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Abstract 
 

Human´s constant need for metals requires unsustainable mining and refining of metal 

ore. As a result, highly contaminated wastewaters are discharged in the environment 

compromising the nearby habitat together with all its life forms. Microbial fuel cells are 

bioelectrochemical systems (BES’s) that use microorganisms to convert organic and 

inorganic matter, producing electricity as the final product. This technology has shown 

to have great potential for application for bioremediation of wastewaters. This thesis 

describes the gene expression and the taxonomical abundance of an acidophilic, 

electricity generating community that was used to treat mining wastewaters in a 

microbial fuel cell. A complete metatranscriptomics analysis has been performed on 

duplicate MFC anode acidophilic microbial community generating electricity from 

inorganic sulfur compounds (ISC) oxidation at extremely low pH. The analysis shows 

that the most expressed genus is Ferroplasma-like, the genus Acidithiobacillus-like is 

following along with Sulfobacillus-like and Thermoplasma-like. Some of the genera 

expressed show behaviours never described before suggesting that potentially, new 

species have been selected. The reactions of the sulfur pathway are regulated mostly by 

two genera: Acidithiobacillus-like during the disproportionation of tetrathionate, and 

Ferroplasma-like by expressing the hdr gene that catalyses the reaction from elemental 

sulfur to sulfite, the sulfite is then converted to sulfate. The hdr gene has not previously 

been found in F. acidarmanus-like suggesting that the specie might have been selected 

for this trait. Acidithiobacillus-like genus has a bigger role for the energy conservation 

and the electron transport in the sample, however the data are not sufficient to point out 

which gene has the major role in the process. The CO2 fixation in the chamber was 

considerably low as a result from a significant carboxysomes production, bacterial 

compartiments involved in the carbon dioxide fixation. The transcripts abundance 

regarding the metal resistance genes have shown low expression suggesting that the 

cells were not under stress. This result is indicated by the synthesis of a transcriptional 

repressor protein that had prevented a significant production of metal resistance 

enzymes. Likewise, the pH homeostasis plot does not show vast transcripts abundances, 

indicating that the cells were thriving under conditions not far from the optimum.  
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1 Introduction 
Human´s implacable need for metals necessitates unsustainable mining and refining of 

metal ores. As a result, the emission of heavy metal-contaminated wastewaters 

transports metals (e.g. containing Cd, Cr, Cu, Ni, As, Pb, and Zn) to the environment. 

When these chemicals enter the food chain, they can be accumulated and ingested by 

the population and thus cause a huge health problem (Tchounwou, 2012). Several 

processes are commonly used for the extraction and consequent removal of heavy 

metals from waste fluids. These include chemical precipitation, adsorption, ion 

exchange and electrochemical deposition (further technologies are described and 

reviewed in Barakat, 2011). This thesis describes the gene expression and the 

taxonomical abundance of an acidophilic electricity generating community that was 

used to treat mining wastewaters in a microbial fuel cell. 

 

 

1.1 Sulfide minerals and biological catalyzed heavy metal dissolution 
Sulfide minerals include sulfur compounds that have one or more metals associated 

with it, they are electronic conductors, and represent the major source of the world’s 

supplies of nonferrous metals (Woods, 1992). Some of the minerals belonging to this 

class are for instance: pyrite (FeS2), arsenopyrite (FeASs), molybdenite (MoS2), 

chalcopyrite (CuFeS2) and so on. Ferrous iron and inorganic sulfur compound oxidizing 

microbes can be used to catalyze sulfide mineral dissolution to allow the extraction and 

recovery of metals (Schippers, 2014). This biotechnological process is called biomining 

and can be further defined as bioleaching whereby the extraction of metal from mineral 

ores is converted from insoluble metal sulfides into soluble metal sulfates thanks to the 

microbial activity (reviewed in Bosecker, 1997). The process associated with 

bioleaching is called biooxidation; its role involves the oxidation of sulfide minerals 

leading to the separation of the valuable metal in the solid phase (Climo, 2000). 

Biomining has a strong applicability for treating certain ores and is progressively taking 

over the other technologies due to its environmental friendly utilization (Salmelin, 

2017). 

The bioleaching process uses consortia of acidophiles that are selected dependent 

on several factors including metal and pH resistance, iron and sulfur oxidation (Latorre, 

2016). The role of microbes in the bioleaching process is to catalyze the breakdown of 

the mineral by oxidizing ferrous iron to ferric iron that in turn chemically oxidizes the 

mineral sulfide bond to produce more ferrous iron (Xia, 2010). In Eq (1) is shown the 

leaching process by taking as an example the breakdown of chalcopyrite, in the 

oxidative reaction ferric iron is the oxidant agent and ferrous iron and elemental sulfur 

are produced (reviewed in Watling, 2006) 

 

 
Equation 1. Breakdown of chalcopyrite into ferrous iron and sulfur (Watling, 2006). 

 

CuFeS2 + 4Fe3+  
 

→  5Fe2+ + Cu2+ + 2S0 

 

In addition, the inorganic sulfur compounds and elemental sulfur released during the 

oxidation of the metal sulfide bond, are further oxidized to sulfuric acid as shown in Eq 

(2) (reviewed in Watling, 2006).  

 

        

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tchounwou%20PB%5BAuthor%5D&cauthor=true&cauthor_uid=22945569
https://www.britannica.com/science/sulfur
https://www.merriam-webster.com/dictionary/compounds
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Equation 2. Oxidation of inorganic sulfur compounds to form sulfuric acid (Watling, 2006) 

 

2S + 3O2 + 2H2O 
 

→  2H2SO4  

 

This reaction scheme provides soluble products that can be refined to generate the 

desired solid metal. 

Acid mine drainage (AMD) or acid rock drainage (ARD) is the discharge of acidic 

water coming from metal or coal mines that can develop naturally but in large part, are 

aggravated by man-made activities. AMD and ARD are formed when the same 

reactions occur as for biomining but instead of a controlled biotechnology, the process 

is uncontrolled (Akcil, 2006). AMD and ARD are global environmental issues emerging 

principally from the biological oxidation of exposed sulfide minerals, in particular 

pyrite (FeS2) (Nordstrom, 1999). When sulfidic minerals or mining wastes are in 

contact with both water and oxygen, chemical oxidation of the mineral can occur, 

transforming insoluble metal sulfides into soluble metal sulfates with co-generation of 

sulfuric acid and resulting in detrimental outcomes for the environment. The impact of 

AMD can be classified as chemical (reduced pH, increase soluble metal concentrations) 

biological (death of several species, osmoregulation), physical (substrate modification, 

increase turbidity) and ecological (habitat modification, altered food chain) (Gray, 

1997). In the figure below is shown the effect of AMD in a water ecosystem, the strong 

red color is given by the increased acidity and the presence of ferric iron (Fig. 1).  

 

 

 
Fig. 1. Lake contaminated by acid mine drainage in Portugal. Photo from (Veríssimo, 2009). 

 

The wide assortment of contaminants in wastewaters (such as sulfur compounds and 

metal ions) produced from AMD and ARD, cause their remediation a challenging and 

expensive task. Modern approaches for treating industrial disposals include 

technologies for reduction of toxicity in order to meet environmental standards. Several 

methods in use nowadays include physico-chemical removal processes such as 

adsorption, membrane filtration, electrodialysis, photocatalysis and nanomaterials 
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degradation (Barakat, 2011; Nogueira 2017). Moreover, a particular type of technology 

called microbial fuel cells (MFCs) has recently been developed, this new system is 

ecofriendly and promising sustainable (Chaturvedi, 2016) however at the same time, not 

widely applied to acidic mining waters. The mechanism is able to accelerate the 

oxidation of organic and inorganic matter generating electricity by using 

microorganism, has proven to treat wastewaters as well as reduce the amount of sludge 

production (reviewed in He, 2015). 

 

1.2 Acid and acidophiles 
There are different theories that define an acid, but there are three most important ones. 

The first is according to the Arrhenius theory where an acid is a substance that produces 

H+ ions in aqueous solutions; the second theory is by Brønsted and Lowry who claim 

that an acidic compound is able to donate a proton; and finally, the last more restrictive 

definition by Lewis is that an acid is able to accept an electron pair and thus, describes 

all electron acceptors as acids (IUPAC). 

 

1.2.1 Acidophiles 
Extremophiles are microorganisms able to thrive in adverse conditions, which deviate 

from the normality and damage most life on earth. They include either physical 

conditions, such as high/low temperatures and salinity or chemical/geochemical, such as 

high metal concentrations, pH, and extreme nutritional limitations factors (Dopson, 

2015). Acidophiles belong to the class of extremophiles that thrive in extremely low pH 

and microbes that optimally proliferate in environments with a pH between 3 and 5 are 

called ´moderate acidophiles` and those who thrive below pH 3 are called ´extreme 

acidophiles´ (Johnson, 2009). These acidic environments could be either natural or 

artificial environments and include acidic lakes, hydrothermal systems, acid sulfate 

soils, sulfidic minerals and coal mine-impacted environments (Johnson, 2017). 

Acidophilic microorganisms can thrive in different ranges of temperatures and they 

are classified according to their optimum growth spectrum: low-temperature adapted 

bacteria are able to survive in temperatures around 0 Celsius degrees but the grow better 

above 15°C, mesophiles grow best between 15°C and 39°C, between 40° and 59° are 

called moderately thermophilic or thermo-tolerant, and lastly extreme thermophiles can 

grow in temperatures above 60°C (Dopson, 2016). Acidophilic microorganisms can also 

be organotrophs or lithotrophs which include that they can live with or without an 

organic substrate and in the last case, they can accept electrons as energy source from 

compounds such as sulfur or reduced forms of sulfur (Nancucheo and Johnson, 2010). 

One of the main obstacles these microorganisms have to face to be able to grow is 

the large proton concentration present in the acidic environments. To overcome this 

issue and retain a near neutral internal pH, acidophiles use different pH homeostatic 

systems, which include: preventing proton diffusion through the cytoplasmic membrane 

and expulsion of protons from the cytoplasm, external membrane with reduced pore 

size, cytoplasmic buffering capacity, damage by low pH repaired by chaperones and 

acid stable enzymes (Baker-Austin and Dopson, 2007). 

Acidophiles have strong ability to survive in heavy metal concentrated solutions. 

As matter of fact, these organisms are strongly involved in the bioleaching industry as a 

result of their properties to interact with metals compounds and facilitate their 

dissolution (Navarro, 2013). Some of the features that confer resistance include: active 

efflux of metal from the cytoplasm to the periplasmic space, presence of chaperones 

able to bind the compounds and ability to pump metals into the outer space (Navarro, 

2013). Another strategy microbes use to withstand the toxicity of heavy metals is 

biofilm formation. Some data propose some species can protect themselves by coupling 
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the chemical and physical action with phenotypic variation, in fact from the biofilm 

production, microorganisms can sequestrate metal ions from the polar sites (Harrison, 

2007). 

 

1.3 Bioelectrochemical systems 
Bioelectrochemical systems (BES) are unique systems able to connect biological and 

electrochemical processes to generate useful products. BES’s have been used for several 

applications including wastewater treatment, electrosynthesis, and desalination 

(Mohanakrishna, 2015). During the past years, researchers had some issues scaling-up 

the technology from the laboratory environment, currently, there are few large scale 

prototypes while keeping a sufficient performance (Rodenas, 2017). Microbial fuel cells 

(MFCs) and microbial electrolysis cells (MECs) are two types of BESs. These 

innovative technologies can intensify the biological degradation of toxic waste (Feleke, 

1998) by employing exoelectrogens (microorganisms that have the ability to transfer 

electrons outside the cell) that transform organic or inorganic matter to electrons and 

protons (H+) in the anode chamber (Ho, 2017). Moreover, two other factors are 

important for optimal BESs operation, which are the substrate conversion rate of a 

microbial population and extracellular electron transfer (EET) in the anodic chamber. 

 

1.3.1 Microbial fuel cells 

Microbial fuel cells (MFCs) are bioelectrochemical systems that use microorganisms to 

accelerate the oxidation of organic and inorganic matter and generating electricity as the 

final product (Rabaey, 2010). The oxidation of a substrate occurs in the anode 

compartment (where the electrons are produced), while the reduction of the electron 

acceptor takes place at the cathode and thus, creating a movement of electrons 

producing electricity (reviewed in Logan, 2010). The negative terminal (the anode) and 

the positive terminal (the cathode) are connected by a conductive material containing a 

resistor. A typical MFC consists of two electrodes, an anode (negatively charged) where 

the oxidation of the substrate catalyzed by bacteria occurs and a cathode (positively 

charged) where the electricity is produced. Both are linked by a membrane that can be 

of different kinds or just be an ion exchange membrane. Energy is furnished by an 

external power supply or harvested from the bioelectrochemical system (Fig. 2). 
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Fig. 2. Schematic picture of a MFC. In the anode compartment the electrons produced are 

transferred from the electron donor to the anodic electrode. The electrons flow to the cathode 

through an electrical resistance generating electricity. Image from (Logan, 2006) 

 

MFC technologies have been extensively researched and they have greatly progressed 

over the past 15 years. In particular, this technology has great potential for application 

for bioremediation of wastewaters. When a MFC is expanse to a bio-electrochemical 

system (BES), additional applications to the bioremediation can be combined, such as 

the profitable chemical production, nutrient recovery, and hazardous chemical removal 

(In Seop, 2015). 

 

1.3.2 Electron transfer in MFCs 
As mentioned in the previous paragraph, MFCs are able to convert chemical energy to 

electrical energy with the aid of microorganisms as biocatalysts. The electrons emerging 

from the oxidation of the substrate are transferred through an electron transport chain 

accompanied by electron carriers. Generally, the electron acceptor catches the electrons 

that are released from the reactions occurring in the system. However in this 

technology, the system lacks oxygen or other common electron acceptors and so the 

electrons are passed to the surface of the anode by a redox active enzyme or cytochrome 

generating an electric current as final product. Other methods of electron transfer 

involve the direct transfer by porin c-type cytochromes and the presence of 

transmembrane electron shuttles and nanowires (Yang, 2012) 

In principle, the generation of electric current is almost entirely based on the 

properties of the microorganisms, since they convey the electrons from an oxidized 

electron donor to an electron acceptor at a higher electrochemical potential (Schröder, 

2007). It is possible to produce electricity in a microbial fuel cell exclusively if the 

global reaction is thermodynamically favorable. The energy necessary to oxidize the 

substrate can be harvested from the system. 
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1.3.3 MFCs and extremophiles 
As mentioned, extremophiles are microorganisms able to thrive in adverse conditions 

and despite the expensive and complicated cultivation approaches, they can 

substantially contribute to the new technologies as a result of their intricate metabolic 

and physiological biocatalysts that occur inside the cell. Examples of extreme 

environments where these species can prosper are: the cold Antarctic, in high pH of 

alkaline lakes, acidic mines, in high concentrated salt solutions, high pressures of the 

deep sea and so on. One of the biggest limitations concerning the use of extremophiles 

for biotechnology purposes is large scale cultivation. The use of these microorganisms 

in the laboratory necessitates specialized and costly equipment, therefore it becomes 

restraining at production level (Schiraldi and De Rosa, 2002). The improved cultivation 

methods and the advent of metagenomics have substantially contributed to solve the 

problem (Vester, 2015). Cultivating microorganisms by recreating the natural 

environment as accurate as possible and perform genetic analysis on genomes contained 

in the samples has circumvented the need of pure cultivations (Vester, 2015). 

The reasons that influence the MFC from achieving a good product are mostly led 

by the nature of the biological component, in particular the activity of catalysts (the 

microbial community), the electrode reactions (both the cathode and anode), and the 

internal resistance and the reactor design (Dopson, 2016). Up to now, only little 

research has been carried out comparisons of MESs performance under different 

extreme conditions. 

 

 

 

1.3.4 MFCs and acidophiles 
One of the main restrictions for the MFC technology is given by the pH gradient 

generated between the anode and cathode compartments during the process, mostly 

because the current density is limited due to slow proton transport. An important 

improvement to the system would be reached by adding acidophiles to the MFC, such 

that the system can operate much more efficiently at low pH (García-Muñoz, 2011). 

The advantages of a MFC working at low pH are given by the large availability of 

protons at the cathodic solution and across the membrane connecting the two (anodic 

and cathodic) compartments. Therefore, it is expected that with an acidic solution there 

is a higher rate of proton driving force at the anode compartment (Borole, 2008). A few 

studies have demonstrated the use of acidophilic microorganisms in a MFC using 

organic compounds as energy source, albeit research using inorganic sulfur compounds 

(ISCs) to treat wastewaters with bioelectrochemical systems is limited. For this 

approach, it is in fact required a microbial community able to survive in low pH that can 

transfer electrons to the anode by using as energy sources carbon dioxide and inorganic 

compounds. Recent studies have proven that processing ISC tetrathionate and ISCs 

wastewaters at pH 2.5 can produce an electric current of a maximum 433 mA m-2 (Ni, 

2016).  

 

1.4 ‘Omics’ 
The neologism ‘omics’ includes a branch of biology ending with the suffix -omics, the 

most important subjects involved in this classification are: (meta)genomics, 

(meta)transcriptomics, (meta)proteomics, and metabolomics. The application of multi-

omics-based analysis can be an advantageous approach to overcome difficulties with 

species where collecting standard physical and chemical data is problematic. These 

types of paths implement the evaluation of the overall microbial community expression 
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(Desai, 2010) and they have been useful for acidophiles where genetic systems are only 

very recently becoming available. 

 

1.4.1 (Meta)genomics and (meta)transcriptomics 

Environmental genomics is a technology able to capture the complexity and the 

dynamics of a range of molecular components and it is a helpful tool to entangle the 

structure of biological systems at various organization levels: individual, population and 

community (Joly and Faure, 2015). Metagenomics involves the application of shotgun 

sequencing of DNA aimed to obtain information from an environmental sample or 

series of related samples (reviewed in Kunin, 2008). These innovative approaches have 

empowered researchers to inspect microorganism species that were not possible to study 

without cultivation (Martin, 2006). The development of next generation sequencing 

technologies (NGS), such as de novo assembly using illumina or pyrosequencing, have 

implemented the overall ways to produce microbial community profiles and accelerated 

the process for a lower price (Hamady, 2008). Moreover, these approaches are 

amplification free which implies a reduced tendency of forming duplicate sequences 

that commonly occur during library preparation (Kozarewa, 2009).  

Transcriptomic or metatranscriptomics approaches are useful mechanisms that 

exploit the mRNA transcriptional profiles to acquire functional understanding into the 

activities of environmental microbial communities (McGrath, 2008). For a deep 

awareness of a microbial community, it is fundamental to investigate the genetic 

potential together with the functional activity and functional versatility in response to 

environmental changes. A great advantage is given by the fact that metatranscriptomic 

analyses based on mRNA allow to estimate the relative abundance of the transcripts 

without having prior knowledge of taxonomic and genomic compositions of a microbial 

community (Yanmei, 2011). 

Metagenomics analyses are able to delineate both the taxonomic and the overall 

gene pool contents of communities while metatranscriptomic mechanisms are able to 

furnish the gene expression profile from a microbial community thriving even in an 

environment (Ishii, 2013). With the combination of metatranscriptomics and 

metagenomics analyses it is now possible for researchers to study the molecular 

evolution of extremophile species recovered from their natural habitats (Fig.3). A 

substantial contribution is given by the deep-coverage sequencing of the DNA and RNA 

conferring the opportunity to explore protein-coding genes across the species (Stewart, 

2011).  
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Fig. 3. Simplified overview of the multi-omics-based analysis 
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2 Summary of preliminary work on electricity generation & metagenomics (work 

carried out prior to this thesis) 
MFCs used in the experiment had two chambers, the anode and cathode chambers with 

an equal volume of 33 mL separated by an anion exchange membrane (complete 

description of the MFC described in Ni et al, 2016). The resistance was maintained at 

1000 Ω and in the anodes were supplied with bacterial growth media at pH 2 together 

with 5 mM of tetrathionate which is the sulfur substrate used as electron donor. The 

anodic inoculum comes from the anoxic sediment from a multi-metal sulfide mineral 

mine drainage in Kristineberg, Sweden (details of the mine and the microbial 

community reported in Liljeqvist, 2015). The cells for the RNA extraction were taken 

from the planktonic phase previously harvested from the duplicate MFCs of the anode 

compartment. The harvesting was carried through on the 148th day and the cell voltage 

values were 41 mV and 53 mV from the set-up S1 and S2, respectively (Ni et al, 2016). 

All DNA and RNA samples were sequenced at SciLifeLab, Stockholm, Sweden. 

The metagenome sequencing was carried out on a HiSeq 2500 platform (HiSeq Control 

Software 2.2.58/RTA 1.17.21.3) with a 2 × 151 bp setup in RapidRun mode. 

Bioinformatics analysis of the metagenome sequences was carried out as described for 

the > 0.22 µm planktonic cells in Wu et al. 2015. After the optimum MAGs assembly 

was determined, the taxonomic information within the MAGs and phylogenetic trees of 

the MAGs were constructed (Ni, 2016). In addition, 16S rRNA genes were extracted 

from MAGs with poorly supported lineages and aligned with published 16S rRNA gene 

sequences before a phylogenetic tree was constructed as described in Ni et al. 2016. 

Functional annotation of each MAG was performed with Prokka and studied using the 

Kyoto Encyclopedia of Genes and Genomes (Kanehisa, 2014) and the MetaCyc (Caspi, 

2014) databases. From the MAGs (metagenome assembled genomes) recreated (Fig. 4), 

it was possible to identify the five dominant acidophilic populations that catalyzed the 

conversion of chemical energy into electrical energy. 

 

 
Fig. 4. Summary of the strategy used to recreate MAGs from short reads; the reads were assembled 

in contigs and the contigs were divided in bins based on the taxonomical units. 
 

 The genome alignment suggested the populations were Ferroplasma acidarmanus-like, 

Sulfobacillus thermosulfidooxidans-like, Acidithiobacillus caldus-like, and 

Acidithiobacillus ferrivorans-like plus an uncultured, acidophilic archaea from the order 

Thermoplasmatales. The data was used to identify mRNA transcripts coding for 

anaerobic sulfur metabolism, energy conservation and electron transfer to the anode, 

carbon dioxide fixation, and adaptations to culture in acidic pH and high metal 

concentrations.  
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3. Aims of the project 

 

AMD and ARD are global environmental issues emerging principally from the acidic 

water flow coming from mine sites (AMD) or during the biological oxidation of 

exposed sulfide minerals (ARD). When sulfidic minerals or mining wastes are in 

contact with both water and oxygen, chemical oxidation of the mineral can occur, 

transforming insoluble metal sulfides into soluble metal sulfates with co-generation of 

sulfuric acid and resulting in detrimental outcomes for the environment. The advent of 

MFC technology has given a great opportunity to overcome this issue. Microbial fuel 

cells are bioelectrochemical systems that use microorganisms to convert organic and 

inorganic waste, producing electricity as the final product. Acidophiles have been 

exploited in MFCs technologies by virtue of the fact that the system can operate more 

efficiently at low pH (García-Muñoz, 2011). The application of multi-omics-based 

analyses such as metagenomics and metatranscriptomics can be an advantageous 

approach to obtain a functional and a taxonomical description of the sample. 

This study is based on previous metagenomics analysis previously performed on 

duplicate MFC anode microbial consortia mediating electricity generation from ISC 

oxidation at acidic pH. The data has been used to identify the phylogeny within the 

community and reconstruct near completed genomes of the dominant populations.  

In this project, a complete metatranscriptomics analysis has been carried out on the 

same consortium aiming to find the gene expression and the taxonomical abundance of 

sulfur metabolism, energy conservation and electron transfer to the anode, carbon 

dioxide fixation, high metal resistance and pH homeostasis regulation.   
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4 Materials and methods 
The bioinformatics analyses of the metatranscriptome were carried out as followed (Fig. 

5). The sequences from the two samples coming from the planktonic phase of the anode 

were quality checked and trimmed removing low quality reads and Illumina adapters. 

The reads were compared to an NCBI database called NR 

(https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/) using Diamond 

(Buchfink, 2015) as sequence aligner and afterwards, ribosomal and messenger RNA 

were separated with SortMeRNA (Kopylova, 2012). The mRNA reads were assembled 

using `Trinity RNA-Seq de novo transcriptome assembly` (Grabherr, 2011). The 

metatranscriptome assembly quality assessments were performed by aligning the reads 

back to the assembly using Bowtie2 (Langmead, 2012). Thereafter, the representation of 

full-length reconstructed protein-coding genes were examined by mapping the 

assembled transcript against a database of known protein sequences which in this case 

was SwissProt, the sequence aligner used was Blast (Boratyn, 2012).  

From this point, the post-transcriptome assembly downstream analyses were 

operated in this way: the gene and the transcripts abundance were estimated with RSEM 

(Li, 2011) and the complete functional annotations were performed with Trinotate as a 

function of Trinity (Grabherr, 2011). With Trinotate it was possible to identify the 

protein domains of the transcriptome (HMMER; Finn, 2011), to predict signal peptides 

(SignalP; Thomas, 2011), transmembrane regions (tmHMM; Krogh, 2001), and find 

rRNA transcripts (RNAmmer; Lagesen, 2007). From the Trinotate analysis it was 

possible to obtain an annotation report (where the locations of genes and all of the 

coding regions were identified) and the gene ontology report describing the function of 

specific genes. 

The assembled contigs obtained from the mRNA reads were mapped to the bins of 

the MAGs reconstructed previously (with Bowtie2 and Blast respectively) to be able 

determinate the percentage of the most abundant species present in the sample. 

Moreover, it was possible to assess the phylogenetic placement of the rRNA reads (that 

determinate the correct arrangement into an existing phylogenetic tree of individual 

(Filipski, 2015)). Phylogeny and taxonomy are two concepts that differ from each other, 

as matter of fact, phylogeny describes the evolutionary relationships among the 

organisms, while the taxonomy is purely a classification. The procedure can be carried 

out by dividing once more the trimmed reads with SortMeRNA, but this time according 

only to two databases: bacteria and archaea (SILVA), short reads were aligned to 

reference phylogenies with PaPaRa (Berger, 2011) and finally the confidence values 

were generated with RAxML-EPA which is a search algorithm used to get the 

maximum likelihood tree (Stamatakis, 2014).  

Lastly, the taxonomic classifications of the samples were identified using Kaiju 

(Menzel, 2016) and they were merged with the gene abundances using RStudio 

(RStudio team, 2015). 
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Fig. 5. Pipeline overview. 

 

5 Results and discussion 
 

5.1 Quality scores for the metatranscriptomes 

The data was delivered in fastq format using Illumina 1.8 quality scores and uploaded to 

UPPMAX, Next Generation sequence Cluster Storage of the anode compartment. The 

replicates´ sequences are called P1607_145 with circa 97,863 million reads and 

P1607_153 with circa 172,032 million reads. The sequence length for both samples was 

126 bp. The reads were subjected to a trimming process and all the sequences were cut 

on the edges and discarded if the length was less than 90 bp. From the resultant 

trimming procedure: circa 49,664 million reads were discarded for the sample 

P1607_145 (about 49.25%) and 75,152 million for the sample P1607_153 (about 

56.31%). An overview of the quality score, which indicates the measure of the lack of 

confidence of a base before and after the trimming for both samples (A and B indicate 

sample P1607_153; C and D sample P1607_145) is given in Fig. 6. Each graph shows 3 

range colors and if the bar plot is in the green band the quality score expressed has a 

high probability to be the right one; it has an uncertain probability if it falls in the 
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yellow range, and if it falls on the red area the base called is highly inaccurate. The 

graphs A and C show peaks of inaccuracy of the bases for the most part on the edges. 

After the trimming process those bases were eliminated improving drastically the 

overall quality of the samples. 

 

 
Fig. 6. Comparison of the quality score across all bases as a function of the position of the reads for 

the sample P1607_153 before trimming (A) and after trimming (B) and for sample P1607_145 

before trimming (C) and after trimming (D). 

 

Thereafter, the mRNA and rRNA reads were separated with software called 

SortMeRNA which is designed to filter metatranscriptomic data (Kopylova, 2012). In 

this case it was used to separate mRNA, necessary for the gene expression analysis and 

rRNA which determinates the taxonomical nature of the samples. The mRNA reads of 

both samples were assembled in contigs using `Trinity RNA-Seq de novo transcriptome 

assembly`. The samples were assembled singularly at first and then added to each other 

in a second instance forming a co-assembly. The quality of the resultant contigs was 

assessed by mapping back to the transcripts giving an overall alignment rate of 86.11% 

for the sample P1607_145, 96.09% for the sample P1607_153, and 95.18% for the co-

assembly. These results clearly show an excellent coverage indicating that the 

transcripts have a good quality. Another way for evaluating the quality of the transcripts 

assembled previously was to examine the representation of full-length reconstructed 

protein-coding genes by mapping the assemblies against a database of known protein 

structures in SwissProt. The results show that 99.12% of proteins have matched a 

Trinity transcript between 90% and 100% of their protein lengths, which implied that 

more than 99% of the proteins are covered by more than 90% of their protein lengths. 

This high coverage rate shows that the quality of the transcripts assembly was very 

high. 
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5.2 rRNA phylogenetic analysis  

With the separated rRNA reads it was possible to perform the phylogenetic placement, 

which determinates the correct arrangement of individuals into an existing phylogenetic 

tree (Filipski, 2015). The most abundant species found according to the ribosomal RNA, 

and so determined by a major protein synthesis, were Ferroplasma acidarmanus-like 

(the suffix `-like´ indicates that the genus or the specie found does not match completely 

with the reference sequence, however it matches around 95-99% for the total length, 

giving a good estimation of the genus called), Acidithiobacillus ferrivorans-like, 

Thermoplasma acidophilum-like, Leptospirillum ferriphilum-like, and Picrophilus 

torridus-like (Fig. 7). The species established from the samples, do not completely 

match with the species found in the reconstructed metagenomes. In fact, only three 

species are equivalent with both analyses which were: Ferrosplasma acidarmanus-like; 

Acidithiobacillus ferrivorans-like and an archaea called Thermoplasma acidophilum-

like. Instead, it was not possible to identify Sulfobacillus thermosulfidooxidans-like and 

Acidithiobacillus caldus-like, however, the genera of these two species have been 

identified during the mRNA analysis (Fig. 9) which indicates that those species are still 

present. These organisms mostly present in the sample have analogue characteristics 

with those in the ISC metabolizing anode community. F. acidarmanus and At. 

ferrivorans for example, have shown to be  facultative anaerobes and able to grow in 

chemoorganotrophic environments (Golyshina, 2017; Hallberg, 2010).  

 

 
 
Fig. 7. Taxonomical abundance of species based on ribosomal RNA transcripts. 

 

5.3 mRNA data 

The mRNA reads were mapped to the bins of the MAGs reconstructed previously to be 

able determinate if the assembled metagenomes belong to the most abundant species in 

the samples. In the Fig. 8 is shown the resultant quality control of the mapping. The 

graph shows a good quality of the mapping because the percentage of similarity 

(identical matches) was mostly greater than 60% (Fig. 8). 
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Fig. 8. Quality control of the mapping between the mRNA contigs and the MAGs measured by 

comparing the alignment length between the contigs and the MAGs sequences (Y) and the 

percentage of identical matches or similarity (X). 

 

From the mRNA data, it was possible to detect the taxonomical annotation along with 

the functional data. An overview of the most abundant species expressed on a 

logarithmic scale is shown in Fig. 9. The genera identified from the mRNA analysis 

were similar to the results coming from the metagenomics analysis. The most expressed 

genus has been confirmed to be Ferroplasma-like, the genus Acidithiobacillus-like is 

following along with Sulfobacillus-like and Thermoplasma-like. These results point out 

that the genome alignment were reliable predicting the most abundant species in the 

samples giving further confirmation of effectiveness of the analysis.  
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Fig. 9. Transcript abundance associated to the genera that had produced it;  The genera are shown 

on the x axis and abundance expressed in TPM on the y axis. 

 

 

5.4 ISC metabolism  
The MFC were fed with tetrathionate, a compound that has a major role during the 

dissimilatory sulfur oxidation and can be used individually as energy source (Kanao, 

2007). Thereafter, the populations able to exploit tetrathionate as electron donor were 

inspected (Fig. 10). The genes expressed regarding the inorganic sulfur compound 

oxidation are the following: sat (ATP sulfurylase) from the sulfite metabolism; sor 

(Sulfur oxygenase reductase) from the sulfur oxidation operon; soxA (Thiosulfate 

oxidation) and tusA (sulfurtransferase) which is an accessory protein. In this context, 

Acidithiobacillus-like genus is expressing ¾ of these gene clusters, which supposedly 

makes it in control of the sulfur path.  
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Fig. 10. Genes expressed from species with the ability to use tetrathionate as electron donor. 

 

 

The enzyme mostly associated to the tetrathionate metabolisms is tetH (tetrathionate 

hydrolase) due its optimum activity at pH 3.0; it makes its catalytic action suitable in 

acidophilic environments (Bugaytsova, 2014). No activity was detected from this gene, 

however around 40% of the genes expressed have been classified as “uncharacterized” 

suggesting that a variation of the enzyme might have been designated as unknown. An 

alternative sulfur oxidation path has been suggested as a co-simultaneous strategy to 

oxidise ISCs. The metabolism of tetrathionate is the key pathway for the whole MFC 

system, without the oxidation of tetrathionate and elemental sulfur it would not be 

possible to obtain energy necessary for the cell survival. Therefore, the leading 

hypothesis is: why is Ferroplasma-like the dominant specie in the samples (Figs. 5 and 

7) if Acidithiobacillus-like has a major expression activity? The following explanation 

will try to answer this question. The first reaction taken in consideration is 

disproportionation of tetrathionate (S4O6
2−) generating elemental sulfur (S0) and 

sulphate (SO4
2-) guided by Acidithiobacillus-like as showed in Equation 3 (Balci, 2017). 

 
Equation 3. disproportionation of tetrathionate (Balci, 2017) 
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S4O6
2− + H2O 

 
→  S2O3

2− + S0 + SO4
2− + 2H+ 

 

The elemental sulfur (S0) produced from the reaction of disproportionation is further 

taken from an enzyme called hdr (heterodisulfide reductase). Considering that elemental 

sulfur is scarcely soluble in water, the enzyme capture the sulfur compound possibly 

using as substrate like glutathione persulfide (GSSH), which then is split in glutathione 

(GSH) and sulphite (SO3
2-) (Osorio, 2013). The sulphite generated might be 

subsequently used for energy production by transforming the sulfur compound in 

energetic molecules like APS and ATP (adenosine phosphosulfate and adenosine 3-

phosphate) (Osorio, 2013). The reactions of the sulfur metabolism are regulated for the 

most part by Acidithiobacillus-like as confirmed by the gene expression of the samples, 

except for one reaction. The enzyme hdr that regulates the production of sulphite is 

expressed for the 99% by F. acidarmanus-like, which explains why it is the dominant 

specie and not Acidithiobacillus-like. Another peculiarity that came out from this 

experiment is that hdr gene has not previously been found in F. acidarmanus-like 

suggesting that the specie might have been selected for this trait. 

 

5.5 Energy conservation and electron transfer to the anode  
The absence of oxygen (or any other electron acceptor) induces the anode to be the only 

electron receiver in the environment. The electron movement towards the electrode can 

occur directly or indirectly through electron shuttles and from there, the electrons travel 

from the anode, through the wire to the cathode, generating an electric current. The 

genes expressed related to the energy conservation and the electron transfer to the anode 

are the following (Fig. 11): from the operon NADH dehydrogenase the gene nuo 

(NADH-quinone oxidoreductase) which is a leading component of the respiratory chain 

(Archer, 1995) has expressed the subunit B, C, D, G, H, I, L and M. The subunit E, F, J 

and K predicted from the metagenomics analysis are missing together with the gene nqo 

(NADH-quinone oxidoreductase). The genera associated with this operon are 

Acidithiobacillus-like, Leptospirillum-like and Sulfobacillus-like. From the operon 

succinate dehydrogenase / fumarate reductase both subunit A and B have been expressed 

from the sdh gene (succinate dehydrogenase) and frdB (fumarate reductase) related 

mostly to the genus Ferroplasma-like and for a lower part to Sulfobacillus-like. There is 

only one subunit expressed from the operon related to the quinone biosynthesis which is 

ubiD, the subunit E, G, H and I are missing. The genes connected to the cytochrome 

biosynthesis are: cyoC, B and A (cytochrome bo3 ubiquinol oxidase); cydA and appC 

(cytochrome bd-I and II ubiquinol oxidase) cydB,D and ythA are missing; from 

cytochrome bc is expressed qcrB (menaquinol-cytochrome c reductase); from 

cytochrome c is expressed only ccsA (cytochrome c biogenesis protein) and coxIII 

(cytochrome c oxidase subunit III), ccsB, ccm (cytochrome c biogenesis protein / heme 

exporter protein, they are known for direct electron transfer from bacteria to electrode) 

and pet (ubiquinol-cytochrome c reductase iron-sulfur) are missing. The predominant 

genus associated with the different cytochromes biosynthesis is Acidithiobacillus-like. 

From the operon ATP synthase it has been found atpA,B,F and G analogous also to 

Acidithiobacillus-like, Leptospirillum-like and Sulfobacillus-like (missing subunit C, D, 

H, I, F, K, E and gene ntp related to the V-type sodium ATPase); lastly, ribBA a 

riboflavin biosynthesis protein (they have been shown to function as electron shuttles), 

predominant in Ferroplasma-like (subunit D, E, F and H are missing). The operons that 

have not been expressed at all are: the prokaryotic cytochrome b561; cytochrome b/c1, 

cytochrome cbb3 oxidase, cytochrome P450, pili formation, phenazine biosynthesis and 

anaerobic polysulfide reduction. Thereafter, we can assert with most probability that the 

Acidithiobacillus-like genus has a bigger role for the energy conservation and the 
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electron transport in the sample, however the data are not sufficient to point out which 

gene has the major role in the process. 

 
Fig. 11. Energy conservation and electron transfer to the anode 

 

5.6 Carbon fixation 

Mining waste waters typically lack organic carbon sources (Baker, 2003) and the only 

available carbon supply comes from the CO2 in the medium inside the MFC chambers. 

One gene only emerged from the carbon fixation path which is cso (Ribulose 

bisphosphate carboxylase small chain) subunit C from the Calvin-Benson-Bassham 

(CBB) cycle. The subunit of the cso gene found correspond to a major carboxysome 

shell protein, which it is a bacterial module contained the enzymes RuBisCO and 

carbonic anhydrase; RuBisCO is aimed to fix CO2 while the carbonic anhydrase convert 

bicarbonate and protons into CO2 and water (Kinney, 2011); however it was not 

possible to find the subunit A associated with the C, and the gene cbb (Ribulose 

bisphosphate carboxylase) as raised from the metagenomics analysis. Carboxysomes are 

expressed to enhance the CO2 fixation activity when the concentration of carbon dioxide 
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is under a certain limit. The expression of this compartments in the cell lead to the 

assumption that the concentration of carbon dioxide in the chamber was low. The 

Calvin-Benson-Bassham (CBB) cycle is unique in autotrophic organisms and as 

expected, the annotated genus that mostly expresses this gene is Acidithiobacillus-like 

(Fig.12) which is known to be chemolithoautotrophic. The dominant genus in the 

samples, Ferroplasma-like does not show any connection with the Calvin-Benson-

Bassham (CBB) cycle indicating that grows only heterotrophically and so, it assimilates 

what is generated from the Acidithiobacillus-like and the other autotrophic species. 

 

 
Fig. 12. Expression of ribulose bisphosphate carboxylase gene involved in the Calvin-Benson-

Bassham (CBB) cycle. 

 

5.7 Metal resistance 

The concentration of heavy metals in mining wastewaters is typically really high (Hatar, 

2013), for this purpose the metal resistance´s genes have been investigated (Fig. 13). 

Several genes found in the MAGs have not matched the transcriptomic analysis; none of 

the arsenic, nickel and chromate resistance genes group has been expressed. However, 
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cop gene (copper resistance) has expressed subunit R which is a transcriptional 

repressor, a type of protein that inhibit the transcriptions of adjacent genes, and csoR 

(Cu(I) transcriptional repressor) only subunit A which is a copper-exporting P-type 

ATPase; subunit Z, B are missing together with the gene actP. Moreover, a silver 

resistance gene has been detected silP (silver exporting P-type ATPase) and a divalent 

metal cation transporter (mntH) involved in the magnesium/cobalt resistance group. 

Accordingly to our expectations, the cso gene has been associated with the 

Acidithiobacillus-like genus (Hu, 2013). From the dominant genus Ferroplasma-like, 

three groups of genes have been related with it: merA involved in the 

detoxification/reduction of Hg(II) to volatile Hg(0), an operon previously associated 

with the Archaea (Boyd and Barkay, 2012), czcD associated with the 

Cadmium/cobalt/zinc resistance (Cd/Co/Zn H+-K+ antiporter) and cutA a divalent-

cation tolerance gene, correspondingly from what predicted from the MAGs. Overall, 

the most abundant genus, Ferroplasma-like shows a good resistance in the heavy metal 

concentrated samples. The transcripts abundance regarding the metal resistance genes 

have shown low expression, the synthesis of a transcriptional repressor protein (cop) 

indicates that the cell have prevented the expression of metal resistance genes. 

Thereafter, we can assume that the microorganisms were not under stress and the 

concentration of heavy metal in the anode chamber was not high. 
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Fig. 13. Genes expressed during the exposure to heavy metals. 

 

5.8 Adaptation to acidic pH 

Acidophilic microorganisms have developed several homeostatic strategies to be able to 

adapt in extreme low pH environments, mostly involving a delimitation of the proton 

access and the ejection of protons out of the membrane (Baker and Dopson, 2007). For 

this reason, different proton pumps/carriers have been synthetized by the organisms in 

the acidic environment. The genes expressed in these samples are (Fig. 14): gadA  that 

codifies for glutamate decarboxylase, the presence of this molecule might help 

maintaining the cell homeostasis by engaging intracellular protons during the 

decarboxylation reaction (Richard, 2004); kch (voltage-gated potassium channel) the 

presence of potassium inside the cell creates an electrochemical barrier that prevents the 

proton penetration (reviewed in Slonczewski, 2009); kdp (sensor/regulatory protein 

gene in the K+-transporting ATPase chain); speE that codify for the biosynthesis of 

spermidine, a molecule that has been proven having a selective effect on protons 

regarding the membrane permeability (Samartzidou, 2003); and speH (S-
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adenosylmethionine decarboxylase). Even in this case, ¾ of the gene clusters are 

expressed by Ferroplasma-like, the result is expected considering that the genus is the 

dominant in the sample. Several proton transporters have not been expressed: mrpD 

(Na+/H+ antiporter), nha subunit A, D, G, P and S (K+/H+ antiporter), clcA (H+/Cl- 

exchange transporter), gadB, C and P (GABA permease), potD, B and A from the 

operon carboxynorspermidine synthase, speG (spermidine N1 acetyltransferase) and asr 

(acid shock protein). It is also distinct the expression of Acidithiobacillus-like; 3 of the 4 

gene cluster considered concerning the homeostasis parameter are associated to this 

genus, even though the specific gene abundance is in a minor proportion considering 

Ferroplasma-like. In conclusion, the overall gene expression regarding the pH 

homeostasis does not show vast transcripts abundances, indicating that the cells were 

not under stress. All genera taken in examination in this report are acidophilic, which 

means that normally they can thrive below pH 2, and so, they do not need to arrange 

excessive homeostatic strategies. 

 

 
Fig. 14. Expression of genes during the pH homeostasis. 
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Conclusions   
 
Two big environmental issues known as ARD and AMD are threatning the water 

quality and the surrounding ecosystem all around the world. The microbial community 

that thrives in these habitats are enhancing the acidification of water by catalyzing the 

oxidation of the sulfur minerals as source of energy. Understanding how the 

microorganisms interact with the environment and how they utilize their available 

energy source would give a great contribution to solve this problem. The experiment in 

this project has raised an expedient to bioremediate the water quality of an acid mine 

drainage, in particular it has been taken in consideration the waste water in Kristinerg, 

Sweden. In a microbial fuel cell, a type of bioelectrochemical system, it has been added 

the water sample, a selected microbial consortia aimed to remove the sulfur compounds 

that lower the pH in the environment and the energy source. Once the reaction occured 

and so the sulfur compounds are degraded, the resultant electrons are passed to the 

negative electrode. The passage of electrons through the electrodes creates an electric 

current appearing as a generation of an useful product coupled to the recover of an 

harmful waste. The resulting outcome from the gene expression and the taxonomical 

abundance show that the most expressed population is Ferroplasma-like. The genus 

Acidithiobacillus-like is following along with Sulfobacillus-like and Thermoplasma-

like. All these genera are expected to be present in the sample as they are sulfur 

oxidizing organisms with the ability to survive in extreme environments. There is 

although one exception for the genus Ferroplasma. According to the literature,  F. 

acidarmanus (belonging to the Ferroplasma genus) has not shown to be able to oxidize 

inorganic sulfur compounds (Sulonen, 2015). This result is totally unexpected 

considering that Ferroplasma-like plays the key role during the sulfur oxidation 

reaction-path. This outcome reveals that potentially new species have been selected. 

The genus that has a major control over the energy conservation path is 

Acidithiobacillus-like. It could appear to be unanticipated considering the fact that it is 

not the most abundant group. However the low transcript abundances and the overall 

gene expression detected are in agreement with the mRNA data. There are also two 

more parameters considered in this project; resistance from heavy metal and pH 

homestasis. The analysis showed a limited transcriptions productions, indicating that the 

microorganisms were not under strong pressures. The contribution coming from this 

work offer a valuable resource for future experiments involving the explotation of 

extremophiles in a MFC. Moreover, it gives a input for a better understanding of the 

role of F. acidarmanus and Acidithiobacillus-like in acid mine and rock drainage as 

well as bioleaching processes. 
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