limitation of this 

chapter is the use of agar to investigate the effects of metals on fungal growth. For future 

studies, methods employing broth are recommended, as they allow for the use of dried cell 

weight as a more accurate measure of metal impact on fungal growth. 
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T. asperellum is a promising fungus for bioleaching applications due to its high metal tolerance 

and organic acid production capacity. This study demonstrated that T. asperellum can 

efficiently bioleach metals from both tailings and ore samples, regardless of the sample type. 

Additionally, transcriptomics analysis revealed that T. asperellum’s metal tolerance is 

associated with upregulated genes involved in cell membrane structure and function. This 

suggests that T asperellum is able to tolerate high metal exposure by maintaining the integrity 

of its cell membrane. The observed upregulation of genes related to cell membrane activity 

suggests a crucial role in metal tolerance, highlighting a potential mechanism for bioleaching 

optimization. Furthermore, the study revealed that the presence of metals did not hinder organic 

acid production by T. asperellum since the genes related to organic acid production were not 

differentially expressed in the presence of metals. This suggest that T. asperellum’s metal 

tolerance does not disrupt its metabolic activities. This resilience in metabolic activities of 

organic acid, even in the presence of metals, highlights the robustness of T. asperellum’s 

bioleaching ability and its potential for practical applications. Overall, this study provides 

valuable insights into the bioleaching potential of T. asperellum and its underlying molecular 

mechanisms.  

Recommendation: 

This study makes significant progress in addressing the complex challenges encountered in 

bioleaching processes, particularly focusing on the complex relationship between microbial 

activities, metal toxicity, and harsh bioleaching conditions. The application of EDTA for 

successful DNA/RNA extraction, as outlined in this study, serves as a valuable methodological 

advancement. Further research can explore variations in metal ion exposure and their specific 

impacts on DNA/RNA extraction to further improve protocols especially for environmental 

samples characterized as challenging to obtain pure DNA/RNA.  

Chapter 5 convincingly demonstrates several key aspects that support scalability such as high 

metal tolerance and organic acid production by T. asperellum. This tolerance is further 

supported by the upregulation of genes involved in cell membrane function, suggesting a robust 

mechanism for metal resistance.  The bioleaching efficiency was obseerved across both tailings 

and ore samples, indicating T. asperellum’s adaptability to different feedstock materials. This 

adaptability is crucial for real-world applications with varying ore compositions. 

Transcriptomic analysis provides valuable insights into the underlying molecular mechanisms 
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of metal tolerance and organic acid production. This understanding can inform future 

optimization strategies for enhanced bioleaching performance. 

Beyond these initial findings, further research is crucial to comprehensively assess and 

optimize the scalability of the process. Scaling up from laboratory-scale bioreactors to 

industrial-scale operations requires testing under larger-volume conditions. This would 

confirm the feasibility and cost-effectiveness of the process on a commercial scale. Future 

research should explore the specific roles of genes and pathways upregulated in this study, 

particularly those involved in cell membrane regulation. This knowledge can guide targeted 

genetic modifications to potentially enhance metal tolerance and bioleaching performance. 

In conclusion, this study not only advances our understanding of the molecular mechanisms 

behind metal tolerance in T. asperellum but also lays the foundation for future bioleaching 

optimization strategies. By addressing the key points mentioned above, we can translate these 

promising findings into scalable and practical bioleaching technology with significant potential 

for the sustainable recovery of metals. 
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7. ADDENDUMS 

 

Appendix A3.1: Screenshot that shows that the manuscript published in Fungi Journal-2022 
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Appendix A3.2: Gel image showing samples with successful amplification of ITS region. 1-

10 represent TM1, TM2, TM3, 1TA, 2TA, 3TA, 1TB, 2TB, 3TB, 1TC, 2TC, 3TC for S1 

respectively and 1A to 10A represent TM1, TM2, TM3, 1TA, 2TA, 3TA, 1TB, 2TB, 3TB, 

1TC, 2TC, 3TC for S2 respectively. L-ladder and N -Negative. 
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Appendix A3.3: Evolutionary relationships of taxa resolved to species level. The evolutionary 

relationships of taxa are resolved to the species level. The Neighbor-Joining method was used 

to infer the evolutionary history (Tanunchai et al., 2022). Next to the branches is the percentage 

of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) (Põlme et al., 2020). The outgroup was Acaulospora spinosa. 
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Appendix A4.1: Screenshot that shows that the manuscript is currently under review in 

Minerals Journal -Bioremediation of Contaminants in Mine Areas. 
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Appendix A4.2: Morphological characterization of 15 fungal isolates on PDA 
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Coniochaeta 

 

Fusarium 

 

Talaromyces_1 

 

Acidiella 

 

Penicillium_1 

 

Acidomyces 

 

Talaromyces_2 Penicillium_2 



 

148 

 

  

Penicillium_4 

 

Penicillium_3 

 

Penicillium_5 

 

Penicillium_7 

 

Penicillium_6 

 

Penicillium_8 

 

Trichoderma 



 

149 

 

 

 

 

 

Appendix A4.3: Relative abundance (number of isolates) of fungi isolated from the four 

tailing samples.  

Appendix A4.4: Operational taxonomic units of fungal isolates, clustered at 97% similarity. 

The identity of the representative isolates is presented at a genus level. The accession number 

of each isolated is also listed.   

Representative 

OTU 

OTUs (accession number and 

sample ID) 

Frequenc

y  

Genera 

OL439087_S2L1B

2 

OL439087_S2L1B2, 

OL439115_S2L2B2, 

OL439090_S3L3B2, 

OL439088_S2L1B3, 

OL439106_L2A6, 

OL439102_S2MA6, 

OL439098_S3L3B2-1, 

OL439095_S3L1B2, 

OL439084_L2B2, 

OL439094_S3L1B1, 

16 Trichoderma 
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OL439089_S3L2B2, 

OL439081_S2L2B1, 

OL439097_S3L3B1, 

OL439082_S3L1B4, 

OL439086_S2L1A1, 

OL439099_S3L3B4 

OL439096_S3L1C

2 

OL439096_S3L1C2, 

OL439116_S2L3B5, 

OL439111_S2MC2, 

OL439066_L2A4, 

OL439079_MA3, 

OL439092_L3C3, 

OL439078_L2C1, 

OL439108_L2A3, 

OL439112_MA7, 

OL439112_L1A3 

10 Penicillium sp. (1) 

OL439093_S2MC

2-1 

OL439093_S2MC2-1, 

OL439123_S3L3B5, 

OL439114_S2L1B4, 

OL439077_S3MC3, 

OL439100_L2B2-1, 

OL439080_MB8, 

OL439083_S3L2B3, 

OL439067_L2B4 

8 Penicillium sp. (2) 

OL439070_L3C2 OL439070_L3C2, 

OL439125_S3MA1, 

OL439121_MB9, 

OL439122_MC5, 

OL439107_L1C2, 

OL439069_L3C1 

6 Penicillium sp. (3) 

OL439101_L3C4 OL439101_L3C4, 

OL439120_S3L2C2, 

OL439109_S2L2C2, 

OL439105_S3L2C3, 

OL439116_S2L2B3, 

OL439110_S2L2C3 

6 Fodinomyes 

OL439075_S2MA

4 

OL439075_S2MA4, 

OL439073_MC8, 

OL439071_MA4 

3 Talaromyces sp. 

(1) 

OL439104_S3L2C

1 

OL439104_S3L2C1, 

OL439103_S3L2C1-1 

2 Acidomyces 

OL439104_S2MC

3 

OL439104_S2MC3, 

OL439072_MA6 

2 Penicillium sp. (4) 

OL439091_S3L3C

3 

OL439091_S3L3C3 1 Penicillium sp. (5) 
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OL439085_L3B1  OL439085_L3B1 1 Fusarium 

S2MA5 OL439118_S2MA5 1 Penicillium sp. (6) 

OL439118_S3L1C

1 

OL439119_S3L1C1 1 Coniochaeta. 

OL439074_S2MA

1 

OL439074_S2MA1 1 Penicillium sp. (7) 

OL439124_S3L3B

6 

OL439124_S3L3B6 1 Acidiella 

OL439068_L1B2 OL439068_L1B2 1 Talaromyces (2) 

*The number in brackets (1-8) are used to differentiate different species of the same genera 

 

Appendix A4.5: The images depict the growth of Trichoderma in GYEA without metal 

(control) and its growth in a high metal concentration where it is susceptible. Impaired growth 

is observed compared to control. 
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Appendix A5.1: Screenshot that shows that the manuscript is currently under review in Journal 

of Environmental management. 
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Appendix A5.2: pH values of T. asperellum grown in different amounts of ore and tailing 

samples after 10 days of incubation using GYEM.  Initial pH was 5.5.  

Sample amount (g) Ore Tailing  

5 g 3.8 3.0 

10 g 3.8 3.0 

15 g 3.9 3.5 

20 g 4.2 3.2 

25 g 5.8 4.2 

30 g 6.2 4.4 

 


