
Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

Review

Extremophiles for microbial-electrochemistry applications: A critical review

Namita Shresthaa, Govinda Chilkoora, Bhuvan Vemuria, Navanietha Rathinamb, Rajesh K. Sanib,
Venkataramana Gadhamshettya,c,⁎

a Civil and Environmental Engineering, South Dakota School of Mines and Technology, 501 E Saint Joseph Blvd, Rapid City, SD 57701, United States
b Chemical and Biological Engineering, South Dakota School of Mines and Technology, 501 E Saint Joseph Blvd, Rapid City, SD 57701, United States
c Surface Engineering Research Center, South Dakota School of Mines and Technology, 501 E Saint Joseph Blvd, Rapid City, SD 57701, United States

A R T I C L E I N F O

Keywords:
Extremophiles
Halophiles
Thermophiles
Bioelectrochemistry

A B S T R A C T

Extremophiles, notably archaea and bacteria, offer a good platform for treating industrial waste streams that
were previously perceived as hostile to the model organisms in microbial electrochemical systems (MESs). Here
we present a critical overview of the fundamental and applied biology aspects of halophiles and thermophiles in
MESs. The current study suggests that extremophiles enable the MES operations under a seemingly harsh con-
ditions imposed by the physical (pressure, radiation, and temperature) and geochemical extremes (oxygen levels,
pH, and salinity). We highlight a need to identify the underpinning mechanisms that define the exceptional
electrocatalytic performance of extremophiles in MESs.

1. Introduction

Extremophiles can survive as well as thrive in harsh conditions
imposed by physical (pressure, radiation, and temperature) and geo-
chemical extremes (desiccation, oxygen levels, pH, salinity and redox
potential) that challenge the typical functions of life (Gerday &
Glansdorff, 2007; Singh, 2012; Stan-Lotter & Fendrihan, 2012). The
definition of an extremophile often varies and it depends upon the
perspective of the reader (e.g., anthropocentric, ecological and philo-
sophical perspectives) (Rothschild & Mancinelli, 2001). Nevertheless, it
has been unanimously agreed that extremophiles live in a variety of
harsh physiological conditions including subzero temperatures (gla-
ciers) as well as the boiling conditions (volcanoes) (Stan-Lotter &
Fendrihan, 2012) (Table 1).

In our earlier studies, we have demonstrated that thermophiles live
in the deep mine tunneling environments of the Sanford Underground
Research Laboratory (SURF) at a depth of 2000 feet where the tem-
perature can reach as high as 100 OF. The SURF is an abandoned gold
mine in the South Dakota state, which is currently being used as the
deep underground facility for carrying out dark matter and neutrino
experiments. Our recent reports have provided details about the ex-
tremophiles that exist in the SURF environments (Rastogi et al., 2009;
Rastogi et al., 2010; Singh et al., 2017). Extremophiles have been re-
ported to live in deep biospheres, hot springs, and saline water bodies.

Extremophiles can be used to develop a range of commercial pro-
ducts in agriculture, mining, nanotechnology, and other industrial

sectors. To identify the types of extremophiles that have been recently
implemented in microbial electrochemical systems (MESs), we have
searched seven popular databases including Scopus, Elsevier, Google
scholar, National Center for Biotechnology Information, PubMed NCBI,
Google.com, world cat, using the six keywords (extremophiles, ther-
mophiles, halophiles, high temperature microbes, high salt microbes,
and MESs). The search process indicated that 68% of the extremophile-
based MESs were based on halophiles and thermophiles
(Supplementary Fig. S1). Fig. 1 depicts an overview of the physical
limits tolerated by the thermophiles and halophiles, respectively.
Table 2 provides relevant examples of the thermophiles and halophiles
that were previously isolated from Dead Sea, SURF, and Yellow stone
national park.

Here we provide a critical overview of the fundamental and applied
aspects of the MES studies (through November 2017) based on halo-
philes and thermophiles. The reader is suggested to review the recent
literature to gain an understanding about other extremophiles (acid-
ophiles, alkaliphiles psycrophiles, piezophiles, and xerophiles) in the
MES applications (Dopson et al., 2016). First, we present an overview of
halophiles and thermophiles in MESs. Next, we discuss the survival
mechanisms used by these two extremophiles (Figs. 2, 3). The re-
maining part of the study will focus on the: (1) potential applications of
halophiles and thermophiles in MESs; (2) knowledge gaps related to
electrocatalysis and extracellular electron transfer mechanisms of ha-
lophiles and thermophiles; (3) and potential engineering challenges
posed by hot and hypersaline electrolytes. Due to the limited and
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Table 1
Classification and examples of extremophiles.

Environmental parameter Type Definition Examples

Chemical extreme Gases Metals Tolerates high level of metal C. caldarium (pure CO2)
Ferroplasma acidarmanus (Cu, As, Cd, Zn)

Desiccation Xerophiles Anhydrobiotic Artemia salina, Nematodes, Microbes, Fungi, Lichens
Gravity Hypergravity > 1g Unknown

Hypogravity > 1g Unknown
Oxygen tension Anaerobe Does not require oxygen Methanococcus jannaschii

Microaerophile Tolerates some oxygen Clostridium
Aerobe Requires oxygen H. sapiens

pH Alkaliphile pH > 9 Natronobacterium, Bacillus firmus OF4, Spirulina spp. (all pH 10.5)
Acidophile Low pH loving Cyanidium caldarium,

Ferroplasma sp. (both pH 0)
Pressure Barophile Weight-loving Unknown

Piezophile Pressure-loving Desulfuromonas acetoxidans
Radiation – – Deinococcus radiodurans
Salinity Halophile Salt-loving (2–5M NaCl) Halobacteriaceae, Dunaliella salina
Temperature Hyperthermophile > 80 °C Pyrolobus fumarii, 113 °C

Thermophile 60–80 °C Synechococcus lividis
Mesophile 15–60 °C Homo sapiens
Psychrophile < 15 °C Psychrobacter

Vacuum Tolerates vacuum Tardigrades, Insects

Adapted from (Rothschild & Mancinelli, 2001).

Fig. 1. Physical limits for select extremophiles and potential benefits of extremophiles a) Thermophiles (temperature limits) b) Halophiles (salinity ranges). Notes: MESs-Microbial
electrochemical systems Physical Limits adapted from (Rothschild & Mancinelli, 2001; Crowley, 2017).
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delayed availability of R&D studies on the specific defense strategies
used by the extremophiles in MESs, we limit our discussion to the
survival strategies exhibited by the extremophiles in the natural en-
vironments.

2. Overview of MES, halophiles, and thermophiles

MESs enable interactions between living cells and electrodes or
capacitive materials for generating electricity, energy carriers (hy-
drogen and methane), or chemicals (chlorine and sodium hydroxide)
from organic matter. MES is represented by an “MXC” where X stands

for an application of interest. F in MFC stands for fuel cell, where MFC
is a microbial fuel cell. Other MXCs include microbial desalination cells
(MDCs), microbial electrolysis cells (MECs), and microbial capacitive
deionization cells (MCDCs). They can be used for treating the waste
streams, as well as for pretreating or polishing the effluents from
anaerobic digestion, membrane bioreactor, and membrane filtration
technologies (Dai et al., 2017). We encourage the readers to review the
recent literature to get an insight on the state-of-the art MESs (Gude
et al., 2013; Harnisch & Schröder, 2010; Logan, 2010; Logan & Rabaey,
2012; Pant et al., 2011; Pant et al., 2010; Wang & Ren, 2013). The MESs
can also be integrated with phototrophic microorganisms to develop

Table 2
Novel thermophiles and halophiles isolated from Sanford underground research laboratory (SURF) and Yellowstone national park in the United States and from other parts of the world.

S.N Strain Source Benefit

Thermophile
1 Geobacillus sp. strain GHH01 Botanischer Garten, Germany Produces extracellular thermostable lipases
2 Geobacillus sp. isolate T6 Thermal spring, Argentina Possesses 878 enzyme-coding genes of potential application on agriculture,

environment, biosensor, biotechnology, medicine, biofuel, food, and other
industries

3 Geobacillus thermopakistaniensis strain MAS1 Hot spring, Pakistan Possesses unique combination of glycosyl hydrolases genes and other
industrially important enzymes

4 Geobacillus sp. Strain WSUCF1 Compost facility, United States Produces highly thermostable lignocellulose deconstruction enzymes when
grown on lignocellulosic substrates (e.g. corn stover, prairie cord grass)
Useful for biofuel production processes

5 Geobacillus thermodenitrificans DSM 101,594 Compost facility, Lithuania Possesses number of genes encoding enzymes of potential biotechnological
importance

6 Geobacillus sp. Strain Sah69 Hot Saharan soil, Algeria Potential sources of novel enzymes, such as those involved in the degradation
of recalcitrant polymers

7 Geobacillus sp. Strain FW23 Mehsana oil wells, India Possesses genes encoding enzymes involved in the degradation of aromatic
and aliphatic compounds such as toluene, xylene, naphthalene,
dichlorobenzene, bromobenzene, dichloroethylene, and trichloroethylene

8 Geobacillus stearothermophilus Strains 22 and 53 Garga hot spring, Russia Contains active enzymes in ionic liquid and is a promising method for
pretreatment of lignocellulosic biomass

9 Geobacillus sp. Strains AMR5420 and CAMR12739 Skaltholt, Iceland Degrades plant cell wall hemicellulose polymers into their component pentose
sugars

10 Geobacillus stearothermophilus Evaporator in a milk powder
manufacturing plant, New Zealand

Adapts to specific environment such as milk powder manufacturing plants

11 Geobacillus sp. Strain ZGt-1 Zara hot spring, Jordan Produces antimicrobial peptide
12 Geobacillus sp. 44B SURF, United States Produces high level of extracellular cholesterol oxidase
13 Geobacillus sp. 44C SURF, United States Adapts to significant evolutionary pressures exerted by its naturally

inhospitable conditions (hot, dark, and deep subsurface)
14 Geobacillus sp. 46C-IIa SURF, United States Adapts to significant evolutionary pressures exerted by its naturally

inhospitable conditions (hot, dark, and deep subsurface)
15 Geobacillus sp. 47C-IIb SURF, United States Adapts to significant evolutionary pressures exerted by its naturally

inhospitable conditions (hot, dark, and deep subsurface)
16 Geobacillus thermocatenulatus SURF, United States Adapts to significant evolutionary pressures exerted by its naturally

inhospitable conditions (hot, dark, and deep subsurface)
17 Geobacillus thermocatenulatus SURF, United States Adapts to significant evolutionary pressures exerted by its naturally

inhospitable conditions (hot, dark, and deep subsurface)
18 Geobacillus thermocatenulatus SURF, United States Adapts to significant evolutionary pressures exerted by its naturally

inhospitable conditions (hot, dark, and deep subsurface)

Halophile
19 Halogeometricum borinquense type strain (PR3T) Solar salterns of Cabo Rojo, Puer-to

Rico
Grows aerobically and anaerobically (using nitrate as electron acceptor) in
extremely high salt conditions

20 Halomicrobium mukohataei type strain (arg-2 T) Alinas Grandes in Jujuy, Argentina Grows essentially aerobically, but can also grow anaerobically under a change
of morphology and with nitrate as electron acceptor

21 Chromohalobacter salexigens type strain (1H11T) Netherlands Antilles Synthesizes of ectoines (ectoine and hydroxyectoine) for cell stress protection
22 Haloarcula marismortui, Natrialba asiatica,

Halorubrum lacusprofundi, Halobaculum gomorrense
Solar saltern facilities, the Dead Sea
coast

Exhibits both bacterial and eukaryotic characteristics as well as uniquely
archaeal traits

23 Hahella chejuensis Coastal marine sediment, South
Korea

Helps in mitigation of algal blooms, genetic make-up, physiology, biotic
interactions and biological roles in the community of a marine bacterium

24 Haloarcula marismortui Dead Sea Adapts to an acidic proteome of average isoelectric point of 4.5
Lives in an organic-rich environment and extreme environment (high or low
oxygen concentrations, harsh radiation, and the potential for desiccation

25 Halorhodospira halophila SL1 Oregon, United States Grows at photoautotrophic extreme conditions Capable of sulfur metabolism.
26 Chromohalobacter salexigens Bonair, Netherlands Antilles Functions at high salt concentration and contains highly acidic proteins
27 Halanaeroarchaeum sulfurireducens Altai, Russia Grows exclusively by sulfur respiration
28 Mobilitalea sibirica Siberia, Russia Ferments variety of mono-, di- and polysaccharides, including

microcrystalline cellulose

Note: SURF –Sanford underground research facility; Adapted from (Alkhalili et al., 2015; Baliga et al., 2004; Bezuidt et al., 2015; Bhalla et al., 2013; Burgess et al., 2015; Challacombe
et al., 2013; Copeland et al., 2011; De Maayer et al., 2014; Goo et al., 2004; Jeong et al., 2005; Malfatti et al., 2009; Oren et al., 2005; Ortiz et al., 2015; Petkauskaite et al., 2017;
Podosokorskaya et al., 2014; Pore et al., 2014; Rozanov et al., 2014; Rozanov et al., 2015; Siddiqui et al., 2014; Singh et al., 2017; Sorokin et al., 2016; Tindall et al., 2009; Wiegand et al.,
2013).
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photosynthetic applications (ElMekawy et al., 2014; Gajda et al., 2013;
Rosenbaum et al., 2010; Xiao & He, 2014). The biology of photo-
synthetic microorganisms in MESs has been well documented in the
recent literature (de-Bashan et al., 2008; Gonzalez et al., 2009; Morita
et al., 2000; Pan et al., 2011). The recent literature provides a deeper
understanding on the role of photosynthetic microbes in the MESs
(Barnard et al., 2010; Pikuta & Hoover, 2004; Tiwari & Pandey, 2012).

Recent studies have shed a light on the molecular mechanisms used
by the halophiles for protecting their proteins under the saline condi-
tions (DasSarma & DasSarma, 2015; Yin et al., 2015). These findings
pave a path for using the halophiles in MESs for treating recalcitrant
waste streams including produced water generated during the frac-
turing of the tight oil shales. The produced water is characterized by a
range of xenobiotic compounds (biocides, organic solvents, and corro-
sion inhibitors), detritus of the fractured well (naturally occurring
radioactive materials), and unusually high levels of dissolved solids
(220,000mg L−1) (Shrestha et al., 2017a), reducing its amenability in
typical biological processes. Our recent study suggest that microbial
fuel cells and microbial capacitive deionization cells can treat produced
water from the Bakken shale (Shrestha et al., 2018). The use of halo-
philes in MESs can increase the options for treating hypersaline was-
tewater streams that account for nearly 5% of the worldwide effluents
(Grattieri et al., 2017). MESs are yet to be explored as alternatives to
membrane separation and ion exchange processes currently used for
treating saline streams from tanning, textile dyeing, pulp and paper
production, and mining (Details of halophile-based MESs in Section 5).
On the other hand, thermophiles are beneficial for treating lig-
nocellulosic substrates, along with the benefits related to enhanced
electrocatalysis rates, reduced mass transfer limitations, and improved
ability to inhibit pathogens.

2.1. Electrocatalytic activity of extremophiles

A majority of the reported studies attribute the enhanced electro-
catalytic of extremophiles to their ability to live under extreme phy-
siological conditions (e.g., high temperatures) that enhance the elec-
trocatalytic kinetics (Supplementary Table S1). For example, in a study
by Parameswaran et al. (2013), it has been reported that Thermincola
ferriacetica offers high current density (8 A/m2) when compared with
the MESs studies based on the mesophiles. The enhanced electroactivity
of this thermophile has been attributed to the operating variables re-
lated to the temperature (60 °C); electrodes with enhanced surface
properties; and efficient catalysts. However, it is not clear if the unique
biological machinery of the thermophiles contribute to the improved
electrocatalytic activity.

2.2. Unique membrane structure in thermophiles and halophiles

Extremophiles adapt to the challenging physiological conditions by
modifying their membrane structure. Thermophiles respond to changes
in external temperature by modifying its cytoplasmic membrane lipid
composition (Koga, 2012; van de Vossenberg et al., 1998). The mem-
brane structure of thermophiles has been reported to be characterized
by a unique lipid structure based on ether lipids, ester lipids, tetraether
lipids, diethertype polar lipids, and isofatty acids (Koga, 2012). For
example, the fatty acid composition of the membranes in Clostridia has
been reported to be associated with higher content of the saturated li-
pids including straight chain and branched-chain fatty acids (Chan
et al., 1971). In contrast, the membranes in the mesophiles and psy-
chrophiles are solely based on the unsaturated fatty acids. Details on the
membrane structure of the thermophiles have been documented in the
literature (Meruelo et al., 2012; Zeldovich et al., 2007).

Halophiles deal with the osmotic stress by modifying their mem-
brane systems to pump the potassium into the cell while pumping the
sodium out of the cell (Reed et al., 2013). The lipid constituents in their
membranes have been reported to be based on the hydrocarbon sub-
stituents saturated phytanyl groups linked by ether bonds to glycerol
carbons 2 and 3 (Quinn et al., 1986); and the lipid structure was highly
charged and hydrated with polar head groups. The membranes in the
extremely halophilic Archaea are characterized by the abundance of a
diacidic phospholipid, archaetidylglycerol methyl phosphate, ac-
counting for 50–80mol% of the polar lipids. Further, they are char-
acterized by the absence of phospholipids with choline, ethanolamine,

Fig. 2. Schematic illustrates the energy-generation processes of T. tengcongensis in re-
sponse to increasing temperatures. Notes: Rectangular box-Upregulated proteins in re-
sponse to an increase in the growth temperature. They are located in the cytoplasm and
they are involved in glycolysis and the related pathways. Elliptical box-Downregulated
proteins in response to an increase in the temperature. They are associated with the
membrane and they are involved in the sulfur respiration. NitroR-nitroreductase; Ndh-
NADH dehydrogenase FAD-containing subunit; Nuo EFG-NADH dehydrogenase/
NADH:ubiquinone oxidoreductase subunit E/F/G; Etf-electron transfer flavoprotein;
PFOR-pyruvate:ferredoxin oxidoreductase and related 2-oxoacid:ferredoxin oxidor-
eductase; Fe-S Cluster-Fe-S-cluster-containing hydrogenase; BCKDHC-branched-chain
alpha-keto acid dehydrogenase complex; FNR-ferredoxin-NADP(H) reductase; APDH-
glyceraldehyde-3-phosphate dehydrogenase; OADC-oxaloacetate decarboxylase; PDC-
pyruvate dehydrogenase complex. NADP-Nicotinamide adenine dinucleotide phosphate.
Adapted from (Wang et al., 2015).

Fig. 3. A summary of the coordinative network of the study of the survival mechanisms of
thermophiles using omics approaches. Notes: Genomics studies-Demonstrates thermal
tolerance depends on heritable variations such as genomic size shrinkage, horizontal DNA
transfer, and gene mutation Gene expression in the transcriptome and proteome-
Illustrates that global transcriptional regulation of key functional genes is an efficient
method for responding to increasing temperatures. Proteomics evidence-Demonstrates
that thermophiles contain gene clusters that encode thermostable proteins. Thermophiles
have pivotal functions for living cells, including proteins in the heat shock proteins fa-
mily, glycolysis pathway, antioxidants, and antitoxins. Adapted from (Wang et al., 2015).
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inositol, and serine head groups (Tenchov et al., 2006).
We highlight the need for studies to investigate if the unique

membrane structures in the halophiles (or thermophiles) contribute to
the bio-electrocatalysis in MESs. It is currently unknown if the mem-
brane structure in the halophiles (or thermophiles) can enhance the
mass transfer characteristics of the solutes (electron donors and elec-
tron acceptors) across the membrane; electrocatalytic rates; expression
of electron transfer proteins; and the electron transfer kinetics in MESs.

3. Survival mechanisms

Extremophiles belonging to archaea, bacteria, and eukarya use si-
milar strategies to thrive under harsh conditions, specifically by se-
creting a range of indigenous metabolic products (extremolytes), ex-
tremozymes, and primary and secondary products. The secreted
products allow the proteins to adapt their conformations and motions in
response to the stressful conditions (Babu et al., 2015).

3.1. Defense mechanisms of thermophiles

Fig. 2 depicts an overview of the processes used by Thermo-
anaerobacter tengcongensis sp. to survive under hot conditions. They use
the following sequential steps: activate the transcriptional regulators of
the gene clusters of sulfur respiration and glycolysis; form an inverse
coordination network in gene expression; attenuate the respiration ca-
pacity of the membrane proteins; and increase the energy generation
through the carbohydrate metabolism (Wang et al., 2015). The prior
studies have attributed the defense mechanisms of thermophiles to their
ability to upkeep protein stability and the enzyme activity under hot
conditions (Gerday & Glansdorff, 2007). Based on crystal structure of
the reported thermophilic enzymes, the thermostability of the proteins
in thermophiles has been attributed to processes related to the amino
acid substitutions, hydrophobic cores, buried polar contacts and ion
pairs, and interactions among subunits (Wang et al., 2015). A series of
genome, transcriptome, and proteome studies, along with the multiple
omics information, are required to understand the specific defense
mechanisms used by thermophiles in MESs.

3.1.1. The genomic evolution of thermophiles
A shift in the temperature induces genomic evolution, which in turn

confers thermal-tolerant abilities under the high temperatures. These
evolutionary changes are typically achieved through horizontal gene
transfer, gene loss, or gene mutations (Wang et al., 2015).

3.1.2. Base biases of thermophilic genomes
A high guanine and cytosine content contributes to the thermo-

stability of the genome, which is correlated with the growth tempera-
ture. A high level of adenine plus guanine content in mRNAs has been
identified as a selective response for survival among thermophiles. The
base biases affect the variations of amino acid usages and composition
in the proteomes of thermophiles. The amino acid usage strategy helps
thermophiles adapt to hot conditions (Wang et al., 2015).

3.1.3. Global gene expression responses to high temperatures
Thermophiles elicit a prompt physiological response to temperature

changes by forming a functional network within the cells and main-
taining the optimal expression status of certain genes (Goh et al., 2017).
The transcriptome and proteome data at the opposite sides of central
dogma represent the gene expression status in thermophiles. The in-
tegration of the two sets of gene expression data constitutes a founda-
tion for investigating the adaptive mechanisms of thermophiles (Wang
et al., 2015).

3.1.4. Thermostability of proteins
The pH or salt concentration can vary in the inner cellular bound-

aries when compared to that in the outer cell boundaries. However,

temperature can affect the cells that are not necessarily characterized
by differences in the temperatures at the outer and inner cellular
boundaries. Most often, the thermophiles grown under high tempera-
tures face a challenge to stabilize their cellular proteins in the native
configurations (Gerday & Glansdorff, 2007; Wang et al., 2015). Recent
proteomic developments offer a convincing evidence to support stabi-
lity of proteins in thermophiles (Wang et al., 2015).

Fig. 3 presents an omics perspective about the different adaptation
mechanisms used by thermophiles, specifically related to genetic se-
lection and functional acclimatization (Fig. 3) (Wang et al., 2015). The
omics data can delineate the following aspects of defense strategies
used by thermophiles: the macromolecules that participate in heat
shock responses; the molecular machinery for synthesizing thermo-
stable proteins; and the functional network used to acclimatize the
proteins under high temperatures.

3.2. Defense mechanisms of halophiles

Table 3 provides an overall ionic composition of hypersaline lakes
that are characterized by both the neutral and alkaline lakes. Halophiles
have been reported to survive in both the neutral and alkaline types of
hypersaline lakes, even when the salt concentration is as high as 15%
(w/v).

The first defense mechanism used by the halophiles involves an
accumulation of molar concentrations of K+ and Cl−. This strategy
requires an extensive adaptation of the intracellular enzymatic ma-
chinery to the salts, because the indigenous proteins will be required to
maintain their conformation and activity under saturated salt condi-
tions. Halophiles adapt by regulating the salt concentration in their
cytoplasm. In turn, the cytoplasmic proteins of the halophiles adapt to
the environment by accumulating anionic amino acids on the cell sur-
faces for improving the stability and activity of the proteins in the non-
aqueous solvents. Halophiles reduce their osmotic pressure by gath-
ering high levels of low-molecular-weight neutral organic species
(Crowley, 2017; Litchfield, 1998). Another strategy is based on the
biosynthesis or accumulation of osmolytes (e.g., ectoine and glycine
betaine), especially in terms of the biochemical adaptations of their
proteins, lipids, and nucleic acids (Litchfield, 1998). These details are
summarized below.

3.2.1. Proteins
Halophilic archaeal proteins are modified to contain high levels of

acidic amino acids (glutamic acid and aspartic acid). The excess acidic
amino acid residues (12–20mol%) on the external surface of the pro-
tein and around the N-termini stabilize the helices through the salt
bridge. As the internal concentration of K+ ions become equivalent to
the external concentration of Na+, the ionic interaction between the
negative charges on the proteins and the K+ ions enable the formation
of a hydration shell around the proteins. Further, many enzymes re-
quire an elevated levels of K+ to maintain their activity. Such ionic

Table 3
Ionic Composition of Different Types of Salt Lakes.

Great Salt
Lake

Marine
Saltern

Zugm Soda
Lake

Gaar Soda
Lake

Dead Sea

Na+ 105.4 65.4 142 137 39.2
K+ 6.7 5.2 2.3 1.4 7.3
Mg2+ 11.1 20.1 – – 40.7
Ca2+ 0.3 0.2 – – 16.9
Cl− 181 144 154.6 173.7 212.4
so42− 27 19 22.6 48 0.5
Carbonates 0.7 – 67.2 6.6 0.2
Total salts 332.5 253.9 393.9 374.2 322.6
pH 7.7 7 11 10.9 6

Adapted from (Litchfield, 1998).
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environment and the acidic nature of the proteins involve a series of
interactions, resulting in the protein stabilization. This provides a
conducive aqueous environment that supports the functionality of the
proteins that are found on the exterior cell surfaces or within the in-
tracellular cytoplasmic environments.

3.2.2. Lipids
The halophiles contain a unique set of lipids that are composed of

ether linkages to the glycerol. These ether-linked side chains are com-
prised of four to five branched isoprenoid units. This combination is
stable in the ionic environment while maintaining the proper mem-
brane fluidity to allow the passage of molecules across the cell wall
membrane complex. These lipids are essential for maintenance of the
outer and cytoplasmic membranes as they are less prone to hydrolysis
(Litchfield, 1998).

3.2.3. Nucleic acids
Although many bacteria have high guanine to cytosine ratio in their

DNA, the guanine plus cytosine content in all of the known halophilic
Archaea ranges from 59.5 to 71.2% (Litchfield, 1998; Moore &
McCarthy, 1969). The high guanine plus cytosine content allows for an
extra H-bonding that increases the stability of the DNA when exposed to
the high intracellular cation concentrations.

4. Thermophilic MESs

4.1. Summary of existing studies

Table 4 provides an overview of the MESs operated under thermo-
philic conditions (55 to 80 °C). Examples of the studied thermophiles
include Thermodesulfobiaceae sp., (Dai et al., 2017), Thermoanaerobacter
pseudethanolicus (Lusk et al., 2015), Caldanaerobacter subterraneus (Fu
et al., 2015), Thermodesulfobacterium commune (Fu et al., 2015), Ther-
mincola ferriacetica (Marshall & May 2009; Parameswaran et al., 2013),
Caloramator australicus (Fu et al., 2013), Thermincola sp., (Wrighton
et al., 2008), Thermoanaerobacter sp., (Zhang et al., 2016), Bacillus sp.,
(Choi et al., 2004; Zhang et al., 2016) and Bacteroidetes sp. (Ha et al.,
2012). Majority of these studies investigated the effects of the physio-
logical parameters (temperature, pH, and buffer concentrations) on the
MES performance. For example, Parameswaran et al., 2013 assessed the
effects of the pH on the growth of T. ferriacetica biofilms on the elec-
trode surfaces at 60 °C. Their study concluded that T. ferriacetica gen-
erates lower electric current under acidic conditions when compared
with neutral and alkaline conditions. They have also indicated that the
thermophiles yields higher current density under higher bicarbonate
buffer, indicating that the buffer can alleviate pH depression and en-
hance the thickness of T. ferriacetica biofilms.

Owing to the differences in the MES architectures (e.g., electrode
and membrane materials, inter-electrode spacing, and physiological
conditions) used by different researchers (Table 4), it is not possible to
directly compare their performances. Nevertheless, thermophiles can be
expected to yield impressive performance in MESs (e.g., current density
of 8 A/m2 by Thermincola ferriacetica) (Parameswaran et al., 2013).

4.2. Electrocatalysis

Bio-electrocatalysis refers to a type of catalysis that influences the
rates of bio-electrochemical reactions on an electrode surface. The
electrocatalysis rates will be influenced by both the physiological
conditions (temperature, pressure, ionic conductivity, and electrode
potential) and the physicochemical characteristics of the waste streams
(e.g., temperature and total dissolved solids of complex waste streams).
The prior studies indicate the electroactive nature of the thermophiles
(Table 5). Thermophiles offer performance benefits in the MESs by
enabling the MES operations at elevated temperature, enhancing rates
of substrate oxidation, providing higher product yield, increasing the

range of amenable substrates, and finally enhancing bio-electrocatalysis
rates by improving the enzyme induction process (Table 4). The se-
lectivity varies with the type of thermophilic strain and the corre-
sponding enzymes. Nevertheless, a broad specificity is advantageous for
MES applications. Thermophile isolates can use cellulose and lignin
substrates and they may obviate the need for the co-cultures in MESs.
For example, Zhiyong’s group have used a defined coculture (cellulo-
lytic fermenter Clostridium cellulolyticum and the electrogenic Geobacter
sulfurreducens) to treat cellulose substrates in MFCs (Ren et al., 2007).

Efforts are underway by our group to develop thermophilic
Geobacillus sp. strain WSUCF1 for treating complex substrates (e.g.,
prairie cordgrass and food waste) in MFCs (Shrestha et al., 2017c). This
study will facilitate the use of monocultures of thermophiles for treating
complex substrates in MFCs (> 60 °C). Bhalla et al. (2013) reported the
draft genome sequence of strain WSUCF1 that was originally isolated
from the compost facility. The Geobacillus sp. strain contains genes
encoding glycoside hydrolases that has the potential to degrade lig-
nocellulosic biomass (Bhalla et al., 2013). The genome of strain
WSUCF1 contains 865 open reading frames (ORFs) for carbohydrate
metabolism, out of which 70 ORFs are involved in polysaccharide de-
gradation, 13 ORFs in xylan degradation, and 3 in cellulose degradation
(Bhalla et al., 2015). Thermostable xylanase enzymes produced by the
strain WSUCF1 exhibit high thermostability compared to those from
other model microorganisms (Bhalla et al., 2015). They exhibit optimal
growth rates under temperatures as high as 70 °C under neutral pH
conditions. Their half-lives were also found to be as high as 18 and
12 days at 60 and 70 °C, respectively (Bhalla et al., 2015). Thermostable
xylanase produced by strain WSUCF1 exhibit enhanced activity and
high tolerance to xylose. For example, WSUCF1 incubated with p-ni-
trophenyl xylopyranoside secretes β-xylosidase enzyme, whose speci-
fic activity was as high as 133 U/mg. In a recent study by our group, we
have investigated the extracellular electron transfer capabilities of a
previously unexplored Geobacillus sp. strain WSUCF1 in MFCs (Shrestha
et al., 2017b) .

The earlier studies indicate that Thermincola ferriacetica strain Z-
0001 and Thermincola sp. strain JR generates electric current from
carbon substrates using the electrode as the sole terminal electron ac-
ceptor (Marshall & May 2009; Wrighton et al., 2008). Mixed cultures
based on Thermincola carboxydophila and others related to T. carbox-
ydophila, uncultured Firmicutes and Deferribacteres (43 mW/m2 at
60 °C) were also found to generate electric current in absence of ex-
ternal mediator supplements. These studies indicates the ability of the
thermophiles to participate in the direct electron transfer (DET) pro-
cesses.

A study by Wegener et al. (2015) provides an interesting observa-
tion on the direct interspecies electron transfer (DIET) between anae-
robic methanotrophic archaea (ANME) and sulfate reducing bacteria
(SRB) under thermophilic conditions (60 °C) (Wegener et al., 2015). In
the natural environments of marine sediments, the consortia consisting
of ANME and SRB have been reported to mediate the anaerobic oxi-
dation of methane. ANME oxidizes methane and transfers the electrons
to SRB HotSeep-1, which further mediates sulfate reduction. Under the
thermophilic conditions that have been reported to favor anaerobic
oxidation of methane, ANME and SRB express extracellular cyto-
chromes that facilitate the cell-cell contact and results in the DIET be-
tween them. It has been reported that HotSeep-1 can upregulate genes
for pili nanowires in presence of the methane. Finally, these studies
conclude that the syntrophic growth of anaerobic methanotrophic
consortia is driven by the DIET between ANME-1 and HotSeep-1
(Wegener et al., 2015).

Olloqui-Sariego et al. (2014) have carried out a detailed study to
investigate the effects of temperature on the electron-transfer kinetics
of thermophilic protein Plastocyanin from Phormidium laminosum.
These proteins were found to be adsorbed on 1,ω-alkanedithiol self-
assembled monolayers (SAMs) deposited on gold (Olloqui-Sariego
et al., 2014). The electron transfer rates were studied as a function of
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electrode–protein distance and solution viscosity over a broad range of
temperatures (0–90 °C). For both the thin and thick SAMs, the electron-
transfer regime was not influenced by the operating temperature.
However, for the 1,11-undecanethiol SAM of intermediate chain length,
they observed a kinetic regime changeover from a gated or friction-
controlled mechanism at low temperatures (0–30 °C) to a non-adiabatic
mechanism when the temperature exceeded 40 °C.

The prior studies have established the electrocatalytic activity of the
Gram-positive Thermincola potens strain JR (Carlson et al., 2012;
Wrighton et al., 2011). These studies reveal that the redox-active
components were not released by T. potens into the electrolyte; instead,
the strain JR mediates the direct electron transfer using the c-type cy-
tochrome and transfers the charges from the membrane of the cell to its
surface. However, in contrast, other studies suggest that the thicker cell
wall and a glycoprotein S-layer in Gram-positive bacteria weakens their
ability to mediate the DET reactions (Wrighton et al., 2011).

Thermophilic conditions may improve the prospects for Gram-po-
sitive bacteria in the MES applications. This conclusion is based on the
finding related to the thermostability of ferredoxin in Bacillus schlegelii
sp. (Aono et al., 1995). Ferredoxins are non-heme iron proteins that
contain redox-active iron-sulfur clusters, which serve as the active sites
and facilitate electron transfer reactions. The redox potential of the
ferredoxin depends upon the structure of the cluster and its micro-
environment. The activity of Azotobacter-type 7Fe ferredoxin from Ba-
cillus schlegelii has been found to improve by 10, 20 and 30% when the
heat treatment temperature increased to 60, 80 and 90 °C, respectively.
The increased activity of the ferredoxin at higher temperatures has been
attributed to interconversion of [4Fe-4S] cluster to [3Fe-4S] cluster.
Ferredoxin remained stable even after five hours of heat treatment at
60 °C (Aono et al., 1995).

4.3. Knowledge gaps

The selection of thermophiles is not a straightforward process and it
depend upon a combination of factors related to physico-chemical
characteristics of the waste streams, performance targets (current
density, coulombic efficiency, power density), process parameters
(conversion efficiency, biomass yield of or product-per-electron,), and
physiological constraints (growth requirements) (Koch & Harnisch,
2016). Many of the prior studies indicate that thermophiles facilitate
both the DET (Carmona-Martínez et al., 2013; Wrighton et al., 2011)
and mediated electron transfer (MET) mechanisms (Abrevaya et al.,
2011) in MESs (Table 5). Further studies may be required to discern the
following aspects of thermophiles in MESs: (1) the molecular mechan-
isms that facilitate the DET through membrane-bound proteins and
organelles (cytochromes and pili); (2) the cellular or molecular features
that enhance electrocatalytic performance; (3) an optimal combination
of electrolyte viscosity, inter-electrode spacing, and temperature that
provide a suitable protein conformation that promotes electron transfer
capabilities of thermophiles. What are the unique electron transfer
mechanisms that help thermophiles use recalcitrant substrates as the
electron donors, especially under the thermal shock imposed by ther-
mophilic conditions? What are the unique morphological and physio-
logical characteristics that help thermophiles resist temperature shock?

Further studies are required to delineate the relative contributions
of operating conditions (i.e., high temperature) and the physiology
parameters (e.g., nanowire conductivity) to the enhanced electro-
activity of thermophiles. The system level definitions (e.g., coulombic
efficiency and current density) for electroactivity do not take into ac-
count the influence of the cellular physiology parameters (e.g., nano-
wire conductivity, size of cellular redox pool or capacitance, and ex-
tracellular electron transfer rates coupled with microbial metabolism).
Further, owing to the variations in the experimental set up and tech-
niques used in different MES studies, it may not be fair to use the system
level parameters for comparing electroactivity of thermophiles with
other model organisms. To ascertain the enhanced electroactivity byTa
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extremophiles, studies are warranted to quantify the following para-
meters: cell growth rates; redox reaction kinetics of relevant Faradaic
reactions; electron transfer rates; and interplay between the factors
related to electroactive bacteria (extracellular transfer mechanisms and
associated kinetics), underlying electrode surface (surface properties,
electron transfer properties), and physiological conditions (concentra-
tion, pH, temperature). Nevertheless, thermophiles provide an exciting
opportunity for treating a range of complex substrates in MESs (mi-
crobial fuel cells, microbial electrolysis cells, microbial desalination
cells, and microbial electro synthesis) under a broad range of harsh
conditions including cold, hot, acidic, and alkaline conditions. They can
pave a path for developing MESs for the deep biosphere and extra-
terrestrial applications.

4.4. Unique applications

Thermophiles provide a good platform for treating complex sub-
strates such as marine sediments (Mathis et al., 2008), oil and gas
wastewater (Fu et al., 2015), distillery wastewater (Ha et al., 2012),
and municipal wastewater (Jong et al., 2006) (Table 4). They can also
treat wastewaters from alcohol distilleries, hydrothermal vents, brew-
eries, and meat industry. Thermophiles offer triple benefits: waste
treatment, pathogen inhibition, and generation of electricity or valu-
able products.

4.5. Engineering challenges

From the operations standpoint, the large-scale, thermophilic MES
operations (< 100 °C) will require sophisticated equipment such as
water-jacketed, water bath, or double walled reactor systems. Further,
autoclave systems will be required to sustain MES operations at tem-
peratures above 100 °C. From the materials standpoint, thermophilic
operations require electrolyte, electrode, and membrane materials to
withstand temperatures ranging from 41 to 122 °C. These conditions
pose the following challenges: (1) corrosion and microbial corrosion of
the metals; (2) membrane degradation and associated reduction in
conductivity (Chandan et al., 2013); and (3) reduced solubility of gases
in the electrolyte. Thermophilic conditions may result in the formation
of gas bubbles and induce an erroneous measurements of electro-
chemical signals. Reference electrodes can suffer from stability issues
when they undergo rapid hydrolysis under aqueous and hot conditions
(Wildgoose et al., 2004). The following sections highlight other po-
tential issues in the MESs and corresponding challenges.

4.5.1. Potential effects of thermophilic conditions on redox-active shuttling
compounds

A majority of redox-active, shuttling compounds observed in MESs
can be expected to remain stable under the thermophilic systems. The
melting points of anthraquinone 2,6-disulfonic acid, cobalt sepulchrate,
neutral red, azure A, and humic acids lie in a range of 200 to 300 °C.
The values of the melting points are an order of magnitude lower when
compared with the typical temperatures encountered in the thermo-
philic MESs (Supplementary Table S2). On the other hand, thermophilic
conditions can promote the kinetics of MET reactions facilitated by
these shuttling compounds (Table 2).

4.5.2. Frequent media replacements in the thermophilic, fed-batch MESs
Higher temperatures enable faster reaction kinetics and they can

demand frequent electrolyte replacement in the fed-batch MESs. This
problem can be mitigated by initiating the fed-batch reactor operations
with higher substrate loading (i.e., higher substrate). However, this has
to be done carefully to prevent any possible adverse effects. For ex-
ample, in a fed-batch MFC study by Pannell et al. (2016), it was con-
cluded that an increase in the substrate concentration from 1.3 g/L to
2.6 g/L resulted in an enhanced current density; however, a further
increase has been reported to be detrimental to the overall performance

of the MFCs (Pannell et al., 2016). It is also critical to adopt the field
experience from contemporary biological systems (e.g. anaerobic di-
gestions) which have successfully operated in the fed-batch mode to
repeat the following benefits: enhanced substrate utilization, enhanced
cell growth rates, and higher organic loading rates.

4.5.3. Degradation of proton exchange membranes under high temperatures
Higher temperatures reduce the permeability of the proton ex-

change membrane (PEM) separators by dehydrating their sulphonated
polymer groups. These challenges can be addressed by using the PEM
materials (sulfonated hydrocarbon polymers, composite membranes
(e.g., polymers doped with graphene oxide), and solid acid membranes)
that withstand the hot conditions (Park et al., 2011). The PEMs func-
tionalized with organic and inorganic blocks have also been reported to
withstand thermophilic conditions. Examples include phosphoric acid-
doped polybenzimidazole membrane; high molecular weight polymer
membranes (e.g., N-substituted structures) (Li et al., 2009); sulfonated
poly (ether ketone) membranes (Parnian et al., 2017); styrene grafted
polyethylene membranes (Nasef et al., 2017); and phosphorylated
graphene oxide-sulphonated polyimide composites (Shukla et al.,
2016). These membranes remain stable in a temperature range of 60 °C
to 160 °C (Nasef et al., 2017; Shukla et al., 2016). The following
membranes that have already been explored in the MFC applications:
sulfonated polyethersulfone (Zinadini et al., 2017), PEMs based on
polybenzimidazole (Angioni et al., 2017); and silica-based organically-
functionalized mesostructured fillers (Angioni et al., 2016).

5. Halophilic MESs

5.1. Summary of existing studies

Table 4 provides an overview of the halophiles used in the MES
applications. They have been evaluated with the salt concentrations in
the electrolytes ranging from 35 to 280 g/L. The evaluated halophiles
include Bacteroides sp., (Shehab et al., 2017), Exiguobacterium acet-
ylicum (Chen et al., 2013), Geoalkalibacter subterraneus DSM 23483
(Badalamenti et al., 2013), Proteobacteria (Carmona-Martínez et al.,
2015), Geoalkalibacter subterraneus (Carmona-Martínez et al., 2013),
Halanaerobium praevalens (Monzon et al., 2016), M. hydro-
carbonoclasticus (Monzon et al., 2016), Stenotrophomonas sp., RB1B
(Jayashree et al., 2016), Halanaerobium praevalens (Monzon et al.,
2017), Haloferax volcanii (Naraghi et al., 2015), Natrialba magadii
(Naraghi et al., 2015), Desulfuromonas (Marone et al., 2016) and
Geoalkalibacter (Marone et al., 2016).

5.2. Electrocatalysis

Halophiles enable MES operations under high pH, elevated levels of
dissolved solids, and salinity. The saline conditions are known to
minimize unintended consequences of contamination during treatment
of unprocessed waste. Higher salinity offers the following additional
benefits: enhanced proton transfer across the ion exchange membranes,
decreased internal resistance, enhanced current density, and a flex-
ibility to treat a wide array of carbon substrates (Lefebvre et al., 2012).
The prior studies have demonstrated the electroactive nature of the in
the MESs (Table 5). However, there are limited number of studies that
provide in-depth details on the biological mechanisms used by the
halophiles in MESs. Following sections provide a generic information
about halophiles, and this knowledge can provide a preliminary insight
on how halophiles may survive hypersaline environments in MESs.

Genetically edited halophiles have been used to produce a range of
products including hydrolases amylases, xylanases and cellulases, pro-
teases, β-Carotene, and glycerol (Yin et al., 2015). Unlike typical pro-
teins that undergo aggregation, denaturation, and precipitation under
saline conditions, proteins expressed by the halophiles remain stable
under the elevated levels of salinity. Genomic and structural analyses
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have established that the enzymes of halophilic Archaea and bacteria
are negatively charged due to excessive acidic residues, which enhance
their solubility, and promote their function under low water activity
conditions.

The members of halophilic Archaea group prefer aerobic or fa-
cultative anaerobic conditions (oxygen or nitrate as the terminal elec-
tron acceptor), conferring them an ability to metabolize carbon sub-
strates under a range of reducing conditions (Litchfield, 1998). Pure
cultures of obligate anaerobic haloarchaea (e.g. halobacteriaceae) have
been reported to grow exclusively by the sulfur respiration (Sorokin
et al., 2016). Anaerobic halotolerant bacteria (e.g. Mobilitalea sibirica)
hydrolyze complex polymeric substrates such as peptone, xylose, tre-
halose, maltose, cellobiose, dextrin, xanthan gum, lichenan, xylan, filter
paper, CM-cellulose and microcrystalline cellulose (Podosokorskaya
et al., 2014).

It has been reported in several studies that cytochrome represent a
major component of the respiratory chain used by the halophiles
(Cheah, 1970a; Cheah, 1970c). A classic study by Cheah’s group has
provided a first insight on the presence of cytochromes a3 and o in
Halobacterium cutirubrum and Halobacterium salinarium (Cheah, 1970a;
Cheah, 1970c). Archaebacterium and Halobacterium halobium contains
b-type cytochromes and a low levels of cytochromes o and a1 (Cheah,
1970b; Gradin & Colmsjö, 1989). Electron transport chain in Halo-
bacterium cutirubrum was characterized by a-type, b-type, and c-type
cytochromes (Lanyi, 1968). An aerobic haloalkaliphilic archae-
bacterium (Natronobacterium pharaonic) has been reported to express a
high level of redox proteins, cytochrome bc, cytochrome c, cytochrome
ba3, and ferredoxin under halophilic conditions (Scharf et al., 1997). A
recent study has demonstrated that the tricarboxylic acid cycle of De-
sulfuromonas soudanensis strain contains 38 putative multi-heme c-type
cytochromes, along with a cytochrome predicted to lie within a puta-
tive prophage (Badalamenti et al., 2016). However, further studies are
required to establish the specific roles of these cytochromes on the
extracellular electron transfer capabilities of the halophiles in MESs.

A recent study showed that Desulfuromonas soudanensis releases
electrons at positive potentials (100mV higher than the typical poten-
tials) compared to Geobacter sulfurreducens (Badalamenti et al., 2016).
This study suggest that extracellular respiration of D. soudanensis is
tuned for higher potential electron acceptors (Badalamenti et al., 2016).
Halotolerant strain Shewanella marisflavi EP1 has been used to deco-
lorize the azo dyes (Xu et al., 2016). Lactococcus lactis and P. hauseri
have also been used for the reductive decolorization of reactive blue
160 (Chen et al., 2013; Chen et al., 2011). However, it is uncertain if
these halophiles exhibit electrogenic capabilities. The electric current
observed in these strains could be due to the presence of redox-active
species (riboflavin and flavin-type compounds) in their culture media.

5.3. Knowledge gaps

Table 5 provides a summary of the studies that investigated the
modes of extracellular electron transfer (EET) mechanisms in halo-
philes. These studies indicate that EET in halophiles is either based on
the DET or MET mechanisms. However, their findings are primarily
based on the electroanalytical analysis and they do not necessarily
identify the underpinning biological mechanism responsible for the EET
processes. Modern sequencing techniques (whole genome sequencing)
can be combined with classic electrochemical tools (cyclic voltam-
metry) to discern the electron transfer mechanisms in halophiles. Al-
though electron transfers mechanisms have been well established in
electrogens from Geobacteraceae and Shewanaellaceae families, such
comprehensive studies are yet to be established for the recently re-
ported halophiles. Specifically, it is important to establish the ecology
and growth characteristics of the halophiles in MESs, under the com-
bined influence of salinity, pH, and temperature. Studies are also
warranted to evaluate the use of unexplored haloalkalithermophiles,
haloalkaliphiles, and halothermophiles in MESs.

5.4. Unique applications

The earlier studies have used halophiles for treating brine waste,
seafood processing effluent, produced water, and sea sediments. Saline
wastewater reduce ohmic losses and enhance electrical performance of
MESs (Carmona-Martínez et al., 2013; Rousseau et al., 2013). Our re-
cent studies demonstrate the use of halophile-based MESs for treating
produced water generated during crude oil production from the frac-
tured Bakken shale. The produced water is characterized by extremely
high levels of total dissolved solids (150 g/L), chemical oxygen demand
(10 g/L), toxic and radioactive elements, and a range of xenobiotic
compounds (Shrestha et al., 2017a). 94% of microbial population in the
biofilm conditioned in saline media was based on Chromohalobacter sp.
We evaluated the feasibility of treating the produced water in both the
MFCs and MCDCs. The polarization resistance (6600 Ω.cm2) in the
MCDCs was one order of magnitude higher when compared to the MFCs
(870 Ω.cm2). However, the MCDCs achieved two-fold higher total dis-
solved solids removal when compared to that in the MFCs (Shrestha,
2017).

Halophiles provide a new platform for treating saline wastewaters
from agriculture, aquaculture, and industrial sectors. The seawater,
brines and industrial wastewater represent an untapped sources of
critical metals and elements. The halophiles in MESs can likely be used
to mine critical metals and elements from brine wastes. They can also
be used to harvest valuable chemicals from the saline waste streams.

5.5. Engineering challenges

Hyper-saline environments pose a series of material degradation
challenges (biofouling and corrosion) to the exposed electrode and
membrane materials in MESs. Electrodes, current collectors, and fittings
based on the metals that are exposed to higher levels of chloride ions
are susceptible to pitting or galvanic corrosion. The material degrada-
tion issues will eventually appear in the form of measurement anoma-
lies, increased impedance, and reduced performance of MESs. Corrosion
resistant material will address some of these issues but they are ex-
pensive compared to conventional materials (Oren, 2010). Aromatic
polyether ether ketone (PEEK) polymers and borosilicate materials are
the two possible materials that withstand hypersaline environments
(Lorantfy et al., 2014).

MESs based on aerobic halophiles will face challenges posed by the
low oxygen solubility under saline conditions. This challenge can be
addressed by using a gas distribution device with nozzles to pump
smaller quantities of air to enhance the concentration of dissolved
oxygen (Hezayen et al., 2000). Saline electrolytes can induce the
fouling issues due to alkalization, evaporation, sorption, and crystal-
lization processes (Jiang et al., 2011; Zhuang et al., 2012). PEMs ex-
posed to high salinity will suffer from fouling problems due to con-
centration polarization. In our recent study, we indicated that the
electrode and membrane materials exposed to the produced water from
the Bakken shale are gradually fouled with the crystalline deposits of
salt, and the fouling issues became apparent within 80 days of the
MCDC operation (Shrestha, 2017; Shrestha et al., 2018). The electro-
chemical impedance spectroscopy analysis showed that the fouling is-
sues result in a gradual increase in the overall impedance of both the
MFCs and MCDCs that are fed with the produced water (Shrestha, 2017;
Shrestha et al., 2018). Other recent studies have also corroborated that
the electrolytes based on the brackish water can foul the electrode and
membrane materials in MESs (Jiang et al., 2011; Zhuang et al., 2012).

6. Conclusion

Microbial electrochemical systems exhibit an unlimited potential to
change our lives in many exciting ways. Their performance can be fully
optimized by performing bio-electrochemical reactions at extremes of
temperature and salinity. However, further studies are required to
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uncover the secrets behind the enhanced electrocatalytic activity of the
extremophiles. It is currently unknown if the unique cellular and
morphological characteristics of extremophiles promote their electro-
catalytic activity. It is also unknown if they live under the harsh con-
ditions by a chance or due to a necessity. Nevertheless, extremophiles
present new opportunities for transforming recalcitrant waste streams
into valuable products.
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