
linnaeus university press

Lnu.se
ISBN: 978-91-88761-82-8 (print) 978-91-88761-83-5 (pdf ) 

W
hen bioelectrochem

ical system
s m

eet extrem
ophiles, possibilities and challenges

G
aofeng N

i

Linnaeus University Dissertations
No 325/2018

Gaofeng Ni 

When bioelectrochemical systems  
meet extremophiles, possibilities and 
challenges

[framsida]
Linnaeus University Dissertations
No 325/2018

[Huvudtitel]

Linnaeus University Press

[rygg]

 [baksida]

Lnu.se





When bioelectrochemical systems meet extremophiles, 
possibilities and challenges 

 

 



   Linnaeus University Dissertations 

No 325/2018 

    

  WHEN BIOELECTROCHEMICAL 

SYSTEMS MEET EXTREMOPHILES, 

POSSIBILITIES AND CHALLENGES 
 

    

 GAOFENG NI 

 LINNAEUS UNIVERSITY PRESS 
  



   Linnaeus University Dissertations 

No 325/2018 

    

  WHEN BIOELECTROCHEMICAL 

SYSTEMS MEET EXTREMOPHILES, 

POSSIBILITIES AND CHALLENGES 
 

    

 GAOFENG NI 

 LINNAEUS UNIVERSITY PRESS 
  



Abstract 
Ni, Gaofeng (2018). When bioelectrochemical systems meet extremophiles, 
possibilities and challenges, Linnaeus University Dissertations No 325/2018, 
ISBN: 978-91-88761-82-8 (print), 978-91-88761-83-5 (pdf). Written in 
English. 
Extremophiles are microorganisms live and thrive in extreme environments that 
are harsh and hostile to most forms of life on earth (e.g. low pH, low 
temperature, high pH and high salinity). They have developed strategies to 
obtain nutrients and conserve energy to sustain life under these adverse 
conditions. Such metabolic capabilities are valuable to be exploit for industrial 
applications such as the remediation of environmental pollutions, which 
typically bring about extreme physicochemical conditions. The advancing 
technology bioelectrochemical systems can utilize the microbial metabolism to 
oxidize a substrate while simultaneously recover electrical energy or produce a 
useful product in an electrochemical set-up. It enables the remediation of 
pollutions, and its integration with extremophiles has opened up a wide range 
of possibilities to tackle various industrial waste streams with extreme 
conditions in an environmentally friendly manner. Inorganic sulfur compounds 
such as tetrathionate, thiocyanate and sulfide that originate from mining, metal 
refinery and petroleum industries are toxic and hazardous to the recipient water 
body and human health if discharged untreated. The remediation of these three 
compounds with bioelectrochemical systems that incorporates extremophiles 
was investigated in three separate studies of this thesis. 16S rRNA gene 
amplicon sequencing, metagenomics and metatranscriptomics are utilized to 
profile the microbial communities, and to understand their metabolic potential 
and states. 

Tetrathionate degradation with acidophilic microorganisms in microbial fuel 
cells at pH 2 was demonstrated in the first study of this thesis. Electricity was 
produced from the oxidation of tetrathionate, facilitated by the anodic 
microbiome. 16S rRNA gene amplicon sequencing showed that this community 
was dominated by members of the genera Thermoplasma, Ferroplasma, 
Leptospirillum, Sulfobacillus and Acidithiobacillus. Metagenomic analysis 
reconstructed genomes that were most similar to the genera Ferroplasma, 
Acidithiobacillus, Sulfobacillus and Cuniculiplasma. Together with 
metatranscriptomic analysis, it was indicated that this microbial community was 
metabolizing tetrathionate and other intermediate sulfur compounds via 
multiple pathways, the electrons released from oxidation were suggested to be 
transferred to the electrode via soluble electron shuttles. In addition, the 
Ferroplasma-like population in this study was suggested to be active in 
metabolising inorganic sulfur compounds and synthesizing soluble electron 
shuttles. Since characterized Ferroplasma species do not utilize inorganic sulfur 
compounds, the anodic compartment might have selected a novel Ferroplasma 
population. 
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Investigation and dialogues are the best counters against fear 
of uncertainty. 
 
 
 
 
 
 
“Life is nothing but an electron looking for a place to rest.”  

Albert Szent-Györgyi 
 
 

Next, thiocyanate degradation with psychrophilic microorganisms in 
microbial fuel cells at 8 °C was demonstrated for the first time. Electricity 
generation alongside with thiocyanate degradation facilitated by the anodic 
microbiome was observed. 16S rRNA gene amplicon sequencing and 
metatranscriptomics suggested that Thiobacillus was the predominant and most 
active population. mRNA analysis revealed that thiocyanate was metabolized 
primarily via the ‘cyanate’ degradation pathway; the resultant sulfide was 
oxidized; ammonium was assimilated; carbon dioxide was fixed as carbon 
source. It was also suggested by mRNA analysis that the consortium used 
multiple mechanisms to acclimate low temperature such as the synthesis of cold 
shock proteins, cold inducible proteins and molecular chaperones. 

Finally, sulfide removal with haloalkaliphilic microorganisms in microbial 
electrolysis cells operated at pH 8.8 to 9.5 and with 1.0 M sodium ion was 
investigated. The anodic microbiome was hypothesized to facilitate current 
generation by the oxidation of sulfide and of intermediate sulfur compounds to 
sulfate, which was supported by chemical analysis and microbial profiling. 
Dominant populations from the anode had 16S rRNA gene sequences that 
aligned within the genera Thioalkalivibrio, Thioalkalimicrobium, and 
Desulfurivibrio, which are known for sulfide oxidation. Intriguingly, 
Desulfurivibrio dominated the electrode-attached community, possibly 
enriched by the electrode as a selecting pressure. This finding suggested a novel 
role of this organism to carry out sulfide oxidation coupled to electron transfer 
to the electrode. 

These three studies demonstrated the possibilities of utilizing extremophilic 
bioelectrochemical systems to remediate various inorganic sulfur pollution 
streams. The advancing molecular microbiological tools facilitated the 
investigation towards the composition and metabolic state of the microbial 
community. Challenges remain in a more thorough understanding regarding the 
metabolism of extremophiles (e.g. sulfur metabolism and extracellular electron 
transfer) and better energy recovery in bioelectrochemical systems.  
 
Keywords: acidophiles, psychrophiles, haloalkaliphiles, bioelectrochemical 
systems, microbial sulfur metabolism, 16S rRNA gene amplicon sequencing, 
metagenomics, metatranscriptomics. 
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Introduction 

Microbe-mineral interactions and extracellular 
electron transfer 
The fascinating interplay of microbe-mineral interactions via redox 
transformations is a widely spread phenomenon through which microorganisms 
obtain energy and nutrients from their environment for growth while shaping 
their surroundings. Knowledge of this process is valuable to unravel the 
microbial metabolism and is also fundamental to understand the cycling of 
elements such as iron and sulfur, which are often present in such minerals. For 
instance, minerals that contain ferric iron (Fe(III)) or manganese (Mn(IV)) 
oxides are redox-active (Shi et al., 2016) and support microorganisms carrying 
out the dissimilatory reduction of these metals coupled to the oxidation of 
organic matter (Nealson et al., 2002). In addition, the moderate thermophile 
Sulfobacillus acidophilus is able to bring about the reductive dissolution of 
ferric iron containing minerals such as ferric hydroxide, jarosite, and goethite 
(Bridge and Johnson, 1998). In these microorganisms, electrons derived from 
the oxidation of electron donors are transported from the quinone and quinol 
pool in the cytoplasmic membrane, across the cell envelope to extracellular 
minerals that function as electron sinks. This process is termed extracellular 
electron transfer (EET) (Lovley, 2008; Shi et al., 2016) and is a key to the 
microbe-mineral interactions. In the last three decades, EET has been 
extensively investigated among two microbial genera Shewanella and 
Geobacter, revealing a complex and yet not fully-understood process. Currently, 
there is evidence for three microbial EET mechanisms: 1) direct transfer via 
certain outer membrane multi-heme c-type cytochromes (Gorby et al., 2006; 
Holmes et al., 2006; Bretschger et al., 2007b; Richter et al., 2009; Shi et al., 
2016), whose diverse functions include electron transfer (Shi et al., 2007); 2) 
the formation of electrically conductive pili that directly transfer electrons from 
the cell envelop to a solid surface (Reguera et al., 2005; Gorby et al., 2006; 
Bretschger et al., 2007b; Richter et al., 2009; Vargas et al., 2013); and 3) the 
secretion of electron carriers such as redox-active quinone or flavin molecules, 
which among other functions can mediate electron transport without the direct 
contact between the microorganisms and extracellular electron sinks (Newman 
and Kolter, 2000; Myers and Myers, 2004; Marsili et al., 2008). Although EET 
is a wide-spread phenomenon, other microorganisms are rarely investigated for 
EET mechanisms. These microorganism capable of carrying out EET are terms 
electrochemically-active microorganisms. 

 6 

List of abbreviations 

BES: bioelectrochemical system
CBB cycle: Calvin–Benson–Bassham cycle  
CE: Coulombic efficiency 
CIP: cold-inducible proteins 
CSP: cold shock proteins
COD: chemical oxygen demand 
DNA: deoxyribonucleic acid 
EDS: energy dispersive X-ray spectroscopy 
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solid anode (the only electron acceptor available). A variety of microorganisms 
have been found in MFC anodes, particularly in the phyla Proteobacteria and 
Firmicutes (Dopson et al., 2016). Apart from the extensively studied genera 
Geobacter and Shewanella, other microbial populations such as Pseudomonas 
(Rabaey et al., 2004), Rhodopseudomonas (Xing et al., 2008), Clostridium 
(Park et al., 2001), and Thermincola (Wrighton et al., 2008) were also identified 
in MFC anodes. The electrons derived from the anodic oxidation flow through 
an external wire to the cathode where reduction reactions take place. Common 
terminal electron acceptors include oxygen that is reduced to water or 
ferricyanide that is reduced to ferrocyanide (Logan et al., 2006). While the 
cathodic reaction in MFCs are mostly abiotic, microbial populations being key 
players in cathodic compartments were also reported, including members of 
Sphingobacterium, Acinetobacter, Acidovorax (Rabaey et al., 2008), and 
Geobacter (Gregory et al., 2004). In many cases, the anodic and cathodic 
reactions are separated by an ion exchange membrane, which also prevents the 
crossover of components from anodic and cathodic electrolytes. Apart from 
recovering electrical energy, the uses of BESs are versatile. With additional 
energy input, BESs can also be used to drive processes that are not 
thermodynamically favorable, such as the production of ammonia (Kuntke et 
al., 2018), hydrogen (Call and Logan, 2008), methane (Geppert et al., 2016), 
acetate (Jourdin et al., 2015), and longer chain fatty acids (Raes et al., 2017). 
These systems were categorized as microbial electrosynthesis cells or microbial 
electrolysis cells (MECs, Fig. 2B) (Nevin et al., 2010).  

 
Fig. 2 Schematic drawings of an MFC (A) and an MEC (B), two subtypes of BES. 
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Bioelectrochemical Systems (BESs) 
Despite being wide-spread and long-existing, the first incidence of utilizing 
microbial EET to generate an electrical current was reported in 1911, in which 
electrical energy was harvested using galvanic cells from the metabolism of 
Saccharomyces and other microorganisms grown in nutrient media (Potter, 
1911). This finding gave birth to the research on microbial fuel cells (MFCs) or 
in its broader sense bioelectrochemical system (BES) (Rabaey et al., 2007). This 
research field did not receive substantial attention until the 1990s when the 
published scientific articles about MFCs grew exponentially (Fig. 1), due to its 
huge potential in energy recovery and sustainable treatment of various 
wastewaters (Pant et al., 2010; Li et al., 2014). 
 

 
Fig. 1 Published scientific studies from scholar.google.com using the keywords 
“bioelectrochemical system” and “microbial fuel cell”.  
 

An MFC typically consists of an anodic and a cathodic compartment, 
separated by an ion exchange membrane (Fig. 2A) (Logan et al., 2006). All 
microorganisms gain energy from the oxidation of an electron donor (lower 
potential) to an electron acceptor (higher potential). To maximize their energy 
gain, microorganisms will, within their capacity, attempt to deliver electrons to 
the highest potential possible (Rabaey, 2010). In the anodic chamber of an MFC, 
microorganisms oxidize the electron donors and deliver the electrons to the 
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forms of life on earth. However, such chemically active environments offer 
energy and niches for a variety of extremophiles. 
 
    In addition to those described below, categories of extremophiles include 
thermophiles which are dominated by archaea, that grow at temperatures above 
45 °C; oligotrophs that grow in extremely nutrient-poor environments with 
extremely long generation times. They are also significant to the understanding 
of the microbiota as well as offering inspirations to industrial applications. 
However, they are beyond the scope of this thesis. 

Acidophiles 
Acidophiles are a group of extremophilic microorganisms from all three 
domains of life (Bacteria, Archaea, and Eukarya) that are defined as having an 
optimum growth pH < 5, with extreme acidophiles having an optimum pH < 3 
(Dopson et al., 2016). They are often found in places where sulfide is abundant, 
such as sulfide mineral ores (Dopson et al., 2003), acid sulfate soil (Wu et al., 
2013), or geothermal sulfur-rich locations e.g. sulfur cauldron at Yellowstone 
U.S.A. (Johnson et al., 2003) or the highly acidic river “Rio Tinto” from Spain 
(Fig. 3). These locations are characterized by extremely high acidity because 
the oxidation of sulfide and other intermediate sulfur compounds produces 
protons. In order to grow, acidophiles must maintain circumneutral intracellular 
pH that results in a pH gradient of several pH units across the cellular membrane 
(Baker-Austin and Dopson, 2007). Therefore, they have developed several 
strategies to acclimate to such conditions. A passive mechanism is cytoplasmic 
buffering with amino acids (e.g. lysine, histidine and arginine) that sequester 
protons (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009). 
Acidophiles can also utilize a variety of active mechanisms including a highly 
proton-impermeable membrane (Konings et al., 2002) that could even be altered 
to resist protons upon acid stress (Chao et al., 2008); the generation of inside 
positive transmembrane electrical potential that reduces the influx of protons 
(Baker-Austin and Dopson, 2007;Slonczewski et al., 2009); active proton 
pumping that removes excess protons (Michels and Bakker, 1985; Tyson et al., 
2004); as well as the repair of DNA and protein damage from low pH and the 
stabilization of intracellular enzymes (reviewed in Baker-Austin and Dopson, 
(2007)). Since acidophiles are often involved in the dissolution of metal-
containing minerals, these environments are often abundant in metals. 
Furthermore, high acidity favors metal dissolution and therefore, acidophiles 
need strategies to cope with high metal concentrations (Dopson and Holmes, 
2014). Passive mechanisms for metal resistance include: the utilization of 
sulfate anion to complex free metal cations (Dopson et al., 2014); and the use 
of extracellular polymeric substances in the biofilm to sorb metals (Harrison et 
al., 2007). Active metal resistance mechanisms include metal export systems 
(Baker-Austin et al., 2005; Mangold et al., 2013); the use of inorganic 
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    Attempts have been made to demonstrate the potential of using MFCs to treat 
municipal wastewater. For instance, two 4 L MFCs were operated in a 
municipal wastewater treatment plant for 400 days that removed 65-70% of the 
COD and achieved a positive energy balance (Zhang et al., 2013). However, the 
technology is still in its infancy because challenges remain in reactor design and 
material cost; as well as in operational obstacles such as temperature fluctuation 
and the fouling of the membrane and electrode; in addition, currently the 
understanding of the underlying microbiology is still inadequate (Logan and 
Regan, 2006).  
 
    Overall, by making use of microbial catalysis, BESs is a sustainable and 
promising technology in energy recovery. Due to the separation between the 
oxidation and reduction reactions; the electrochemical manipulation; and the 
diverse microbial metabolism, BESs offer a wide range of combinations for 
substrate oxidation (organic and inorganic) and the reduction/synthesis of end 
products (Rabaey et al., 2009; Dopson et al., 2016). In addition, the uses of 
electrodes that are in close contact with the microorganisms enables the 
technology itself to be an excellent platform to investigate EET. 

Extremophiles  
 
Extremophiles are intriguing microorganisms; they are able to live and thrive in 
harsh and hostile environments (e.g. extremely high or low pH or temperature, 
extremely high salinity etc.). There are theories hypothesizing that 
extremophiles are associated with early forms of life on earth. For instance, the 
formation of pyrite from hydrogen sulfide and ferrous ion is an exergonic 
reaction, allowing the formation of simple reduced carbon molecules, thus 
offering possibilities to support autotrophic life forms. This is known as the 
“pyrite as the first energy source for life” hypothesis (Wächtershäuser, 1988; 
Russell et al., 1990) The positively charged surfaces of pyrite also offers 
catalyzing capacity for metabolism (Wachtershauser, 1990). Environments rich 
in pyrite are commonly associated with high acidity because the oxidation of 
sulfide is an acid generating reaction. In addition, if the released Fe(II) is 
exposed to oxygen, Fe(III) is formed that further oxidizes pyrite and thus, 
accelerates the production of acid. Sustaining life in such milieu requires 
strategies to copy with high acidity. 
 
    Another hypothesis is that life originated from submarine hydrothermal vents 
(Martin et al., 2008). Such environments are characterized by high temperature, 
acidity, rich in dissolved transition metals such as Fe(II) and Mn(II), and high 
concentrations of magmatic CO2, H2S, and dissolved H2. These conditions, e.g. 
extreme pH, hostile temperatures, and high salinity are inhospitable for most 
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machinery in order to acclimate high salinity (Lanyi, 1974; Oren, 2008); they 
can also synthesize and accumulate organic osmotic solutes to suppress the salt 
influx (Oren, 2008).  
 

 
 
Fig. 4 A soda lakes where haloalkaliphiles can be found. Source of image: 
Wikimedia Commons; author: Dracblau7; licensed under Creative Common (CC 
BY-SA 2.0). 

Psychrophiles 
Psychrophiles have an optimum growth temperature of <15 °C, with extreme 
examples of metabolic activities at -20 °C (Rivkina et al., 2000). They can be 
found in the deep oceans, the Antarctic and the Arctic (Fig. 5), glacial ice, as 
well as sediments of mining operations in the high extremes of latitude and 
altitude (Deming, 2002; D'Amico et al., 2006; Liljeqvist et al., 2011). In general, 
low temperature negatively impacts biological reactions, such as by reducing 
reaction rates, altering the viscosity of the solvent, and changing the solubility 
of proteins, salt, and gases that can ultimately lead to protein cold-denaturation 
(reviewed in Margesin et al., (2008)). To acclimate to low temperature, 
psychrophiles utilize a number of strategies. The expression of cold shock 
proteins (CSPs) and cold-inducible proteins (CIPs) from psychrophiles were 
observed during exposure to cold (Phadtare and Inouye, 2004; Barria et al., 
2013) and an example of CSPs and CIPs are chaperones that remove low 
temperature induced mRNA and DNA secondary structures and facilitate the 
function of ribosomes and RNA polymerases. Psychrophiles can also produce 
compatible solutes that protect against freezing (Casanueva et al., 2010) and 
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polyphosphate as an energy reservoir for metal detoxification as well as to 
sequestrate metals (Orell et al., 2012); the conversion of toxic metal species to 
a less toxic form (Schelert et al., 2004); and the inside positive transmembrane 
electrical potential to repel the influx of metal ions, the same mechanism that 
repels protons as discussed above. 

 

 
 
Fig. 3 The highly acidic river “Rio Tinto” that can support acidophilic 
microorganisms. Source of image: Wikimedia Commons; Author: Antonio; licensed 
under Creative Common (CC BY-SA 2.0). 

Alkaliphiles and haloalkaliphiles 
Alkaliphiles grow in pH values from 8.5 to 11 and are also identified from all 
three domains of life. They can be found in natural saline environments such as 
soda lakes (Fig. 4) or the Red Sea (Banciu et al., 2004). Such environments are 
often associated with high salinity (> 0.3 M Na+) and microorganisms that can 
survive and thrive in these dual extremes are termed haloalkaliphiles. To adapt 
to high pH, microorganisms can promote the activity of enzymes to capture and 
retain protons; increase acid-generating metabolic processes and elevate 
cytoplasmic proton retention by altering cell surface layers (Padan et al., 2005; 
Krulwich et al., 2011) and thereby, maintain an internal pH that is at least two 
units lower than the external (Dopson et al., 2016). In order to cope with the 
osmotic pressure from high salinity, microorganisms can accumulate molar 
concentrations of potassium and chloride to balance the internal and external 
osmotic pressure. This requires adaptations of the intracellular enzymatic 
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containing organic components (reviewed in Pant et al., (2010)). A few 
exceptions include MFCs studies that coupled sulfide oxidation to electricity 
production (Rabaey et al., 2006; Sun et al., 2009). These studies were conducted 
under relatively mild conditions (in terms of pH, temperature and salinity), and 
the utilized microorganisms were primarily neutrophiles. Because of the diverse 
range of conditions that extremophiles are able to live in, the integration of 
extremophiles in BES opened up possibilities to remediate pollution streams 
with more challenging conditions. The remediation of ISC-containing streams 
with extreme conditions for instance, are seldom investigated in BES. This was 
pushed forward in three separate studies within this thesis, they were: MFCs 
with acidophiles for the remediation of acidic, tetrathionate-containing 
wastewater; MFCs with psychrophiles for the remediation of low-temperature, 
thiocyanate-containing wastewater; and MECs with haloalkaliphiles for the 
remediation of sulfide-containing wastewater with high pH and salinity. 

Bioremediation of acidic inorganic sulfur compounds  
Metals such as copper and iron are crucial for modern industry. Conventional 
metal extraction from metal sulfide ores such as smelting is energy intensive 
and produces the toxic and acidifying sulfur dioxide gas. Acidophilic 
microorganisms can accelerate the dissolution of the metals from ores via 
metabolizing inorganic sulfur compounds (ISC). Therefore, they are utilized to 
extract metals in a less energy-demanding manner and the process is termed 
‘biooxidation’ or ‘bioleaching’ (Dopson et al., 2004; Dopson and Johnson, 
2012). For instance, the chemolithotrophic microorganism Leptospirillum are 
known to gain energy from the oxidation of ferrous iron (Fe(II)) to ferric iron 
(Fe(III)) (Rawlings et al., 1999) and the resulting Fe(III) is an oxidizing agent 
that further accelerates the dissolution of metal sulfide. In addition, process 
water and effluents from mining or sulfide-rich ores contains considerable 
levels of ISCs and if this process is uncontrolled, the discharge of acid 
generating ISCs and metals can severely endanger the environment as well as 
human health. Again, the ability of acidophiles to metabolize ISCs in a 
controlled setting to mitigate potential pollution was demonstrated in Liljeqvist 
et al., (2011). Recently, acidophiles have been utilized in MFCs to remove 
tetrathionate (S4O6

2-) while producing electricity (Sulonen et al., 2015). This 
evidence shows that the technology is promising to incorporate sulfur 
metabolizing acidophiles into the BES technology for the treatment of acidic 
wastewater polluted with ISCs. In this thesis (Papers I & II), this approach was 
taken one step closer to industrial application by asking the questions: is it 
possible to use an MFC to remediate tetrathionate from real (as opposed to 
synthetic) process water and how did the underlying microbiology contribute to 
such treatment?  
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alter their membrane structure to increase flexibility during cold stress 
(Chintalapati et al., 2004). In addition, psychrophiles can increase the flexibility 
and activity of proteins as well as to utilize physiological changes in the 
membrane to adapt to cold conditions (reviewed in De Maayer et al., (2014)). 

 

 
 

Fig. 5 An Antarctic iceberg where psychrophilic microorganisms could inhabit. 
Source of image: Wikimedia Commons; author: Andrew Shiva; licensed under 
Creative Common (CC BY-SA 2.0). 

ISC remediation with extremophilic BESs 
Sulfur is the 16th most abundant element of the lithosphere and accounts for 
0.05 % of its weight; it is highly concentrated in components of earth’s crust, 
such as metal sulfide ores, coal, and crude oil (Orr and Sinninghe Damsté, 1990; 
Dopson and Johnson, 2012). Human activities such as mining and the extraction 
of fossil fuels has exploited nature to produce materials and energy to sustain 
humankind, and this also lead to large quantities of ISC-containing waste 
streams. ISC such as tetrathionate, thiocyanate, and sulfide are examples of 
anthropogenic sulfur pollutants and their remediation is important to preserve 
the environment. Since these compounds contains chemical energy, the BES 
technology is a good candidate for their remediation and to recover the available 
energy. However, a complicating factor is that the waste-streams of these 
compounds can bring about extreme physicochemical conditions (e.g. high and 
low pH, low temperature, and high salinity, detailed in later sections) that 
hinders the use of conventional BES to remediate such pollution streams.  
 
        Prior to this thesis, the majority of substrates used in BESs are organic 
compounds such as acetate, glucose or various industrial wastewaters 
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Fig. 5 An Antarctic iceberg where psychrophilic microorganisms could inhabit. 
Source of image: Wikimedia Commons; author: Andrew Shiva; licensed under 
Creative Common (CC BY-SA 2.0). 
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compounds such as acetate, glucose or various industrial wastewaters 



 17 

2008). On the other hand, biological processes have the potential to be operated 
under ambient temperature and atmospheric pressure, require minimal chemical 
dosing, and can remove sulfide efficiently (Jensen and Webb, 1995; Kennes et 
al., 2009). In addition, electrochemical oxidation of sulfide can effectively 
remove sulfide and reduce the energy demand, but the deposition of elemental 
sulfur leads to electrode passivation that complicates long-term operation of this 
technique (Dutta et al., 2008). Paper IV of this thesis took advantage of both 
the biological and electrochemical approaches and aimed at investigating the 
questions: is it possible to remove sulfide from a synthetic caustic solution in 
an MEC and what are the dominant microbial populations involved in this 
process? 

The molecular toolbox, pros and cons 
A longstanding goal of microbial ecology is to identify the microorganisms of 
interest and to study their metabolic states (Blazewicz et al., 2013). Current 
molecular toolboxes are all established upon one foundation; that genes encode 
transcripts that induce protein synthesis that results in enzyme catalyzed 
chemical reactions (Crick, 1958). As a result, the deciphering of genetic codes 
is crucial to answer such questions. In this thesis, the molecular approaches (Fig. 
6) identified the anodic microbial community and characterized their metabolic 
states. Nevertheless, virtually all molecular techniques have limitations and 
boundaries (Blazewicz et al., 2013). While these limitations do not prevent their 
use, they require awareness, understanding, and caution (Holben, 1994). 
 

The development of sequencing technologies went from the labor intensive 
‘first-generation’ Sanger method first described in the 1970s (Sanger et al., 1977) 
to ‘next generation’ sequencing (NGS) epitomized by pyrosequencing from 454 
Life Sciences (now Roche) (Margulies et al., 2005), the Illumina sequencers, 
and the SOLiD sequencers. These later methods dramatically increased the 
throughput and reduced the costs per run (Pop and Salzberg, 2008). In addition, 
the PacBio sequencing technologies are able to generate reads with length of 
several-kilo-bases (Eid et al., 2009). These technological advances facilitated 
more in-depth investigations in molecular ecology.  

16S rRNA gene amplicon sequencing 
The 16S rRNA is a component of the prokaryotic ribosome that forms the 
translation machinery. It is ubiquitous in prokaryotes and crucial to protein 
synthesis. It has extremely conserved regions that are ideal to trace phylogeny, 
and also contains less conserved regions that tend to be distinct for specific taxa, 
thus making the 16S rRNA gene an excellent biological marker to examine the 
phylogenetic profile of a microbial community. Together with the rapid 
advances in sequencing technologies in terms of throughput, sequence length, 
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Biological thiocyanate removal at low temperature 
Thiocyanate (SCN-) is a toxic ISC generated from operations such as gold 
recovery via cyanide (Kantor et al., 2015). Chemical remediation of SCN- in 
principle involves using oxidative agents such as ozone (Soto et al., 1995), 
hydrogen peroxide (Wilson and Harris, 1960; Wilson and Harris, 1961), or 
macroporous resins containing an oxidizing functional group (Kociołek-
Balawejder, 1999). However, chemical techniques tend to be costly, ineffective, 
and produce toxic by-products (reviewed in Gould et al., (2012)). A 
complicating factor for mining operations in high latitude locations (such as 
northern Sweden) is that the temperature is low, with water temperature 
approaching 0 °C during winter times (Liljeqvist et al., 2011). To reduce the 
cost from heating, remediation techniques are required to function at low 
temperatures. Biological treatments that utilize indigenous microbial species 
such as Thiobacillus are inexpensive and can effectively remove SCN- and 
coexisting contaminants such as CN- (Kantor et al., 2015). These populations 
are reported to have acclimated to low temperature conditions and to carry out 
denitrification using thiocyanate as electron donor (Broman et al., 2017). As 
lowering the operational temperature negatively impacts on the microbial 
metabolism, psychrophilic BESs are an unpopular direction of exploration. 
However, psychrophilic BES studies have demonstrated the capacity for a 
potentially huge energy reserve when the MFCs are installed in marine sediment 
(Bond et al., 2002) and have shown improved Coulombic efficiencies (CE) (Xu 
et al., 2014). In this thesis (Paper III), psychrophilic and autotrophic 
thiocyanate metabolizing microorganisms were introduced to MFCs operated at 
8 °C to investigate the questions: is it possible to use an MFC to remove SCN- 
at low temperature and how did the underlying microbiology contribute to this 
process? 

Biological desulfurization at high pH and salinity 
Sulfide is another example of an ISC. For instance, it accounts for 0.05 to 6 wt% 
(as sulfur) in crude oil as an impurity. Consequently, petroleum refineries 
produce substantial quantities of sulfides (H2S, HS-, and S2-). Another 
considerable source of anthropogenic sulfides is the anaerobic digestion of 
protein rich substances for the production of biogas (Buisman et al., 1989). 
Sulfides can acidify the recipient water body as well as deplete its oxygen 
(Buisman et al., 1989); they are also very odorous, highly toxic to life, and 
corrosive to materials (Ren et al., 2005). A common way to concentrate gaseous 
sulfides into the liquid phase is by stripping with caustic solution (e.g. NaOH), 
resulting in spent caustics solutions (Alnaizy, 2008) that are characterized by 
high pH, salinity, and sulfide content. Traditional physicochemical processes to 
remediate the spent caustics streams include wet air oxidation, oxidation at high 
temperature, or chemical dosing aided oxidation. However, these methods are 
energy intensive, costly, and high-maintenance (Sheu and Weng, 2001; Alnaizy, 
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mutants, and heteroduplexes (Qiu et al., 2001); and the amplification efficiency 
could be uneven for different genes (Suzuki and Giovannoni, 1996). In addition, 
different taxa vary in the copy numbers of the 16S rRNA gene, which can also 
affect the analysis of relative abundance, as organisms with higher copy 
numbers of the 16S rRNA gene will be overrepresented (Větrovský and 
Baldrian, 2013). All these factors may compromise the accurate representation 
of the microbial community under investigation. 

Metagenomics and metatranscriptomics 
Culturing is a traditional technology to study the microbial community. 
However, the vast majority of microorganisms cannot be cultured in 
laboratories (Amann et al., 1995); furthermore, the cultivable populations do 
not necessarily represent the environment outside the laboratory from where 
they were sampled (Sharon and Banfield, 2013). As a result, culture-
independent approaches are gaining increasing popularity. 
 
    Metagenomics is the direct extraction and characterization of DNA from a 
microbial community (Fig. 6). It is free from errors and biases induced by 
cultivation and PCR amplification. It is used to reveal the taxonomic profile as 
well as the metabolic potential on the community level (Sharon and Banfield, 
2013). However, one should be reminded that the presence of certain genes 
shows that the microorganism could potentially carry out the related metabolic 
process; it does not guarantee the occurrence of the process. In addition, 
taxonomy-dependent metagenomic analysis would fail to classify reads from 
hitherto uncharacterized organisms while taxonomy-independent approaches 
can retrieve reads from novel organisms, yet such reads remain challenging for 
taxonomical characterization (Mande et al., 2012). Furthermore, compare to 
abundant populations within a metagenome, the coverage of genomes from less 
abundant populations will be less efficient due to the limitation of sequencing 
depth. 
 
    Metatranscriptomics is the extraction of community RNA and the profiling 
of its gene transcripts (Fig. 6). Compared to metagenomics, it is one-step further 
to elucidate the metabolism of the community by offering information about the 
genes that were actively transcribed at the time of cell harvest. The presence of 
rRNA and mRNA reads is a powerful index of certain metabolic processes 
being carried out, because RNA directly links to protein synthesis, but it does 
not prove the occurrence of realized protein synthesis nor the biochemical 
reactions (Blazewicz et al., 2013; Rocca et al., 2015). Such confirmation 
requires further analysis such as quantitative reverse transcriptase-PCR (Franks, 
2010), enzymatic, proteomic, and chemical analyses.  
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and depth as well as the reduction in costs per base; 16S rRNA gene amplicon 
sequencing has become a standard method to study culture-independent 
microbial diversity (Klindworth et al., 2013)(Fig. 6).  

 

 
Fig. 6 Overview of the molecular tools used in this thesis. 
 
    All molecular techniques require the extraction of DNA or RNA, yet nucleic 
acid extraction methods can suffer from incomplete cell lysis, co-extraction of 
enzymatic inhibitors, as well as loss, degradation, and damage of DNA (as 
reviewed in Miller et al., (1999). In addition, the unstable RNA molecules have 
short half-life once extracted (Brooks, 1998). These extraction-related 
constraints affect downstream analyses. In order to perform NGS, the extracted 
nucleic acids are used to construct a library, which typically includes steps such 
as fragmentation of the DNA or RNA, size selection, and incorporating the 
DNA or RNA molecules with adapters that contain the necessary elements for 
sequencing (van Dijk et al., 2014). These steps are also subject to biases (van 
Dijk et al., 2014). In the case of the 16S rRNA gene amplicon sequencing, PCR 
amplification is a crucial step. However, PCR primers can be biased (Parada et 
al., 2016); the PCR reactions can generate undesired artifacts such as chimeras, 
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Aims of this thesis 

This thesis pioneered investigations for the remediation of tetrathionate, 
thiocyanate, and sulfide and the recovery electrical energy using extremophiles 
in BESs under various extreme conditions (detailed in Table 1). Molecular 
microbiological methods including 16S rRNA gene amplicon sequencing, 
metagenomics, and metatranscriptomics were utilized in conjunction with 
chemical and electrical measurements to examine the microbial consortium 
within the anodic compartments of the extremophilic BESs. The use of these 
techniques aimed at understanding: 

• The community composition of the anodic microbiomes. 
• The genetic metabolic potential of the anodic microbiomes. 
• The active metabolic processes that were carried out. 

 
Special attention was paid to: 

• Metabolism of ISCs. 
• Energy conservation and EET. 
• Inorganic carbon fixation. 
• Adaptation to the given extreme environments. 

 
    This thesis endeavors to integrate extremophiles into BESs, to generate 
microbiological insights of these communities, as well as to widen the 
application range for BESs. It serves as an example for BES characterization 
from both the microbiological and the electrochemical perspectives.  
  

 20 

    In general, the field of bioinformatics is a rapidly advancing area and 
software is in constant development and optimization (Pop and Salzberg, 2008). 
In addition, the taxonomical and functional annotation is only as good as the 
databases against which they were annotated (Bunse, 2017). Furthermore, 
omics techniques are hypothesis generating and the findings require further 
experimental confirmation. In this thesis, these techniques were combined in 
their use to minimize the biases from each technique (e.g. the coupling of 16S 
rRNA amplicon sequencing with metagenomics and/or metatranscriptomics to 
profile the microbial community), also, they were coupled to chemical and 
electrical analysis in order to have a more accurate representation of the BESs. 
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Fig. 7 Conceptual illustrations of the BESs used in this thesis. 
 
    In addition, concentrations of tetrathionate (Paper I) and thiocyanate (Paper 
III) were measured via cyanolysis (Kelly et al., 1969); sulfide concentration 
(Paper IV) was determined using a methylene blue method based commercial 
kit (LCK 653, Hach Lange); and anions (Paper IV) were measured using ion 
chromatography. Finally, surface structure and elemental composition of the 
graphite paper electrode was inspected using a scanning electron microscope 
coupled with energy dispersive X-ray spectroscopy (SEM-EDS) (Paper IV); 
X-ray diffraction (XRD) measurements were carried out to determine the 
crystalline structures of the precipitates on the electrode surface (Paper IV). 

Choice of inoculum 
The inocula for each study was chosen based on the physicochemical conditions 
of the wastewater and the ISC that was to be remediated (detailed in Table 1). 
The inoculum for the acidophilic MFC study was from the sediment of an acidic 
multi-metal sulfide mine drainage (Liljeqvist et al., 2015). Its natural 
environment is highly acidic and rich in ISCs, which selects microorganisms 
that are acclimated to such milieu and metabolize ISCs. The inoculum for the 
psychrophilic MFC study was from a lab-scale low temperature stirred-tank 
reactor capable of degrading thiocyanate (Broman et al., 2017). Biomass-
containing process water from the recirculation loop of an industrial sulfide 
removal operation in Eerbeek, the Netherlands was used as the inoculum for the 
haloalkaliphilic MEC to remove sulfide. This process water had high pH and 
salinity, which selects for haloalkaliphilic sulfide-oxidizing microorganisms. 
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Overview of methodology 

Operation and electrochemical characterization of the BESs 
 
All the MFCs and MECs used in this study had a similar design (Fig. 7). In 
essence, the anode and cathode flow chambers were made from Plexiglas; the 
electrode materials included graphite paper, graphite felt, and Platinum-coated 
Titanium flat plate, depending on the situation; cation or anion exchange 
membranes were used to separate the anodic and cathodic liquid flows (termed 
the anolyte and the catholyte), which was maintained by peristaltic pumps; all 
these parts were pressed tightly together and were secured using screws. 
Reference electrodes (Ag/AgCl) were connected to both the anolyte and the 
catholyte. Electrical parameters were recorded in each study using either an in-
line data logger or manually recorded using a multimeter when a data logger 
was not available. These parameters were cathode potential, as the potential 
difference between the cathode against the cathodic reference electrode (Eq. 1); 
the anode potential as the difference between the anode against the anodic 
reference electrode (Eq. 2); the membrane potential as the difference between 
the cathodic and anodic reference electrodes (Eq. 3); and the cell voltage as the 
potential difference between the cathode against the anode (Eq. 4). The 
production of current was either calculated as the cell voltage divided by 
resistance (Ohm’s law) or recorded by a data logger. Current was normalized to 
projected anode/membrane surface area for convenience and consistency. The 
CE calculation was based on total charge from the electrical current divided by 
the total charge from the oxidation of electron donors (Eq. 5). 
 
!"#ℎ%&'	)%#'*#+",	 = .%#'*#+",	%/	0"#ℎ%&' − .%#'*#+",	%/	0"#. 3'/.       Eq. 1 
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5'673"*'	)%#'*#+",	 = .%#'*#+",	0"#. 3'/.−	.%#'*#+",	%/	"*%. 3'/.       Eq. 3 
 
!',,	8%,#"9'	 = .%#'*#+",	0"#ℎ%&'	 − .%#'*#+",	%/	"*%&'                         Eq. 4 
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∙ 100                         Eq. 5 

        Where cat.ref. indicates the reference electrode that was connected to the 
catholyte; ano.ref. indicates the reference electrode that was connected to the 
anolyte; Δ[substrate] was the decrease of substrate in mol during the period 
from timepoint 0 to timepoint t; n is the number of electrons per reaction mol, 
F is the faraday constant (96485 C/mol); and current (I) is expressed in A. 
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essence, the anode and cathode flow chambers were made from Plexiglas; the 
electrode materials included graphite paper, graphite felt, and Platinum-coated 
Titanium flat plate, depending on the situation; cation or anion exchange 
membranes were used to separate the anodic and cathodic liquid flows (termed 
the anolyte and the catholyte), which was maintained by peristaltic pumps; all 
these parts were pressed tightly together and were secured using screws. 
Reference electrodes (Ag/AgCl) were connected to both the anolyte and the 
catholyte. Electrical parameters were recorded in each study using either an in-
line data logger or manually recorded using a multimeter when a data logger 
was not available. These parameters were cathode potential, as the potential 
difference between the cathode against the cathodic reference electrode (Eq. 1); 
the anode potential as the difference between the anode against the anodic 
reference electrode (Eq. 2); the membrane potential as the difference between 
the cathodic and anodic reference electrodes (Eq. 3); and the cell voltage as the 
potential difference between the cathode against the anode (Eq. 4). The 
production of current was either calculated as the cell voltage divided by 
resistance (Ohm’s law) or recorded by a data logger. Current was normalized to 
projected anode/membrane surface area for convenience and consistency. The 
CE calculation was based on total charge from the electrical current divided by 
the total charge from the oxidation of electron donors (Eq. 5). 
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D[FGHFBIJBK]∙M∙N
∙ 100                         Eq. 5 

        Where cat.ref. indicates the reference electrode that was connected to the 
catholyte; ano.ref. indicates the reference electrode that was connected to the 
anolyte; Δ[substrate] was the decrease of substrate in mol during the period 
from timepoint 0 to timepoint t; n is the number of electrons per reaction mol, 
F is the faraday constant (96485 C/mol); and current (I) is expressed in A. 
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    In the psychrophilic MFC study (Paper III), community RNA was also 
extracted from the anodic biomass when the MFCs were generating a current. 
The biomass was immediately mixed with RNA fix solution. The extracted 
RNA was used to generate cDNA that was subsequently sequenced on an 
Illumina HiSeq2500 platform. The obtained metatranscriptomic reads were 
quality controlled and sorted for mRNA reads and 16S rRNA reads. In order to 
investigate the metabolic processes of interest, the mRNA reads were analyzed 
for taxonomic placement and functional annotation in conjunction with NCBI 
NR and InterPro2GO databases. In addition, rRNA reads were taxonomically 
placed to reveal the active members of the anodic microbial community.
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16S rRNA gene amplicon sequencing 
Anodic biomass was collected by either centrifugation or filtration with sterile 
0.2 µm filters. DNA was extracted using commercially available DNA isolation 
kits according to manufacturer’s instructions. Amplification of the V3-V4 
region of 16S rRNA gene using PCR primers 341F and 805R (Hugerth et al., 
2014) was performed as described in Lindh et al., (2015). DNA sequencing was 
conducted at the Science for Life Laboratory (Stockholm, Sweden; 
www.scilifelab.se) on an Illumina MiSeq platform. For the acidophilic MFC 
study and the psychrophilic MFC study (Papers I & III), the pair-end reads 
from amplicon sequencing were analyzed using the UPARSE pipeline (Edgar, 
2013), taxonomic annotation was performed using the SILVA database (SILVA 
119), and the final data handling was performed in Explicet 2.10.5 (Robertson 
et al., 2013). For the haloalkaliphilic MEC study (Paper IV), the amplicon reads 
were analyzed using the DADA2 pipeline (Callahan et al., 2016), annotated 
against the SILVA database version 132 (Quast et al., 2013) and visualized 
using the Rstudio package Tidyverse (Wickham, 2017). 

Metagenomics 
For the acidophilic MFC study (Paper II), community DNA for metagenomic 
sequencing was extracted in the same manner as for the 16S rRNA gene 
amplicon sequencing. Metagenomic sequencing was performed on an Illumina 
HiSeq 2500 platform. The obtained reads underwent a workflow of trimming, 
assembly into contigs, binning to obtain metagenome-assembled genomes 
(MAGs) as well as taxonomic and functional annotation. The bioinformatics 
was carried out with a software package including FastQC (Andrews, 2010), 
sickle (Joshi and Fass, 2011), Ray (Boisvert et al., 2010), Newbler, CONCOCT 
(Alneberg et al., 2014), CheckM (Parks et al., 2015), PhyloPhlAn (Segata et al., 
2013)and Prokka (Seemann, 2014). The annotated reads were analyzed using 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 
2000) and the MetaCyc (Caspi et al., 2014) databases. 

Metatranscriptomics 
In the acidophilic MFC study (Paper II), community RNA was extracted from 
the anodic biomass when the MFCs were generating an electrical current. 
Metatranscriptome sequencing was carried out on an Illumina HiSeq 2500 
platform without rRNA depletion. The quality of the obtained 
metatranscriptomic reads was controlled followed by the identification of rRNA 
and mRNA reads. The mRNA reads were assembled into transcripts in order to 
assess their relative abundance and to perform taxonomical assignment plus 
functional annotation. The activity of the microbial populations was assessed in 
three complementary procedures: 1) mapping of mRNA reads to the MAGs; 2) 
performing a taxonomic assignment of assembled transcripts; and 3) 
phylogenetic placement of the 16S rRNA reads. 
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Results and discussion 

The acidophilic MFC study (Papers I & II) 
Paper I set out to investigate if the MFC technology could be used to remove 
tetrathionate from acidic real (as opposed to synthetic) process water while 
producing electricity with an acidophilic inoculum. Electrochemical 
measurements coupled to 16S rRNA gene amplicon sequencing were utilized 
to characterize the electrochemical performance as well as to profile the anodic 
microbial community. In Paper II, a combined metagenomic and 
metatranscriptomic investigation was carried out to examine the microbial 
metabolism that was responsible for tetrathionate degradation, the oxidation of 
intermediate ISC, EET, the fixation of carbon dioxide as well as how the 
community adapted to an acidic environment.  
 

Electrochemical characterization and 16S rRNA gene amplicon 
sequencing (Paper I) 
The inoculum originated from the sediment of an acid mine drainage (AMD). 
A tetrathionate-containing synthetic media was supplied to the anodic chambers 
of MFCs, which was subsequently stepwise replaced with real mining process 
water added with the same concentration of tetrathionate. This had no adverse 
effect on the bioelectrochemical performance, suggesting that the microbial 
consortium is able to acclimate to real process water. Electricity was generated 
at a maximum of 275 mA/m2 (normalized to the projected anode surface area), 
while the highest degradation rate of tetrathionate was 3.35 mM/day. The CE 
ranged from 0.08% to 11.8%. An abiotic system was operated in addition to the 
biotic MFCs revealing that: 1) cyclic voltammetry scans of the biotic operation 
showed more current than the abiotic control; 2) abiotic operation generated 
electricity but it decreased more rapidly compared to biotic operation; 3) 
subsequent inoculation of the abiotic system with the same AMD culture used 
in the MFCs resulted in increased cell voltage. Although the disproportionation 
of tetrathionate does not yield electrons (Eq. 6). This comparison strongly 
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Results and discussion 

The acidophilic MFC study (Papers I & II) 
Paper I set out to investigate if the MFC technology could be used to remove 
tetrathionate from acidic real (as opposed to synthetic) process water while 
producing electricity with an acidophilic inoculum. Electrochemical 
measurements coupled to 16S rRNA gene amplicon sequencing were utilized 
to characterize the electrochemical performance as well as to profile the anodic 
microbial community. In Paper II, a combined metagenomic and 
metatranscriptomic investigation was carried out to examine the microbial 
metabolism that was responsible for tetrathionate degradation, the oxidation of 
intermediate ISC, EET, the fixation of carbon dioxide as well as how the 
community adapted to an acidic environment.  
 

Electrochemical characterization and 16S rRNA gene amplicon 
sequencing (Paper I) 
The inoculum originated from the sediment of an acid mine drainage (AMD). 
A tetrathionate-containing synthetic media was supplied to the anodic chambers 
of MFCs, which was subsequently stepwise replaced with real mining process 
water added with the same concentration of tetrathionate. This had no adverse 
effect on the bioelectrochemical performance, suggesting that the microbial 
consortium is able to acclimate to real process water. Electricity was generated 
at a maximum of 275 mA/m2 (normalized to the projected anode surface area), 
while the highest degradation rate of tetrathionate was 3.35 mM/day. The CE 
ranged from 0.08% to 11.8%. An abiotic system was operated in addition to the 
biotic MFCs revealing that: 1) cyclic voltammetry scans of the biotic operation 
showed more current than the abiotic control; 2) abiotic operation generated 
electricity but it decreased more rapidly compared to biotic operation; 3) 
subsequent inoculation of the abiotic system with the same AMD culture used 
in the MFCs resulted in increased cell voltage. Although the disproportionation 
of tetrathionate does not yield electrons (Eq. 6). This comparison strongly 
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attributed to the Ferroplasma-like populations and was the highest expressed 
gene in this study (Paper II, Fig. 3). Sulfur could also be oxidized to sulfide by 
heterodisulfide reductase (Hdr) and its gene was present in the Archaea-like 
populations and its RNA transcripts were dominated by the Ferroplasma-like 
MAGs. Thiosulfate was suggested to be oxidized to sulfite via the Sox complex 
present in the Acidithiobacillus-like populations, solely expressed by the A. 
caldus-like population. Finally, the oxidation of sulfite to sulfate involves ATP 
sulfurylase (Sat), its gene was present in the Acidithiobacillus-like populations 
and the S. thermosulfidooxidans-like MAGs. Overall, this consortium was able 
to carry out the complete transformation of tetrathionate to sulfate, while the 
highest activity was observed regarding the sulfide oxidation to sulfur as well 
as sulfur oxidation to sulfite, attributed to the Ferroplasma-like population 
(Paper II, Fig. 3). 
 
    All the MAGs were equipped with a suite of standard genes coding for 
respiration, indicating the presence of electron transfer chains and the ability of 
the microbial consortium to obtain energy via oxidative phosphorylation as well 
as to transport electrons from the oxidation of ISC to the quinone pool (Dopson 
and Johnson, 2012). Due to the lack of EET mechanisms described in 
acidophiles, the EET mechanisms from Geobacter and Shewanella were 
screened in the MAGs from this study. No genes for the abovementioned c-type 
cytochromes were found and instead, various electron shuttle-related genes 
were present in all MAGs (Paper II, Fig. 3). RNA transcripts for menaquinone 
biosynthesis genes were dominated by the Ferroplasma-like population while 
riboflavin biosynthesis transcripts were dominated by the Cuniculiplasma 
divulgatum-like population. Although these redox-active compounds can have 
other functions within the cell, the high number of transcripts suggested EET 
was mediated by electron shuttles. Furthermore, although the known EET 
mediating conductive pili genes were missing, the Acidithiobacillus-like 
populations had the genes for type-II secretion system, while all the Bacteria-
like populations had type-IV pili formation genes, that could potentially 
contribute to energy conservation through EET via conductive pili. The 
presence of the EET mechanisms of Geobacter and Shewanella require further 
validation if they also function in the populations from this study. In addition, 
it cannot be ruled out that novel uncharacterized pathways were responsible for 
carrying out EET. 
 

Mining process and waste streams are characterized with low organic carbon, 
and high acidity and metal content. To thrive in such environments, acidophilic 
microorganisms have developed mechanisms for carbon dioxide fixation to 
sustain biomass growth; to maintain a near-neutral intracellular pH for 
bioenergetics as well as the function of proteins (Baker-Austin and Dopson, 
2007; Krulwich et al., 2011); and to resist soluble metal ions that are harmful 
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indicated that the acidophilic microbial consortium contributed to the oxidation 
of intermediate ISC that were produced from tetrathionate degradation and 
carried out EET. 16S rRNA gene amplicon sequencing of the microbial 
consortia resulted in sequences that aligned within the acidophilic genera 
Thermoplasma, Ferroplasma, Leptospirillum, Sulfobacillus and 
Acidithiobacillus. Results from this study suggested that tetrathionate 
degradation with acidophiles coupled to electricity generation could be a 
potential bioremediation method.  
 
!"#$%& +	)%#	 =>	!(-) +	!%#/%& + !#"%& + 2)1                                            Eq. 6 

Taxonomy and relative abundance (Paper II) 
Five metagenome-assembled genomes (MAGs) representing acidophilic 
microorganisms were obtained from each replicate MFC (when fed with 
synthetic media, namely S1 and S2) that were most similar to the Archaea 
Ferroplasma spp., and Cuniculiplasma divulgatum as well as the Bacteria 
Acidithiobacillus caldus, Acidithiobacillus ferrivorans, and Sulfobacillus 
thermosulfidooxidans. This was in agreement with the 16S rRNA gene 
amplicon sequencing (Paper I) and also showed similarity with another 
tetrathionate-degrading MFC study that contained Acidithiobacillus spp. and 
‘Ferroplasma acidarmanus’ (Sulonen et al., 2015). These evidences suggested 
the potential role of these microorganisms to degrade tetrathionate and carry out 
EET to the electrode.  
 
    According to the mapping of metagenome reads to the MAGs, the 
Acidithiobacillus-like populations were the most abundant in the consortium 
that were followed by the Ferroplasma-like, the S. thermosulfidooxidans-like, 
and the C. divulgatum-like populations. The highest proportion of rRNA and 
mRNA reads were assigned to the Ferroplasma genus indicating this population 
was the most active at the time of sampling despite being the second most 
abundant population (Paper II, Fig. 2). 

Unraveling metabolic processes (Paper II) 
Tetrathionate was suggested to be disproportionated to sulfate, thiosulfate, and 
elemental sulfur mediated by tetrathionate hydrolase (tetH), and its gene was 
present in the A. caldus-like MAGs from both S1 and S2. Its encoding gene was 
expressed at a low level, potentially due to the depletion of tetrathionate in the 
anolyte or the A. caldus-like MAGs were limited by the availability of carbon 
dioxide for cellular growth. The produced sulfur was likely disproportionated 
to sulfide and sulfite, catalyzed by sulfur oxygenase reductase coded by sor that 
was present in all MAGs except for the C. divulgatum-like population. However, 
sor gene transcripts were only observed in the A. caldus-like population. Sulfide 
could be oxidized to sulfur via sulfide:quinone oxidoreductase (Sqr) that was 
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answer such questions, future studies should focus on using each one of the 
ISCs for electricity generation.  
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for the microorganisms (Dopson and Holmes, 2014). The Acidithiobacillus-like 
MAGs and the S. thermosulfidooxidans-like MAGs were suggested to be 
capable of fixing carbon dioxide via the Calvin-Benson-Bassham (CBB) cycle. 
However, these genes were not expressed, indicating that carbon dioxide was 
limited at the time of cell harvest for metatranscriptomic analysis. The Archaea 
MAGs lacked genes for carbon dioxide fixation, these populations might grow 
chemoorganotrophically utilizing organic carbon secreted by the autotrophs. 
One pH homeostasis mechanism acidophiles utilize is to maintain an inside 
positive membrane potential (by accumulation of K+ ions) as a chemiosmotic 
barrier against the influx of protons (Baker-Austin and Dopson, 2007). Such 
genes were present in the MAGs (Paper II, Fig. 3). Furthermore, the proton 
consuming enzyme glutamate decarboxylase (Gut et al., 2006) and cell 
permeability modifying spermidine synthase (Samartzidou et al., 2003) were 
also present in the MAGs (Paper II, Fig. 3). However, RNA transcripts were 
only identified for decarboxylase and potassium transporters as well as 
spermidine synthase, suggesting that the cells were not under heavy pH stress. 
In addition, a variety of metal resistance mechanisms to arsenate, copper, silver, 
cadmium, cobalt, and zinc were present in the MAGs, reflecting the multi-metal 
containing mining waste stream environment. RNA transcripts for these genes 
were also scarce, suggesting the cells were not under the stress from heavy 
metals in the MFCs containing synthetic media lacking high concentrations of 
metals (Paper II, Fig. 3). 

Summary of the acidophilic MFC study (Papers I & II) 
This study demonstrated the possibility to simultaneously remediate 
tetrathionate and generate an electrical current at low pH. The anodic 
microbiome was dominated by acidophilic microorganisms and in particular, 
the Ferroplasma-like population was shown to be the most active and grew via 
metabolizing ISCs. EET transfer was suggested to be facilitated by redox-active 
electron shuttles synthesized by the Ferroplasma-like population and the 
Cuniculiplasma divulgatum-like population. In addition, the organic carbon 
produced by autotrophs might support the heterotrophs via mutualistic 
interactions within the community. Finally, the use of real wastewater in this 
study has shown the industrial potential of using acidophilic BES to remediate 
acidic ISC containing pollutions. 
 
    A complicating factor in this study was that the degradation of tetrathionate 
yielded multiple ISCs, e.g. sulfide, sulfur, and thiosulfate. This constrained the 
interpretation of data and in particular, to answer the question: which ISC(s) 
was(were) responsible for the release of electrons that fueled EET? Based on 
the high activity of sulfide:quinone oxidoreductase (Sqr), it was speculated that 
sulfide oxidation was primarily responsible for donating electrons. However, 
this is insufficient to conclude that sulfide was the major EET contributor. To 
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answer such questions, future studies should focus on using each one of the 
ISCs for electricity generation.  

 30 

for the microorganisms (Dopson and Holmes, 2014). The Acidithiobacillus-like 
MAGs and the S. thermosulfidooxidans-like MAGs were suggested to be 
capable of fixing carbon dioxide via the Calvin-Benson-Bassham (CBB) cycle. 
However, these genes were not expressed, indicating that carbon dioxide was 
limited at the time of cell harvest for metatranscriptomic analysis. The Archaea 
MAGs lacked genes for carbon dioxide fixation, these populations might grow 
chemoorganotrophically utilizing organic carbon secreted by the autotrophs. 
One pH homeostasis mechanism acidophiles utilize is to maintain an inside 
positive membrane potential (by accumulation of K+ ions) as a chemiosmotic 
barrier against the influx of protons (Baker-Austin and Dopson, 2007). Such 
genes were present in the MAGs (Paper II, Fig. 3). Furthermore, the proton 
consuming enzyme glutamate decarboxylase (Gut et al., 2006) and cell 
permeability modifying spermidine synthase (Samartzidou et al., 2003) were 
also present in the MAGs (Paper II, Fig. 3). However, RNA transcripts were 
only identified for decarboxylase and potassium transporters as well as 
spermidine synthase, suggesting that the cells were not under heavy pH stress. 
In addition, a variety of metal resistance mechanisms to arsenate, copper, silver, 
cadmium, cobalt, and zinc were present in the MAGs, reflecting the multi-metal 
containing mining waste stream environment. RNA transcripts for these genes 
were also scarce, suggesting the cells were not under the stress from heavy 
metals in the MFCs containing synthetic media lacking high concentrations of 
metals (Paper II, Fig. 3). 

Summary of the acidophilic MFC study (Papers I & II) 
This study demonstrated the possibility to simultaneously remediate 
tetrathionate and generate an electrical current at low pH. The anodic 
microbiome was dominated by acidophilic microorganisms and in particular, 
the Ferroplasma-like population was shown to be the most active and grew via 
metabolizing ISCs. EET transfer was suggested to be facilitated by redox-active 
electron shuttles synthesized by the Ferroplasma-like population and the 
Cuniculiplasma divulgatum-like population. In addition, the organic carbon 
produced by autotrophs might support the heterotrophs via mutualistic 
interactions within the community. Finally, the use of real wastewater in this 
study has shown the industrial potential of using acidophilic BES to remediate 
acidic ISC containing pollutions. 
 
    A complicating factor in this study was that the degradation of tetrathionate 
yielded multiple ISCs, e.g. sulfide, sulfur, and thiosulfate. This constrained the 
interpretation of data and in particular, to answer the question: which ISC(s) 
was(were) responsible for the release of electrons that fueled EET? Based on 
the high activity of sulfide:quinone oxidoreductase (Sqr), it was speculated that 
sulfide oxidation was primarily responsible for donating electrons. However, 
this is insufficient to conclude that sulfide was the major EET contributor. To 



 33 

Metatranscriptomics of the anodic psychrophilic microbiome 
Community RNA was extracted from both the planktonic cells and those 
attached to the graphite felt (anode) from the replicate MFCs (termed MFC A 
anode, MFC A anolyte, MFC B anode, MFC B anolyte). A total of 170 million 
read pairs were obtained, of which 78% was kept after quality trimming. Eight 
percent of the trimmed reads were classified as 16S rRNA; 4% of the trimmed 
reads were classified as mRNA, of which 88% was assigned to a protein based 
on the InterPro database. In agreement with 16S amplicon sequencing, the 
dominant 16S rRNA transcripts (between 63% and 76%) were attributed to the 
Thiobacillus genus and primarily to T. denitrificans across the four samples 
(Paper III, Fig. 3). This suggested that the Thiobacillus spp. was the most 
abundant and active population at the time of DNA and RNA extraction. An 
abundance of mRNA reads was not taxonomically assigned with better 
precision than Bacteria (7%) or Proteobacteria (49%), yet these populations 
were responsible for major metabolic processes. Due to the dominance and 
activeness of the Thiobacillus genus, it would be possible that these populations 
belonged to an unclassified Thiobacillus population. 
 

A model for thiocyanate degradation together with the metabolism of sulfur, 
carbon and nitrogen plus potential EET mechanisms was proposed (Paper III, 
Fig. 4). The substrate thiocyanate was suggested to be degraded via the ‘cyanate’ 
pathway and mRNA reads for the key gene of this pathway, cyanase (cyn), was 
primarily attributed to unclassified Proteobacteria and Betaproteobacteriales. 
Fewer numbers of mRNA reads for another ‘COS’ pathway (COS designates 
carbonyl sulfide) for thiocyanate degradation (encoded by scn for thiocyanate 
hydrolase) were primarily attributed to unclassified Bacteria and unclassified 
Proteobacteria. The product of thiocyanate degradation is sulfide, carbon 
dioxide, and ammonium. Sulfide could be oxidized to sulfite via dissimilatory 
sulfite reductase (Dsr) and mRNA reads for dsr were primarily attributed to 
unclassified Bacteria and unclassified Proteobacteria. The resultant sulfite can 
be oxidized to sulfate via adenylylsulphate reductase (Apr) and dissimilatory 
adenylyl-sulfate reductase (Sat) (Kappler and Dahl, 2001). mRNA reads for apr 
and sat were primarily attributed to unclassified Proteobacteria. In addition, 
mRNA reads for an alternative sulfide oxidation pathway involving a truncated 
sox complex (soxABCXY) were primarily attributed to unclassified 
Proteobacteria and unclassified Bacteria, which could oxidize sulfide 
generating either sulfur or sulfate (Kantor et al., 2017).  

 
Evidence was lacking for known EET mechanisms such as c-type 

cytochromes or conductive pili from the mRNA data. Instead, mRNA reads for 
menaquinone biosynthesis were primarily found in the family 
Propionibacteriaceae; mRNA reads for riboflavin biosynthesis were mostly 
identified from unclassified Proteobacteria. In addition, mRNA reads for type 
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Psychrophilic MFC study (Paper III) 
 
Previously, a psychrophilic autotrophic denitrifying culture was shown capable 
of degrading thiocyanate (Broman et al., 2017). This culture was inoculated into 
MFCs in Paper III to investigate if it could facilitate thiocyanate degradation 
that is coupled to electricity generation. 16S rRNA gene amplicon sequencing 
as well as metatranscriptomic analysis was carried out to profile the dominant 
microbial species within the anode and to study the active metabolic processes 
of this psychrophilic consortium. 

Electrochemical characterization and 16S rRNA gene amplicon 
sequencing 
Electricity generation was observed after 118 days and the long start-up time 
was also observed in other low temperature BES studies (Bond et al., 2002; 
Reimers et al., 2006). In general, low temperature negatively impacts on the 
functions of enzymes and reduces electrochemical reaction rates (Dopson et al., 
2016) and as psychrophilic microorganisms have longer doubling times 
compared to mesophiles (Ferroni et al., 1986), these factors may explain the lag 
time before electricity production took place. The maximum current densities 
normalized to the projected anode/membrane area were 28 and 26 mA/m2 for 
the duplicated MFCs A and B, respectively; the CE values were 2.5% and 1.0% 
for MFCs A and B, respectively. The electrical current and CE were relatively 
low compared to other BES studies (reviewed in Dopson et al., (2015)). This 
could have several explanations: firstly, the autotrophic populations within the 
anodic microbial consortium (described below) fix carbon dioxide for biomass 
growth that restricted the available electrons that could be harvested as current; 
secondly, trace levels of oxygen (a competing electron acceptor) can diffuse 
into the MFC via rubber tubing and graphite plates despite the continuous N2 
gas flushing in the anolyte; and thirdly, competing energy conservation 
reactions may have occurred (discussed below). 
 
    16S rRNA gene amplicon sequencing of the MFC A anodic biomass revealed 
that the community was dominated by the genus Thiobacillus (relative 
abundance 76.8 %), followed by the family Methylophilaceae (6.5%), the 
family Rhizobiaceae (3.7%), the order Corynebacteriales (2.8%), the genus 
Ferritrophicum (2.2%), and the families Flavobacteriaceae (1.0%) and 
Xanthomonadaceae (0.9%). The presence of Thiobacillus was in accordance 
with the inoculum (Broman et al., 2017), as well as a metagenomic study in 
which Thiobacillus dominated a thiocyanate degrading bioreactor (Kantor et al., 
2015).  
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BES under low temperatures. Improving the precision of the mRNA reads 
taxonomic placement and the validation of potential EET mechanisms from the 
genus Thiobacillus are required for future studies.  
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II secretion were primarily assigned to unclassified Proteobacteria and 
Thiobacillus. These findings suggested that the anodic microbial community 
might carry out EET via soluble electron shuttles. Since these results are based 
on the genetic information of model EET organisms such as Geobacter and 
Shewanella, they require further validation to check if such mechanisms can 
function in the non-model organisms from this study. It is also possible that 
uncharacterized mechanisms were responsible for EET in these organisms. 
 
    The autotrophic Thiobacillus genus is known for fixing carbon dioxide via 
the Calvin-Benson-Bassham (CCB) cycle (Boden et al., 2017;Kantor et al., 
2017). However, despite the presence of seven genes within the CBB cycle 
primarily attributed to unclassified Proteobacteria, mRNA reads for the key 
enzyme ribulose biphosphate carboxylase (RuBisCO) were absent. Furthermore, 
the key enzymes ATP-citrate lyase from the reductive TCA cycle and carbon 
monoxide dehydrogenase from the Wood-Ljungdahl pathway were also 
identified in unclassified Bacteria, suggesting that several carbon fixation 
pathways were present in this consortium. Finally, mRNA reads suggested that 
ammonium was assimilated via Type I glutamine synthetase, mostly assigned 
to unclassified Proteobacteria followed by Microbacteriaceae (Paper III, Fig. 4). 
 

Psychrophilic microorganisms utilize a variety of mechanisms to cope with 
low temperature, including producing CSPs and CIPs. These proteins have a 
variety of functions including to assist ribosomes and RNA polymerases to 
function at low temperature (Horn et al., 2007;Margesin et al., 2008;Barria et 
al., 2013); to produce compatible solutes that can protect against freezing 
(Casanueva et al., 2010); and to alter the membrane structure to increase 
flexibility of the cells (Chintalapati et al., 2004). mRNA reads for CSPs and 
CIPs were identified primarily from unclassified Proteobacteria; from 
unclassified Proteobacteria and Actinobacteria for compatible solutes; and from 
unclassified Proteobacteria and Thiobacillus for membrane alteration. The 
identification of mRNA reads for CSPs, CIPs and cold adaptation proteins 
suggested the anodic microbiomes were under cold stress due to the low 
temperature and these energy-consuming adaptations may have lowered the CE. 

Summary of the psychrophilic MFC study (Paper III) 
This study successfully demonstrated the use of a psychrophilic microbial 
consortium to remove thiocyanate in conjunction with electricity generation 
under low temperature for the first time. This consortium was dominated by the 
genus Thiobacillus. Metatranscriptomic analysis revealed that thiocyanate 
degradation, ISC oxidation, EET, inorganic carbon fixation, and adaptation to 
cold temperature were primarily associated with unclassified Bacteria and 
unclassified Proteobacteria populations, potentially attributed to Thiobacillus. 
Findings from this study can contribute to the industrial ISC remediation using 
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the abiotic and biotic experiments suggested that the anodic microbial 
consortium facilitated current production from sulfide oxidation. 

Development of microbial community based on 16S rRNA gene 
amplicon sequencing 
DNA was extracted from the inoculum, the planktonic cells at the end of the 
first biotic batch experiment and from both the planktonic and electrode-
attached populations at the end of the second and third biotic batch experiments. 
The dominant populations from the inoculum had 16S rRNA gene sequences 
that aligned within the family Izimaplasmataceae (42.5%) and the genera 
Thioalkalivibrio (24.1%) and Thioalkalimicrobium (5.9%) (Paper IV, Fig. 3). 
Izimaplasmataceae is a poorly documented family and its role is yet unclear. By 
the end of the first biotic batch experiment, populations with 16S rRNA gene 
sequences that aligned within Thioalkalimicrobium dominated the anodic 
community (60.7%), followed by Alkalilimnicola (10.7%), Izimaplasmataceae 
(6.1%), and Thioalkalivibrio (5.7%) (Paper IV, Fig. 3). Populations within the 
genera Thioalkalivibrio and Thioalkalimicrobium are haloalkaliphilic, obligate 
chemolithoautotrophs known for the utilization of sulfide (Sorokin et al., 2001; 
Ahn et al., 2017) and their presence was in agreement with a previous 
characterization of the same microbial community from an industrial 
desulfurization operation (Roman et al., 2016). In addition, the genus 
Thioalkalimicrobium is known for relatively fast growth (Sorokin et al., 2002), 
which could potentially explain its succession over the Thioalkalivibrio 
populations. 
 

By the end of the second biotic operation, populations with 16S rRNA gene 
sequences that aligned within Desulfurivibrio (46.1%) and 
Thioalkalimicrobium (23.4%) dominated the planktonic consortium while 
Desulfurivibrio dominated the electrode-attached community (84.4%). After 
the third biotic operation, the dominating populations in the planktonic fraction 
had 16S rRNA gene sequences that aligned within the Marinobacter (58.5%), 
Bacteroidia (6.7%), and Desulfurivibrio (4.8%). In contrast, the electrode-
attached community was continued to be dominated by Desulfurivibrio (94.1%) 
(Paper IV, Fig. 3). Marinobacter are halophilic populations capable of 
hydrocarbon degradation (Gauthier et al., 1992; Martin et al., 2003). However, 
their sulfur metabolism is poorly understood and their role in the MEC anolyte 
was unclear. Desulfurivibrio is known for their anaerobic haloalkaliphilic 
lifestyle, growing through sulfur disproportionation (Poser et al., 2013). D. 
alkaliphiles was shown able to obtain energy via sulfide oxidation to sulfate 
(Thorup et al., 2017). Such metabolic capacity could explain the increase of 
sulfate production during the second biotic batch experiment. In addition, pilin 
biosynthesis genes of D. alkaliphiles AHT2T was shown to facilitate EET in 
Geobacter sulfurreducens; while ‘cable bacteria’ from groundwater that could 
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Haloalkaliphilic MEC study (Paper IV) 
 
At the time of writing, haloalkaliphilic sulfide oxidizing microorganisms had 
not been tested in a BES for the removal of sulfide. This was undertaken in 
Paper IV of thesis, which monitored the electrochemical performance as well 
as profiled the dominant microorganisms in the anodic compartments using 16S 
rRNA gene amplicon sequencing. 

Electrochemical characterization for sulfide removal  
An MEC was constructed to investigate if electrical current could be generated 
from sulfide oxidation bioelectrochemically and three batches of biotic 
experiments were conducted (Paper IV, Fig. 2). During the first biotic batch 
experiment, sulfide was repeatedly spiked into the anolyte circulation where it 
was depleted. Electrical current was produced concurrently with the 
degradation of sulfide, suggesting the electrons released from sulfide oxidation 
contributed to current generation (Paper IV, Fig. 2A). The second biotic batch 
experiment resulted in an average of a 10-fold increase in current (Paper IV, Fig. 
2B) and was due to the complete oxidation of sulfide to sulfate supported by 
sulfate concentration measurements. Since sulfate is an undesired product that 
requires further reductive treatment to elemental sulfur, an adjustment in anode 
potential was made in the third biotic batch experiment intending to reduce 
sulfate reduction. This strategy was suggested by the redox potential used in an 
industrial desulfurization operation that is highly specific at sulfide-to-sulfur 
conversion (Janssen et al., 1998). However, the effectiveness of this approach 
was unclear since the sulfide-to-sulfate conversion ratio from the third biotic 
batch was similar to the fifth spike of the second batch, but lower than the 
previous spikes.  

 
        Abiotic control experiments produced less current and could be maintained 
for a shorter period of time. In addition, abiotic current production decreased to 
zero while sulfide was still present in the anolyte (Paper IV, Fig. 2D main figure) 
whereas, during biotic operations the current decreased to zero only when 
sulfide was exhausted, and current production could be resumed when sulfide 
was spiked into the anolyte. This evidence suggested that a portion of the energy 
from sulfide could be extracted as electricity abiotically while the anodic 
microbiome contributed to a higher current production for a longer period of 
time. In addition, graphite felt was also tested in an abiotic system to investigate 
if the electrochemical sulfide oxidation was surface limited. Compared to 
graphite paper, the felt-electrode system produced much higher current and 
degraded sulfide more rapidly (Paper IV, Fig. 2D inset), suggesting that the 
process was limited by surface area of the electrode. The comparison between 
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the abiotic and biotic experiments suggested that the anodic microbial 
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zero while sulfide was still present in the anolyte (Paper IV, Fig. 2D main figure) 
whereas, during biotic operations the current decreased to zero only when 
sulfide was exhausted, and current production could be resumed when sulfide 
was spiked into the anolyte. This evidence suggested that a portion of the energy 
from sulfide could be extracted as electricity abiotically while the anodic 
microbiome contributed to a higher current production for a longer period of 
time. In addition, graphite felt was also tested in an abiotic system to investigate 
if the electrochemical sulfide oxidation was surface limited. Compared to 
graphite paper, the felt-electrode system produced much higher current and 
degraded sulfide more rapidly (Paper IV, Fig. 2D inset), suggesting that the 
process was limited by surface area of the electrode. The comparison between 
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Overview of electrochemical performance (Papers I 
to IV) 
At the time of writing, published records for extremophilic BES studies utilizing 
ISC as substrates with available current density and CE values are scarce. As a 
result, BESs operated at extremophilic conditions utilizing various organic and 
inorganic substrates were compared in Table 2 in terms of operational 
conditions, the choice of inocula, the choice of electron donors, as well as 
electrochemical parameters. 
 

Both the acidophilic MFC study (Papers I & II) and the study conducted by 
Sulonen and colleagues (2015) used an inoculum from mining operations to 
remediate tetrathionate in MFCs. The maximum current density and CE values 
achieved in both studies were relatively low compared to the other studies listed 
in Table 2. This implies that not all the electrons released in the oxidation of 
tetrathionate were recovered as electrical current. Potential electron competing 
processes included the fixation of carbon dioxide, maintaining pH homeostasis 
(Paper II), or trace level of oxygen that diffused into the anodic compartment 
that consumed electrons (Paper I and Sulonen et al., 2015). The psychrophilic 
MFC study (Paper III) produced lower current density and CE compared to the 
study performed by Catal and colleagues (2011). This was expected because the 
metabolism of the inorganic thiocyanate required the autotrophic population to 
fix inorganic carbon for biomass growth, which needed additional energy and 
compromised the CE (Jurtshuk, 1996). Compared to the higher temperature of 
14 °C chosen by Catal and colleagues (2011), the temperature of 8 °C in the 
psychrophilic MFC study might also explain the lower current density. 
Compared to the study conducted by Rousseau et al., (2013) that utilizes a 
highly saline anolyte (0.8 M Na+) as well as the study conducted by Badalamenti 
et al., (2013) at pH 9.3, the haloalkaliphilic MEC study achieved considerable 
current density and CE, potentially due to the enhanced electrical conductivity 
by the high salinity. It is noticeable that despite the substrate being inorganic 
(sulfide), relatively high current density and CE was still possible to achieve. 

 
Although the maximum current and CE values achieved in this thesis were 

sub-optimal compared to the other listed studies, they serve as the proof-of-
principle for ISC remediation using the BES technology.  
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carry out long distance electron transfer have 16S rRNA gene sequences similar 
to D. alkaliphiles AHT2T (Muller et al., 2016). Due to anodic current 
production being facilitated by this mixed microbial consortium, EET must 
have been carried out in this study. The Desulfurivibrio-like population could 
be a novel candidate for EET and the electrode functioned as a selecting 
pressure to enrich this population. However, this speculation needs to be 
validated in future studies using molecular tools such as genomics, 
transcriptomics, and proteomics.  

Post analysis of the electrode surface 
In a separate abiotic experiment, electrical impedance measurement was 

carried out that showed the electrical resistance of the graphite paper electrode 
increased by 37.8% from 0.92 Ω to 1.26 Ω over 6 hours. SEM imaging revealed 
that the inspected area on the electrode was covered by precipitates (Fig 14A) 
and EDS analysis showed that the major elements were carbon (68.2%) and 
sulfur (30.1%). The precipitates from the electrode were analyzed by XRD 
showing its composition to be elemental octasulfur (S8). In addition, the 
graphite paper electrode used in the third biotic batch experiment was also 
inspected using SEM, revealing curved rod-shaped bacterial-like components. 
These finding suggested that elemental sulfur deposition during the abiotic 
batch experiments passivates the graphite paper electrode. In contrast, the 
electrode was inhabited by microorganisms that might have contributed to 
sulfide oxidation and electron transfer to the electrode (Paper IV, Fig. 4B).  

Summary of the haloalkaliphilic MEC study (Paper IV) 
This study demonstrated the possibility to oxidize sulfide under high pH and 
high salinity conditions. The biotic current was higher than the abiotic current 
suggesting the ability of microorganisms to oxidize sulfide to sulfate. The 
anodic microbiome was dominated by sulfide-metabolizing microorganisms 
and in particular, a Desulfurivibrio population dominated the electrode surface. 
This might suggest a novel candidate to oxidize sulfide and carry out EET in 
BES. Although adjusting the anode potential did not result in the reduction of 
sulfate, it is worthwhile investigating this approach in more details in future 
studies. Findings from this study offer a new direction to remediate sulfide 
bioelectrochemically, which is more energy efficient and more environmentally 
friendly. 
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pressure to enrich this population. However, this speculation needs to be 
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increased by 37.8% from 0.92 Ω to 1.26 Ω over 6 hours. SEM imaging revealed 
that the inspected area on the electrode was covered by precipitates (Fig 14A) 
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This might suggest a novel candidate to oxidize sulfide and carry out EET in 
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studies. Findings from this study offer a new direction to remediate sulfide 
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General conclusions and future outlook 

Extremophiles live and thrive in numerous hostile conditions on earth and their 
survival depends on their biological capabilities to metabolize multiple sources 
of nutrients (e.g. carbon, sulfur, nitrogen etc.,) coupled to different energy 
conservation strategies. These metabolic potentials make them candidates for 
the remediation of industrial waste streams with extreme conditions that could 
tremendously profit the humankind. In this thesis, three extremophilic microbial 
consortiums that previously have not been shown electrochemically-active were 
introduced into BESs. Experimental results revealed evidences for ISC 
degradation and the occurrence of EET, showing the potential of extremophilic 
BES for the remediation of ISC-containing wastewaters. 
 
    In the acidophilic MFC study, the Ferroplasma-like population was 
suggested to be the most active and grew via metabolizing ISCs while 
synthesizing redox-active molecules that could potentially mediate EET. 
Metatranscriptomic data suggested a complex multi-species tetrathionate 
metabolism to support the growth and facilitate EET of the anodic biomass. It 
was also speculated that the organic carbon produced by autotrophs supported 
heterotrophs, suggesting mutualistic interactions within the community. The 
psychrophilic MFC study demonstrated the first utilization of an autotrophic 
microbial consortium in MFCs that could couple thiocyanate degradation to 
electricity generation at low temperature. 16S rRNA gene amplicon sequencing 
and the analysis of RNA transcripts suggested that Thiobacillus was the most 
abundant population. mRNA analysis suggested that the degradation of 
thiocyanate; the oxidation of reduced sulfur compounds; EET to the anode via 
soluble shuttles; the fixation of carbon dioxide; and cold adaptation processes 
were mostly associated with unclassified Bacteria and unclassified 
Proteobacteria populations, potentially attributed to the Thiobacillus genus. In 
both acidophilic MFC study and psychrophilic MFC study, the achieved CE 
values were relatively low, potentially due to electron-competing metabolic 
processes such as the fixation of carbon dioxide and the adaptation to the 
extreme conditions. Data from the haloalkaliphilic MEC study revealed that the 
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General conclusions and future outlook 

Extremophiles live and thrive in numerous hostile conditions on earth and their 
survival depends on their biological capabilities to metabolize multiple sources 
of nutrients (e.g. carbon, sulfur, nitrogen etc.,) coupled to different energy 
conservation strategies. These metabolic potentials make them candidates for 
the remediation of industrial waste streams with extreme conditions that could 
tremendously profit the humankind. In this thesis, three extremophilic microbial 
consortiums that previously have not been shown electrochemically-active were 
introduced into BESs. Experimental results revealed evidences for ISC 
degradation and the occurrence of EET, showing the potential of extremophilic 
BES for the remediation of ISC-containing wastewaters. 
 
    In the acidophilic MFC study, the Ferroplasma-like population was 
suggested to be the most active and grew via metabolizing ISCs while 
synthesizing redox-active molecules that could potentially mediate EET. 
Metatranscriptomic data suggested a complex multi-species tetrathionate 
metabolism to support the growth and facilitate EET of the anodic biomass. It 
was also speculated that the organic carbon produced by autotrophs supported 
heterotrophs, suggesting mutualistic interactions within the community. The 
psychrophilic MFC study demonstrated the first utilization of an autotrophic 
microbial consortium in MFCs that could couple thiocyanate degradation to 
electricity generation at low temperature. 16S rRNA gene amplicon sequencing 
and the analysis of RNA transcripts suggested that Thiobacillus was the most 
abundant population. mRNA analysis suggested that the degradation of 
thiocyanate; the oxidation of reduced sulfur compounds; EET to the anode via 
soluble shuttles; the fixation of carbon dioxide; and cold adaptation processes 
were mostly associated with unclassified Bacteria and unclassified 
Proteobacteria populations, potentially attributed to the Thiobacillus genus. In 
both acidophilic MFC study and psychrophilic MFC study, the achieved CE 
values were relatively low, potentially due to electron-competing metabolic 
processes such as the fixation of carbon dioxide and the adaptation to the 
extreme conditions. Data from the haloalkaliphilic MEC study revealed that the 
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microorganisms facilitated the removal of sulfide. The bioelectrochemically 
produced current was greater than electrochemically produced current due to 
the ability of microorganisms to carry out complete oxidation from sulfide to 
sulfate. Finally, the Desulfurivibrio population enriched on the electrode surface 
in this study was suggested to be a novel candidate to carry out EET.  
 
    The process of EET is the foundation of BES. Since current molecular 
knowledge of EET mechanisms from the organisms present in this thesis were 
not available, EET mechanisms from the model organisms Geobacter and 
Shewanella were used as benchmarks instead. And this approach was 
complemented by electrochemical measurements. It also implies the necessity 
to carry out more research to discover and validate EET mechanisms from non-
model organisms in the future. Evidence for EET facilitated by the three types 
of extremophilic anodic microbiomes were observed, showing the wide range 
of extremophilic BES applications. Furthermore, the three studies offer insights 
such as the cycling of sulfur, carbon and nitrogen as well as microbial adaptation 
mechanisms to extreme conditions; such knowledge could benefit future 
bioremediation using extremophilic BESs as well as enrich the current 
understandings of microbial metabolism of these elements. In addition, these 
studies demonstrated that the use of high throughput multi-omics techniques is 
powerful to profile microbial community composition; to unravels genetic 
potential of the microbiome under investigation as well as to examine the active 
metabolic processes being undertaken. An excellent example is the finding that 
the Ferroplasma-like population that was suggested to metabolize ISCs and 
carry out EET via soluble electron shuttles. However, one should be aware of 
the limitations from individual techniques and use multiple approaches that 
complement each other in order to accurately represent the study subject. 
 
    Finally, this thesis demonstrated that BESs are a promising technology that 
not only can recover electrical energy from the oxidation of waste or toxic 
compounds, but also provide an excellent platform that allow us to investigate 
the process of EET. Compared to conventional treatments for ISCs such as 
chemical dosing, BESs are cost-effective and renewable (as the catalyzing 
microorganisms can renew themselves). Admittedly, the current state of BESs 
isn’t mature enough to be implemented on an industrial scale. This will require 
more research to understand the microbiology, as well as the optimization of 
the engineering aspects. However, the combination of extremophiles and BESs 
has opened new possibilities to remediate “extreme” pollution streams in a more 
environmentally friendly manner.  
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