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Abstract: Bioleaching is an environmentally safe as well as economically feasible alternative to the 

conventional process of metal extraction from low-grade ores. It involves the recovery of metals through 

microbial oxidation of metallic and/or sulfuric compounds. Wide varieties of acidophilic microbes 

present in the mining sites, which are necessary to decrease the pH, eventually contribute to the 

biomining efficiency. Ongoing development and recent advanced techniques will ensure that the 

implementation of genetic engineering might improve the extraction rate within less time period. The 

use of OMIC (genomics, proteomics, metabolomics, etc.) techniques in bioleaching is gaining interest 

worldwide. In the last decade, a number of studies have been carried out for the determination of 

bioleaching diversity, development of conceptual and functional metabolic models, analysis of 

microbe-mineral interaction, etc. by using various OMIC technologies. These technologies are used to 

improve the understanding of various microbial activities during the bioleaching process, which helps 

in the development of industrial-scale bioleaching process. 
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1. Introduction 

Bioleaching is known as the conversion of an insoluble metal into a soluble form 

involving microbes. Metal sulfides are oxidized to metal ion and sulfate or sulfur compound 

by a number of acidophilic sulfur-oxidizing chemolithotrophs, which are mostly thermophilic 

in nature, for instance, Acidithiobacillus thiooxidans,  Acidithiobacillus ferrooxidans, 

Pseudomonas aeruginosa, Chromobacterium violaceum, L. Ferriphilum, Sulfobacilli, 

Aspergillus, Penicillium, etc. These potential microbes have the ability to create an acidic 

environment that is suitable for metal extraction. Due to the implementation of microorganisms 

in bioprocessing, bioleaching is regarded as a cost-effective and environmentally friendly 

process. The various industrial process of bioleaching like dump leaching, heap leaching, in-

situ leaching is being employed in mining industries [1]. Heap leaching is a conventional and 

environmentally preferred mechanism over other leaching processes. A considerable number 

of research works are going on by the scientists for increasing application of bioleaching in 

diverse industrial fields. The enhancement in metal extraction efficiency of commercial 

bioleaching processes requires advanced designing, proper controlling, and process 

optimization. To achieve this, an in-depth understanding of microbial physiological processes 

involved in bioleaching is foremost necessary. In the recent past, the use of OMIC technologies 
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has widened our knowledge of various microbial phenomena that occur during the bioleaching 

process. Applications of these technologies help in identifying new bioleaching microbial 

consortia in extreme environments as well as to study the molecular adaptation to their 

environment [2]. Here authors have briefly reviewed some of the recent developments in 

industrial-scale process designing as well as a detailed understanding of microbial activities 

involved in bioleaching processes with the aid of OMICS. 

2. History and evolution of bioleaching 

The Bioleaching process had been unknowingly used to extract metals for decades. The 

leaching of copper from its sulfide ore has been practiced by the Chinese back in 100-200 BC, 

but after the 2nd century, these processes were also well-known in Europe and some counties 

of Asia. The Rio Tinto mine in Spain and the Harz mountain areas in Germany have a vital 

role in the history of biomining because in the 16th-century dump/heap leaching extraction 

process was performed there. Heap leaching of copper with oxide ores has been practiced for 

several decades. In 1557, a book named De Re Metallica, written by Georgius Agricola, 

mentioned heap leaching process can be completed within 40 days [3].   Pyrite containing some 

copper sulfide left exposed, and during the rain, oxidation of copper took place. Metal 

solubilization in the association with specific microorganisms was known to be evidently used 

after the 1940s. In 1887, Pressure leaching for the extraction of metals from different ores was 

found to be carried out in France by L. LeChatelier and K.J. Bayer for extraction of Al(OH)3 

and Al2O3 from bauxite ores with Na2CO3 and NaOH and the Bayer process is still used since 

the 1890´s for beneficiation of bauxite [4]. However, bio-beneficiation of low-grade bauxite 

using microorganisms has been reported as a promising beneficiation process by several 

researchers [5]. Cyanidation is extensively used as one of the control technology for the 

recovery of precious metals like gold and silver. In 1887 J.S. MacArthur first, apply the 

cyanidation method for leaching of gold and silver from their ores, and during the period of 

1900-1920, the application of this process increased greatly. At Cortez in 1969, gold and silver 

heap leaching was first started, and in the 1980s, bioleaching of gold, silver, and copper has 

been practiced commercially. The biooxidation process started in the late 1970s at GENCOR 

process research in Johannesburg, South Africa. Gold is extracted from metallic sulfides by the 

bio-oxidation method.  

3. Commercial bioleaching processes 

Different commercial bioleaching processes are being used in the extraction of precious 

metals such as copper, cobalt, uranium, and gold, as well as in the beneficiation of low-grade 

ores.  

3.1. Dump leaching. 

Dump leaching is the oldest, simplest, and low-cost industrial process for extracting 

copper from ores [6]. It is a technique that involves uncrushed waste rock piled up in huge 

dumps. Promoting the growth of acidophilic microorganisms and maintaining the low pH, 

diluted sulfuric acid or acidified ferric sulfate solution (as a lixiviant) is showered down in 

dumps. The enriched runoff is collected at the base of the dump and pumped out for the 

recovery. 
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3.2. Heap leaching. 

 

Heap leaching is an on-site leaching technique where crushed ore stacked on an 

impermeable lined pad. The acid runoff from the heap ores is collected from drains at the 

bottom. The preliminary methods included in heap leaching processes are crushing and 

spreading the ore (over HDPE or PVC geo-membrane line pads), spraying the leaching solvent 

(sulfuric acid, cyanide). Bioleaching operations in a heap are generally carried out by 

indigenous microorganisms forming biofilms. The heterogeneous environment of heap 

bioreactors influences the growth of the bioleaching microorganisms. Hence, a great diversity 

of microorganisms are present within the heap at different stages of bioleaching operation. A 

few examples of microbial diversity identified in heap operations are presented in Table 1. 

Then metal recovery operations have been performed for the low-grade ores by precipitation, 

smelting, absorption, and electro-winning. The heap leaching industry includes two main areas: 

leaching of secondary copper ores that contain copper sulfides ( chalcocite (Cu2S) and covellite 

(CuS)) and the pretreatment of gold-bearing ores where the gold is occluded in sulfide minerals 

[7, 8]. Heap leaching has a lot of benefits over other conventional mining processes involving 

low operating costs, less energy-consuming, provide more regulation of biological, chemical, 

engineering factors, furthermore prevent pollution and loss of leach solution. So the application 

of heap leaching in industrial mining sectors is relatively higher than the other mining activities. 

Since 2000, the application of the heap mining method by employing sulfuric acid as the 

lixiviant gained acceptance for the recovery of precious metals from low-grade ores. Pradhan 

et al., 2008, have discussed different important aspects of the chalcopyrite bio heap leaching 

process [9]. Sukla et al., 2009, performed heap bioleaching of low-grade copper sulfide ore in 

a 15 and 30-ton scale at CSIR-IMMT, Bhubaneswar. This experiment resulted in the 

dissolution of 0.09% of copper from the ore per day [10]. Panda et al., 2012, carried out a 1000 

tons scale bio heap leaching of low-grade chalcopyrite using a mixed culture of acidophilic 

bacteria for a period of 383 days. This heap bioleaching process resulted in the copper recovery 

of 30% [11]. 

Precious metals like gold, silver, zinc, platinum, and other base metals from oxide ores 

are recovered by heap mining [12, 13]. In the gold heap leaching method, a diluted cyanide 

solution is applied for gold recovery, and silver removal is obtained from pregnant effluents by 

carbon adsorption-desorption process [14]. Biooxidation in a heap is a very slow process. It 

takes several months to be completed, but the capital costs are very low. 50-70% of gold 

recovery was observed using this process. Applying heap mining technology in recent years, 

approximately three million copper has been extracted, which is 16% of total copper production 

worldwide [15]. At 650C, 93% Copper, 75% Ni and 53% Co were extracted by bio heap 

Sequential leaching in the 304 days. By cyanide leach experiment, 57.8% Pt, 99.7% Pd, and 

90.3% Au was extracted at 500C in 60 days [16]. 49-61% gold recovery was achieved by heap  

biooxidation method at 810C in 150 days [17]. For permanent heap operation in the gold mining 

process, two similar leaching pads are used. 

During the past few years, applications of rare earth elements increased significantly in 

electronics, satellites, and automobiles. Therefore recovery of these critical elements from 

various wastes through heap mining is required. It is possible to recover heavy rare earth 

elements like Y, Eu, Dy by heap leaching, bio-oxidation, and solvent extraction. It was reported 

by Pingiture, 2016 that 91.3% and 87.2% Yttrium and Dysprosium were leached via heap 

leaching [18]. 
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Table 1. Examples of microbial diversity identified in heap operations 

Heap leaching operations Microbial Diversity References 

Chalcocite A. caldus, L. ferriphilum, Sulfobacillus 

spp., Ferroplasma cupricumulans 

 

[108] 

Refractory gold ores A. ferrooxidans, Leptospirillum-like, 

Sulfobacillus spp. 

 

[144] 

Chalcopyrite overburden A. thiooxidans, A. ferrooxidans, 

Acidiphilium cryptum 

 

[1] 

Secondary copper sulfide ore Acidithiobacillus spp., Leptospirilum 

spp., Ferroplasma spp., 

Ferrimicrobium spp., Sulfobacillus 

spp., A. albertensis 

[145] 

 

3.3. In situ leaching. 

 

Another industrial bioleaching method is in situ leaching, also called underground 

leaching. It is a technique where ores need not be removed from the mining ground. Several 

wells are arranged in a series. The aqueous solution containing microorganisms introduced 

through drill passages with ore. The most important limitation of underground leaching is the 

slow rate of reactions. Above 30 years, this scavenger technology is used to extract uranium 

and copper from depleted mining areas. In situ mining was used widely in Canada in the 1970s 

to recover uranium from deep mines [19]. 

 

3.4. Tank leaching. 

 

Tank leaching operates in a semi-closed system within a designed reactor or in a set of 

tanks. It is a continuous process, therefore more expensive and has high capital costs. The 

enhanced recovery of copper in the stirred tank reactor has been reported [20]. The extraction 

of cobalt from pyrite concentrate has also been reported [6, 21, 22]. In Chile, the biomining of 

chalcopyrite has been detected at temperature 800c using pilot stirred tank mining [23]. 

Biooxidation with stirred tanks is a high operating cost comparing to the other processes. It is 

mostly applicable for higher concentrate gold-bearing ores in which the fine gold particles are 

enshrouded by sulfide minerals (mainly arsenopyrite and pyrite). 

 

4. Recent developments in bioleaching 

 

Applications of solar energy, microwave, and ultrasound treatment have improved the 

extraction of metal values from low-grade ores through the bioleaching process. Solar energy 

is an important renewable energy source. Due to its lower maintenance, short operational 

period, and minimum cost, the use of this alternative source in the biomining process is 

increasing lately. Solar energy cells in heap leaching help in raising the temperature of the 

lixiviant; thus, favorable conditions are being created for extreme thermopiles to achieve better 

extraction. It has been reported that solar thermal energy in the mining sector boosts the 

recovery rate of copper from 67% to 85% [24]. In Chile, solar systems have already been 

installed in some industrial mining areas for electro-winning operations. Microwave 

pretreatment generates crack on the surface area of the ores that have led to ore strength 

reduction, weaken of coarse particle. Pre-treated ores showed improved recovery in 

comparison with untreated. Up to 6-15 % of the copper recovery in bioleaching is improved by 
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microwave treatment [25]. An experimental study was conducted for bioleaching of low-grade 

chalcopyrite using a mixed culture of meso-acidophilic microorganisms in the presence of acid-

processed waste newspaper. This study, for the first time, reported that the presence of acid-

processed waste newspaper enhanced the bio-recovery of copper up to a maximum of 99.13% 

[26]. Some experimental studies also described that the effect of ultrasound pretreatment on 

nickel leaching using A.niger 95% nickel could be leached along with 12.5% of iron from 

lateritic ore [27]. The application of Dissimilatory Iron Reducing Bacteria (DIRB) has been 

reported to enhance the recovery of Ni and Co from lean lateritic nickel ore [28]. 

The tremendous increases in electronic industries and IT sectors have led to surplus e-

wastes. E-waste management without causing a risk to human health as well as less damaging 

the environment, the greatest challenge faced by every country. These e-wastes are a rich 

source of metals such as gold, silver, cobalt, palladium, rhodium, etc. Therefore recycling of 

e-waste is immensely required to meet the demand for these critical materials in the future. 

Bioleaching is gaining an increasing interest in recovering precious metals from various e-

wastes in an eco-friendly manner [29]. Acidithiobacilli have the ability to leach more than 90% 

of copper and nickel from e-scraps. It has been demonstrated that using potential 

microorganisms like C. Violaceum, Aspergillus niger, Penicillium simplicissimum gold can be 

extracted from the waste printed circuit boards [30]. Massive research work is being carried 

out for the application of bioleaching techniques for the removal of toxic heavy metals 

(bioremediation) from solid wastes generated due to different industrial activities [31-34].  

5. Bioleaching microorganisms 

 

Majorly two types of microorganisms are involved in heap leaching reactions, which 

are iron-oxidizing chemolithotrophs and sulfur oxidizing chemolithotrophs [35]. They have the 

ability to fix carbon dioxide from the atmosphere and utilize it as an energy source. Using iron 

and reduced organic sulfur as an electron donor and oxygen as an electron acceptor, these 

microbes grow autotrophically in mining areas. Generally used microorganisms which are 

engaged in metal solubilization are mostly thermophilic in nature. 

Mineral decomposition and types of microbes involved in mining depend on different 

temperatures and pH. According to the deviation of temperature, the distribution of 

microorganisms also varied. So different species of microorganisms work at mineral 

decomposition techniques; they are mesophilic microbes (optimal temperature is between 30–

35° C), moderate thermophilic microbes (45– 55° C), and extreme thermophilic microbes  (700 

C above) [36].  

Acidithiobacillus ferrooxidans was the first acidophilic iron- and sulfur-oxidizing 

bacterium isolated by Temple and Colmer, 1951 [37]. Later investigations into bioleaching 

Leptospirillum ferrooxidans [38], Acidithiobacillus thiooxidans, and Acidithiobacillus caldus 

had been reported [39, 40]. Acidithiobacillus genera are rod-shaped; gram-negative non-spore-

forming bacteria also survive under anaerobic conditions. Common Acidithiobacillus species 

are Acidithiobacillus thiooxidans, Acidithiobacillus ferrooxidans, Acidithiobacillus caldus, 

Acidithiobacillus acidophilus, Acidithiobacillus concretivorus, Acidithiobacillus albertis, and 

Acidithiobacillus prosperus. These can oxidize elemental sulfur and generate sulfuric acid that 

can reduce the medium pH up to 1 to provide suitable conditions for the bioleaching operations. 

Acidithiobacillus ferrooxidans converted soluble ferrous iron to ferric iron at 400C, lowering 

the pH up to 1.8-2.0 [41-43]. It is considered as the model for biomining organisms. 
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Acidithiobacillus thiooxidans are mesophilic, but more acid-tolerant can survive in pH 0.5 [42, 

44]. Ferroplasma acidiphilum growing optimally at 330C - 450C and pH range between 1.7-

1.3 [45]. Leptospirillum ferrooxidans is obligatory chemolithotroph and a dominant iron 

oxidizer. This species is highly acid-tolerant in nature (optimum pH »1.5–1.8). L. 

thermoferrooxidans reported to grow at 450C, and L. Ferriphilum and Sulfobacilli species are 

moderately thermophilic (operated at 400-600C ) [46, 47]. Sulfolobus metallicus and  

Metallosphaera sedula are thermophilic in nature. They are able to oxidize various minerals at 

temperatures of 680C and  800-850C   within a pH range of about 1.3-1.7 and1.0-4.5 accordingly  

[48, 49]. Hydrothermophillic archaea such as Acidianus brierleyi and Acidianus infernus have 

been reported, which can endure the optimum temperature 700C-900C and the optimum pH 

1.5-2.0 [35, 50]. Aspergillus and Penicillium genera are generally found to be the most effective 

fungal species used in biomining [51-53].  Liao et al. 2019 studied the effect of microbial 

consortia designing on the bioleaching of low-grade metal sulfides and proposed a new strategy 

for the bioleaching of tailings. According to this newly proposed strategy, iron oxidizers should 

be added at the initial and middle stages, and sulfur oxidizers should be added towards the end 

of the bioleaching process [54].   

Removal of the precious metals from the e-scrap by using microorganisms such as 

bacteria, fungi is now in demand. Cyanogenic microbes, for instance, Pseudomonas 

fluorescens, Pseudomonas aeruginosa, Chromobacterium violaceum, Pseudomonas 

plecoglossicida have been reported in gold leaching from e-waste [30]. Some organic and 

inorganic acids are secreted by these thermophilic microbes, and fungus engages in bioleaching 

processes such as citric, lactic, gluconic, oxalic, as well as some enzymes [55]. Cyanogenic 

microbes such as Pseudomonas fluorescens, Pseudomonas aeruginosa, Chromobacterium 

violaceum have abilities to produce cyanide ions that dissolve the gold in between their 

metabolic activities. 62 % of copper was extracted within 30 days by a mixed culture composed 

of A. thiooxidans and Leptospirillum ferrooxidans [56]. 

6. Bioleaching mechanism 

The bioleaching mechanism has been studied thoroughly in the past. Some earlier 

studies have described the bioleaching process takes place via the direct mode (involves the 

transfer of electrons directly from mineral to the cells attached to its surface) or indirect mode 

(involves metal sulfide dissolution by metal sulfide oxidizing agent, i.e., Fe3+ ions) [21]. As no 

direct electron transfer between metal sulfide and the adhered cells has been described, a direct 

leaching process seems not to occur [57]. For a better description, the bioleaching processes by 

attached cells and planktonic cells, the more appropriated proposed terms are “contact 

leaching” and “non-contact leaching,” respectively [58]. The term “cooperative leaching” has 

been proposed to describe the dissolution of sulfur intermediates, sulfur colloid, etc. by 

planktonic cells [35, 59]. 

The chemical mechanism involved in the microbial dissolution of metal has been 

studied extensively [60]. On the basis of acid solubility and mineralogy, sulfide minerals 

dissolution has been described to occur via two pathways termed as thiosulfate pathway and 

polysulfide pathway [57, 61, 62]. Dissolution of acid non-soluble metal sulfides has been 

reported to occur via the thiosulfate pathway.  FeS2 is the most studied metal sulfide for the 

oxidation of sulfide minerals [63-65]. In this pathway, the sulfur moiety of FeS2 is oxidized to 

soluble sulfur intermediates by the initial attack of Fe3+ ions (oxidizing agent) through the 

extraction of several electrons. Thiosulfate has been reported as the first soluble sulfur 
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intermediate  [66, 67]. Thiosulfate is then oxidized to tetrathionate, which is further oxidized 

to trithionate, pentathionate, elemental sulfur, and sulfite [64, 65, 68]. Bioleaching experiment 

with Acidithiobacillus ferrooxidans provides conformation of this pathway by the 

determination of the stable isotope of sulfur and oxygen in the reaction product [69]. 

The polysulfide pathway has been proposed for the dissolution of acid-soluble metal 

sulfides such as chalcopyrite, sphalerite, pyrrhotite, etc. In this pathway, apart from Fe(III) ion 

attack, these metal sulfide can also be dissolved by protons. Here, the oxidation of acid-soluble 

metal sulfide results in the formation of elemental sulfur through a series of reactions via 

polysulfides under acidic conditions [70-73]. The elemental sulfur formed, being chemically 

inert, can be oxidized by biological means to sulfuric acid. The results of the bioleaching 

experiment of chalcopyrite and sphalerite oxidation with Acidithiobacillus ferrooxidans 

showing the presence of a stable isotope of sulfur and oxygen in the reaction product supported 

the polysulfide pathway [74, 75]. 

6.1. Role of microorganisms in bioleaching. 

Microorganisms play a significant role in both the pathways by regenerating ferric iron 

for the oxidative attack [76]. These acidophilic iron oxidizers such as Acidithiobacillus 

ferrooxidans and Leptospirillum ferrooxidans are reported to bring about oxidation of ferrous 

iron (Fe2+) to ferric iron (Fe3+). In the polysulfide pathway, another important function of 

microorganisms (acidophilic sulfur oxidizers) is the transformation of elemental sulfur to 

sulfuric acid. The proton regenerated by sulfuric acid production from elemental sulfur is 

required for initial leaching processes. As the elemental sulfur is chemically inert to the abiotic 

oxidation at low pH and its accumulation upon the metal sulfide hinders the process of metal 

leaching [40, 77]. 

6.1.1. Iron oxidation pathway.  

One of the main characteristic features of biomining microbes is their capability to 

derive energy from the oxidation of iron and/or sulfur. The iron oxidation pathway has been 

extensively studied for different biomining microbes [78]. In the case of A. ferrooxidans the 

oxidation of Fe(II) to Fe(III) occurs at the outer membrane. The respiratory chain consists of a 

high molecular weight cytochrome oxidase (Cyc 2) (the initial electron acceptor present at the 

outer membrane), blue copper protein rusticyanin (RusA), another cytochrome (Cyc 1), and an 

aa3 type cytochrome oxidase (which catalyzes the reduction of O2) [78, 79]. The electron from 

Fe(II) is first trapped by Cyc 2, which is then transferred to Rus A. From rusticyanin, an 

electron can be transported either through a ‘downhill’ or an ‘uphill’ pathway. In the downhill 

pathway, an electron from Rus A is transported to membrane-bound cytochrome (Cyc 1) and 

then to aa3 type cytochrome. This pathway is meant for ATP synthesis [60, 78, 79]. In ‘uphill’ 

pathway, the electron from Rus A is transported through a membrane-bound cytochrome (Cyc 

A1), bc1 complex, and membrane-associated ubiquinones to NADH-1 complex, which 

catalyzes the NAD+ reduction to NADH. A. ferrooxidans can also oxidize Fe2+ through a 

second pathway, which consists of a high potential iron-sulfur protein Iro and a rusticyanin 

isoenzyme Rus B [80]. A complex respiratory chain for iron oxidation has been reported for 

Leptospirillum sp. than A. ferrooxidans consisting of some additional components like 

cytochrome C oxidase, bd-quinol oxidase, and BC1 complexes [81]. In Ferroplasma, an 

electron from Fe2+ may be transported by a copper protein sulfocyanin and cbb3 as a terminal 

electron acceptor [82]. In the case of Metallosphaera sedula and Sulfolobus metallicus electron 

https://doi.org/10.33263/BRIAC113.1018510204
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC113.1018510204  

https://biointerfaceresearch.com/ 10192 

is transported through a different pathway with an electron transport chain consisting of 

cytochrome b, ferredoxins, heme copper oxidase, and some proteins. These are reported to be 

encoded by a cluster of fox genes present in the genome of the organisms [83, 84]. 

6.1.2. Sulfur oxidation pathway. 

The sulfur oxidation pathway of different acidophilic sulfur-oxidizing bacteria and 

archaea seems to be different. The oxidation of elemental sulfur, sulfide, and RISC (reduced 

inorganic sulfur compound) is carried out by several enzymes such as sulfur dioxygenase,  

sulfate: oxidoreductase, sulfide: quinone oxidoreductase, thiosulfate quinone oxidase, 

tetrathionate hydrolase, and rhodanese, which have been found in  A. ferrooxidans genome 

[78]. Rohweder and Sand, 2003 proposed a model for the oxidation of elemental sulfur and 

RISC by A. ferrooxidans, A. thiooxidans, and Acidiphilium acidophilium (76 

characterizations). According to this model, extracellular elemental sulfur is first transported 

to the periplasm where it gets oxidized to sulfite and sulfate by sulfur dioxygenase and sulfite 

oxidoreductase, respectively. The electrons are transferred through a bd type oxidase or a ba3 

type oxidase via the bc1 complex [85,86].  

6.1.3. Microbial - mineral interaction. 

Previous studies have reported that adherence of bioleaching bacteria  A. ferrooxidans 

to mineral sulfide surface occurs by means of extracellular polymeric substance (EPS) forming 

biofilms [60, 87, 88]. Organized layers of bacteria that get attached to the mineral surface by 

means of EPS matrix are described as biofilms. The contact between mineral surface and 

bacteria stimulates the synthesis of EPS by the bacterial cells [88, 89]. It is reported that the 

composition of EPS varies depending upon mineralogy of the mineral surface upon which the 

bacterial cells will adhere. The EPS of A. ferrooxidans growing upon FeS2 are composed of 

glucuronic acid, C12-C20 saturated fatty acids, sugars, and Fe3+ ions, while the EPS 

composition of A. ferrooxidans cells growing upon elemental sulfur include uronic acid, more 

fatty acid than the earlier case, and sugars [90]. The EPS matrix provides an environment for 

intercellular interactions between bacteria, as well as for oxidation of Fe(II) takes place [91]. 

Some of the important physiological responses of biomining microbes for microbial mineral 

interaction are chemotaxis, quorum sensing, and biofilm formation. A. ferrooxidans and L. 

ferrooxidans are reported to have chemotaxis response towards pyrite and thiosulfate, 

respectively [92-94]. Quorum sensing is a phenomenon where bacterial cells communicate 

with each other through acyl-homoserine lactone molecules to coordinate their behavior. A 

quorum sensor signal molecule (AI) and a quorum-sensing locus (afeIR) were identified in A. 

ferrooxidans. A study reported the expression of afe I and afe R in sulfur grown A. ferrooxidans 

cells. Overexpression of afe I was reported in A. ferrooxidans cells growing on solid elemental 

sulfur, forming biofilms [95, 96]. This result suggests the possible role of quorum sensing in 

EPS production and biofilms formation. Another QS (AI) synthase has been reported in A. 

ferrooxidans [97]. A c-di-GMP (3’,5’-cyclic diguanylic acid) pathway has been reported in A. 

ferrooxidans suggesting its involvement in EPS synthesis and biofilm formation [98]. A 

functional operon involved in EPS synthesis has been reported in A. ferrooxidans [99]. 
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7. Current scenario of OMICS approach in biomining  

7.1. Impacts of genomics.  

The use of OMICS (genomics, metagenomics, proteomics, metaproteomics, etc.) 

enables the discovery of new non-cultivable biomining microorganisms and a better 

understanding of their metabolic pathways involved in biomining processes as well as several 

adaptive responses to their environment (Figure 1) [100]. A. ferrooxidans is the most studied 

biomining microorganism and is the first biomining microorganism to have its genome 

sequenced by TIGR [101]. Among the biomining microorganisms, 36 archeal and 55 bacterial 

complete genome sequences are currently available to NCBI database and are accessible [77, 

102]. The application of omics has greatly influenced our knowledge of biomining. Some 

applications of omics in the bioleaching field are given in Table 2. The main aim of genomic 

research has been a deeper understanding of the metabolism, which is directly involved in some 

of the important metabolic pathways such as iron and sulfur oxidation, quorum sensing, flagella 

formation, chemotaxis carbon assimilation, nitrogen fixation, and adaptation to bioleaching 

environment.  Christel et al., 2018 presented a high quality closed genome of Leptospirillum 

ferriphilumT for an in-depth understanding of its metabolic properties. By using a multi-omic 

approach, genes, and proteins involved in the growth of Leptospirillum ferriphilumT on 

chalcopyrite during bioleaching experiments have been analyzed [103]. Systems biology aims 

to transform genomics, transcriptomics, and proteomics data to biological knowledge for the 

identification of specific metabolic pathways with the aid of computational methods [104, 105].  

Table 2. Applications of OMIC technologies in the bioleaching field 

OMIC Technologies Molecular Techniques Applications References 

Genomics & Metagenomics PCR, qPCR, RT PCR, 

DGGE, DNA microarray, 

Next Generation 

Sequencing, etc. 

Microbial diversity study 

of bioleaching 

environment. 

 

In depth understanding of 

metabolic pathways 

bioleaching microbes. 

 

To study the genetic 

variation within the 

species. 

[108, 110, 114, 115] 

 

 

[116-125] 

 

 

[130-134] 

Proteomics Chromatography, SDS 

PAGE, 2D PADE, Mass 

Spectroscopy, Protein 

microarray 

Identification and 

quantification of proteins 

involved in bioleaching 

processes. 

[139-142] 

 

Genome sequencing has contributed towards the determination of microbial diversity 

of the bioleaching environment. The developed molecular techniques such as quantitative PCR 

(qPCR), FISH, and DGGE has enabled researchers to explore extreme leaching environment 

for new biomining microbe with higher leaching potential [106, 107]. In the biodiversity of 

Myanmar Ivanhoe copper company heap, a heterotrophic archaea Ferroplasma cupricumulans 

was reported as the prevalent species by Hawkes et al., 2006 [108] which was further classified 

as Acidiplasma cupricumulans by Golyshina et al., 2009 [109]. In a heap at Agnes Gold Mine, 

Barberton, the prevalent population was identified as Sulfobacillus sp. [110]. Some researchers 

developed patented techniques for accurate monitoring of biodiversity during the process of 

bioleaching  [111-113]. 
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Figure 1. OMIC technology in bioleaching study 

A study has been conducted using shot-gun sequencing for analysis of 16S rRNA genes 

to investigate the microbial diversity of the manganese mining site and their role in manganese 

solubilization. The result of this study shows that Proteobacteria dominates the microbial 

community with 42.47%, followed by Actinobacteria with 23.99% within the studied 

manganese mining site [114]. The chemical composition and microbial diversity of two tailing 

basins of Panasqueira tungsten mine have been assessed to study the relationship between 

microbial distribution and function with the chemical variability within the two different tailing 

basins. The sequencing of the targeted 16S rRNA gene was carried out using the MiSeq system 

to identify microbial diversity. The microbial diversity of the two tailing includes members of 

genera Pseudomonas, Bacillus, Streptococcus, Acinetobacter, Rothia and Cellulomonas, and 

family Anaerolineacea. The microbiological distribution of basin 1 was related to a higher 

content of potassium and aluminum, whereas of basin 2 was related to As-S-Fe contents. 

PICRUSt software was used to predict the different microbial metabolisms that occur in this 

extreme environment [115]. 

Genome sequencing is very important in formulating a hypothesis for the reconstruction 

of microbial metabolic pathways in the bioleaching process (iron and sulfur oxidation 

pathways, biofilm formation, etc.). Acosta et al., 2005 found some genes encoding for 

thiosulfate-sulfur transferase-like protein for sulfur metabolism in A. ferrooxidans [116]. 

Bruscella et al., 2007 reported about the presence of two pet operons in A. ferrooxidans, i.e., 

pet II and pet I. pet II operon contains a pet II ABC gene cluster (encoding for bc 1 complex) 

which was co-transcribed with three more genes such as cyc A (encoding for cytochrome c), 

sdr A (encoding for a putative dehydrogenase) and hip gene. RT-PCR and Northern blotting 

revealed that pet I was transcribed when cells are grown in an iron-containing medium while 

pet II was transcribed in cells grown in a medium containing iron or sulfur [117]. Quatrini et 
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al., 2009 have built a metabolic reconstruction that predicted the involvement of new genes, 

i.e., a gene cluster including rhd, tusA, dsrE, hdrC, hdrB, hdrA, orf2, hdrC, hdrB, which 

encodes for 3 sulfur transferases and sat and sdrA genes encoding for a heterodisulfide 

reductase complex [118]. More comprehensive conceptual models have been proposed for 

Acidilobus saccharovorans [119] and Acidianus hospitalis [120]. Moreover, a highly advance 

genome-scale model for A. ferrooxidans [121], L. ferrooxidans [122], A. thiooxidans [123]. 

Merino et al., 2015 have proposed a metabolic model for the mixed culture of L. ferriphilum 

and Ferroplasma acidiphilum [124]. The genomic information based conceptual models for 

intricate and alternative pathways of RISC oxidation have shown common features between 

bacteria and archaea [125]; it also revealed new metabolic characteristics and environmental 

adaptation in Leptospirillum ferriphilum and A. ferrooxidans [126], A. caldus [127], and 

Sulfobacillus thermosulfidooxidans [128, 129]. 

Comparative genomics has been used to study the difference between different strains 

of the same species. A. ferrooxidans ATCC 53993 and ATCC 23270T have 2397 common 

genes representing 78-90% of their genome. Due to this genomic difference, strain ATCC 

53993 exhibits higher copper resistance [130]. According to Travisany et al., 2014, 75-89% 

genome are common in ATC 19377, A01, and Licanantay strains of A. thiooxidans [131]. 18-

28% genomes have been reported to vary within strains of the same species of Sulfolobus [132]. 

Valdes et al., 2010 compared the genomes of 20 bioleaching microorganisms to predict the 

metabolic and regulatory model for their close relatives known to occur within the bioleaching 

heaps [133]. Auernik et al., 2008 identified the pathways and proteins of Metallosphaera 

sedula involved in the bioleaching process by using comparative genomics [134]. This study 

reported the presence of genes related to metal tolerance, autotrophic carbon fixation, and 

adhesion in the genome of this archaeon. Comparison with A. ferrooxidans revealed that one 

putative tetrathionate hydrolase (TTH) for sulfur oxidation encoding genes are present in the 

genome of M. Sedula. Gene clusters homologous to fox genes of S. tokodaii and S. metallicus 

are also present in M. sedula genome. 

7.2. Impacts of proteomics. 

Proteomics plays an important role in the characterization of protein expressed in 

different cells or cells exposed to varied environmental conditions [96]. 2D PAGE 

(Polyacrylamide gel electrophoresis) coupled with mass spectroscopy (MS) is a widely used 

technology for proteomic analysis [135]. It has been used by several researchers to study the 

protein expression in A. ferrooxidans under varied growth conditions [136-138]. Ramirez et 

al., 2004 have characterized the changes in the synthesis of a set of proteins in A. ferrooxidans 

ATCC 19859 depending upon its growth in ferrous iron, metal sulfides, thiosulfate, elemental 

sulfur by using 2D PAGE [139]. The important role played by microbes in bioleaching is the 

oxidation of iron and sulfur, which are earlier demonstrated to occur in the extracellular space 

and periplasmic space, respectively [86]. Therefore to gather more information about the 

proteins involved in sulfur oxidation metabolism in A. ferrooxidans ATCC 23270T, a high 

throughput proteomic analysis has been carried out. According to this study, 131 proteins are 

present in the periplasmic fraction of the bacterial cell grown in thiosulfate. 86% of the 

identified proteins possess predicted export signals. 45% of the total identified periplasmic 

proteins include cell envelope proteins, transport, and binding proteins, energy metabolism 

proteins, and folding proteins. Among the identified proteins, 36% are hypothetical and 

unknown proteins [140]. Proteomics has helped in understanding the metal resistance 

https://doi.org/10.33263/BRIAC113.1018510204
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC113.1018510204  

https://biointerfaceresearch.com/ 10196 

mechanism in bioleaching microorganisms. The tolerance against high copper concentration in 

A. ferrooxidans ATCC 23270T has been studied using high throughput proteomic studies. This 

study revealed that the molecular adaptation of the bacterium against copper involves the 

upregulation of the RND type Cus system, increased biosynthesis of cysteine, histidine, and 

putative disulfide isomerase. The study also reported the downregulation of major outer 

membrane protein and some ionic transporters suggesting a decreased influx of metals and 

other cations. Moreover, rus operon encoded proteins were found to be increased in cells under 

copper stress suggesting their involvement in the copper resistance mechanism [141]. 

Bellenberg et al., 2019 investigated the molecular mechanisms involved in oxidative stress 

resistance and ROS detoxification in Acidithiobacillus ferrooxidans DSM 14882T cells 

growing on Fe2+ and biofilm cells growing upon pyrite for 5 days. By using shot-gun 

proteomics and compared proteomes of the two different types of cells, they identified a total 

of 1157 proteins. 80 proteins are reported to be involved in oxygen and metal homeostasis, 

repair mechanism, degradation of ROS, thiol redox regulation, and antioxidant production. 

They discussed the importance of globins in oxygen homeostasis and defense mechanism 

against oxidative stress in pyrite grew biofilm cells [142,143]. 

Biofilm formation is one of the most important phenomenons to occur in the bioleaching 

process, which is known to be mediated by EPS [60]. By using semi-quantitative shot-gun 

proteomics, planktonic cell and attached cells forming biofilm for 24 hrs upon pyrite was 

compared. This study observed some molecular adaptations in biofilm-forming cells, such as 

an increase in biosynthesis of EPS, ABC transporters, efflux pumps, and proteins involved in 

the stress resistance mechanism. Proteins involved in osmotic and oxidative stress resistance 

were also found in biofilm cells. The increase in the level of Env Z protein (osmolarity sensor 

protein), an iron, and 2-oxoglutarate-dependent dioxygenase encoding a protein in biofilm cells 

have also been observed. The presence of proteins that are involved in glutathione (GSH) 

metabolism has also been observed in biofilm cells. Rohweder and Sand, 2003, reported the 

involvement of GSH in RISC oxidation and resistance against oxidative stress [85]. Thus the 

increased level of periplasmic GSH in cells forming a biofilm on pyrite surface suggests 

enhancement in RISC oxidation and oxidative stress resistance. The study also reported the 

increase in biosynthesis of coenzymes and cofactors in biofilm cells. This study detected 1319 

proteins in biofilm cells, out of which 231 proteins are reported to be hypothetical [89]. 

8. Conclusion 

 

For a few decades, biomining technology is increasingly being used for extracting metals 

from low grade and refractory ores. Heap mining, dump mining, in situ mining, and tank 

mining are some commercial applications of this process in the recovery of precious metals in 

industrial sectors. Not-only retaining of low-grade ores but e-wastes recycling, rare earth 

elements extraction is the significant approach in biomining sectors. The revival of valuable 

metals from different ores with several acidophilic sulfur-oxidizing microorganisms is 

demonstrated. Currently, genomic techniques are being used for monitoring of leaching 

diversity and reconstruction of metabolic models. Metagenomics can be used for the analysis 

of spatial and temporal microbial diversity during the bioleaching process through next-

generation sequencing and development of metabolic functional models, which might be 

helpful in designing and controlling optimal bioleaching process. Proteomics using genomic 

information has impacted the understanding of microbe-mineral interactions. However, 
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functional characterizations of identified proteins as well as identification of the hypothetical 

and unknown proteins reported during the high throughput study require some more proteomic 

efforts. The development of industrially relevant strains and understanding of their interaction 

with a mineral surface in mixed cultures is gaining interest. Moreover, the use of metabolomics 

might be helpful in developing biomarkers to monitor the microbial activities during the 

bioleaching operation. This knowledge will help in providing appropriate physiological 

conditions to the microbial consortia and controlling of leaching environment, which will lead 

to improved biomining operations.  
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