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ABSTRACT

Microbial electrochemical systems exploit the metabolism of microorganisms to generate electrical energy or a useful
product. In the past couple of decades, the application of microbial electrochemical systems has increased from the use of
wastewaters to produce electricity to a versatile technology that can use numerous sources for the extraction of electrons
on the one hand, while on the other hand these electrons can be used to serve an ever increasing number of functions.
Extremophilic microorganisms grow in environments that are hostile to most forms of life and their utilization in microbial
electrochemical systems has opened new possibilities to oxidize substrates in the anode and produce novel products in the
cathode. For example, extremophiles can be used to oxidize sulfur compounds in acidic pH to remediate wastewaters,
generate electrical energy from marine sediment microbial fuel cells at low temperatures, desalinate wastewaters and act
as biosensors of low amounts of organic carbon. In this review, we will discuss the recent advances that have been made in
using microbial catalysts under extreme conditions and show possible new routes that extremophilic microorganisms open
for microbial electrochemical systems.

Keywords: anode-respiring bacteria; bioanode; bioelectrochemical systems; electricity generation; extremophiles; microbial
electrolysis cells; microbial fuel cells; MEC; MFC

INTRODUCTION

Microbial electrochemical systems (MESs) describe all electro-
chemical devices that make use of microbial catalysts to drive
or accelerate electrochemical reactions at the anode, the cath-
ode or both electrodes (Rabaey and Rozendal 2010; Logan and
Rabaey 2012). An MES in which energy is recovered is a micro-
bial fuel cell (MFC), while a system which requires the input of
electrical energy to drive a reduction reaction is amicrobial elec-
trolysis cell (MEC) (Logan et al. 2006, 2008).

The discovery that an electrical current can be derived di-
rectly from organic electron donors (e.g. acetate) led to the test-
ing of a nearly endless number of substrates for microbial-
assisted production of electrons (Pant et al. 2010). At first, this
production was mainly used to (i) extract the energy avail-
able from wastewaters (Logan et al. 2006), (ii) remove recalci-
trant organic and inorganic compounds (Kim et al. 2008; Catal,
Bermek and Liu 2009; Mu et al. 2009; Ter Heijne et al. 2010;
Virdis et al. 2010), (iii) extract energy from plant rhizodeposits
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(Strik et al. 2011) or (iv) power small-scale off-grid devices and
sensors (Shantaram et al. 2005). These applications have evolved
into chemical ormicrobial catalyzed generation of productswith
a higher added value from the produced electrons, such as hy-
drogen (Logan et al. 2008), methane (Cheng et al. 2009), hydrogen
peroxide (Rozendal et al. 2009), and short- and medium-chain
fatty acids (Steinbusch et al. 2011; van Eerten-Jansen et al. 2013).
The more recent discovery that these electrons can be used to
drive microbial metabolism opens up a whole newworld of pos-
sible products ofwhichwe cannot yet see the full impact (Rabaey
and Rozendal 2010; Nevin et al. 2011). Nowadays, even the ionic
current generated with the production of the electrical current
is used to drive separation processes such as the recovery of am-
monia (Kuntke et al. 2012), the production of alkalinity (Sleutels,
Hamelers and Buisman 2010; Modin et al. 2011) or to provide ad-
ditional energy to drive microbial activity (Logan and Elimelech
2012).

GENERAL PRINCIPLES OF MESs

Oxidation of a substrate can be spontaneous as well as chem-
ically or microbially catalyzed reaction to form one or multiple
products and in an electrochemical reaction the electrons are re-
leased (Fig. 1a). The derived electrons are transferred to the solid
anode either directly or indirectly viamediators wherefrom they
flow through an external electrical circuit to the cathode. At the
cathode the electrons are combined with an electron acceptor

Figure 1. Schematic of a bioelectrochemical system. The system typically con-

sists of anode (where substrate is oxidized (a)) and cathode (where the product is
formed (b)) compartments separated by amembrane. Energy is applied bymeans
of a power supply in MECs (c) or harvested from the system in MFCs (d). The an-
ode and cathode chambers can be separated by various types of membranes

(e–g) or be a single chamber without an ion exchange membrane (h).

to form a product. Again, similar to the anodic reaction, this can
be catalyzed by microbes or metals (Fig. 1b).

Reactions at the anode

Microorganisms that predominantly act as catalysts inMESs and
pass electrons to the anode are termed ‘electricigens’ (the term
used in this review), ‘electrogens’, ‘anodophiles’ or ‘anode respir-
ing bacteria’. Electricigens have been identified from a range
of phyla but those commonly identified in high abundance are
from the Proteobacteria and Firmicutes. The two most studied
species are Geobacter sulfurreducens (Caccavo et al. 1994) and She-
wanella oneidensis (Venkateswaran et al. 1999). However, many
other species have been identified depending on the conditions
in the anodic chamber. In this review, we will discuss alterna-
tive electricigens that have been reported to live under extreme
conditions.

In ideal conditions, the anode compartment lacks any al-
ternative external electron acceptors such that the cells pass
their electrons to the anode via either the ‘direct’ or ‘indirect’
mechanisms (Fig. 1a). The direct mechanism involves anaero-
bic electron transport down the electron transport chain be-
fore transfer to the insoluble electron acceptor (the anode). This
transfer is mediated by c-type cytochromes and iron-sulfur pro-
teins localized to the cell surface (Liu et al. 2014). An addi-
tional proposed method of direct electron transfer (at a dis-
tance) is via nanowires (Reguera et al. 2005) that are produced
by many electricigens. The mechanism by which electricigens
transfer electrons to the anode via cytochromes and nanowires
is under intense scrutiny (Lovley and Malvankar 2015; Mal-
vankar et al. 2015). Indirect transfer of electrons to the an-
ode involves soluble redox shuttles, termed ‘mediators’. Me-
diators can be either organic (e.g. humic acids) or inorganic
(e.g. the S0/H2S shuttle) and in a mixed microbial culture, elec-
tron transfer to the anode by mediators is not necessarily lim-
ited to the species that produces the shuttle. Microbial pop-
ulations within the anode chamber can exist as planktonic
cells that utilize mediators, as a biofilm formed on the sur-
face of the anode that facilitates direct electron transfer, or a
combination thereof. These populations can be single species
or mixed populations that can act in a synergistic manner
to break down complex organic compounds to simple com-
pounds that can be utilized by the electricigens. However, com-
peting microbial metabolisms that divert electrons from being
transferred to the anode, such as methanogenesis, can also
occur.

Reactions at the cathode

Electrons from the anode flow to the cathode where the reduc-
tion reaction takes place (Fig. 1b). The final electron acceptor
varies depending on the type of system and its application. In
an MFC for electricity production, oxygen is commonly used as
the electron acceptor as it is abundant and sustainable due to
its reduction product being water (Logan et al. 2006; Clauwaert
et al. 2007; Virdis et al. 2008). On the other hand, MECs rely on
the input of additional external energy supplied by a power sup-
ply and can be used for production of valuable resources, such
as hydrogen at the cathode (Logan et al. 2008). Major advantages
of hydrogen-producing MECs is that the energy consumption is
substantially less than that required for conventional electroly-
sis of water (Liu, Grot and Logan 2005; Rozendal et al. 2006) and
a much higher yield of hydrogen can be reached (Logan et al.
2008).
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Separators

In many cases the electrodes are separated by an ion exchange
membrane that allows the anolyte and catholyte to be of differ-
ent compositions. The ion exchange membrane also prevents
product and substrate crossover, makes production of a pure
product in both anode and cathode possible, and enables trans-
port of specific ionic charge and the rejection of the opposite
ionic charge. An anion exchange membrane allows negatively
charged ions to be transported and positive ions are rejected
(Fig. 1e), while a cation exchange membrane transports posi-
tive ions and rejects anions (Fig. 1f). With the expanding field
of MES applications, more severe conditions are being employed
in operating these cells. For example, a bipolar membrane can
be used to maintain a large pH gradient between the anode and
cathode (Fig. 1g) (Ter Heijne et al. 2006; Harnisch, Schröder and
Scholz 2008; Harnisch and Schröder 2009). In some cases, this
charge separation is not required and the ion exchange mem-
brane can be left out or a non-selective barrier is used (Fig. 1h).

Thermodynamics

Depending on the value of the Gibbs free energy change (�Gr)
of both the oxidation reaction at the anode and the reduction
reaction at the cathode, energy needs to be applied by means
of a power supply (�Gr > 0; Fig. 1c) or energy can be harvested
from the system (�Gr < 0; Fig. 1d). For the reaction vAA + vBB →
vCC + vDD, the Gibbs free energy change can be calculated using
equation 1:

�Gr = �G0
r + RT ln

(
[C ]vC [D]vD

[A]vA [B]vB

)
, (1)

where �Gr
0 is the Gibbs free energy change under standard con-

ditions (298 K, 1 bar and 1 M concentration for all species), R is
the universal gas constant (8.31 J mol−1 K−1), T is the tempera-
ture in degrees Kelvin, [i] is the concentration of a specific reac-
tant (mol L−1) and vi is the reaction coefficient. InMESs, it ismore
convenient to express the Gibbs free energy change (kJ mol−1) of
the overall reaction as the potential difference between the oxi-
dation (anode) and reduction (cathode) reaction (�E; V) which is
related to the Gibbs free energy of the overall reaction according
to equation 2:

Er = −�Gr

nF
, (2)

where n is the amount of electrons involved in the reaction.
These anode (Ean) and cathode (Ecat) potentials can be calculated
in a similar way as the energy change of the total reaction in an
MFC but then related to a reference potential. From these anode
and cathode potentials, the cell voltage can be calculated using
equation 3:

Ecell = Ecat − Ean (3)

From a microbial perspective, it is interesting to see the
amount of energy that is available to generate ATP. A schematic
representation of the electron flow from microorganism to the
electrode is given in Fig. 2. The microorganisms oxidize a sub-
strate to a product from which electrons are released into the
electron transfer chain. The energy level of these electrons is
determined by the Gibbs free energy change of this oxidation
reaction. Finally, the electrons are transferred to the electrode

Figure 2. Schematic representation of the electron flow from microorganism to
the electrode. The microorganisms oxidize a substrate (S) to a product (P) from
which electrons are released into the electron transfer chain. The energy level

of these electrons is determined by the Gibbs free energy change of this oxida-
tion reaction (EP/S). Finally, the electrons are transferred to the electrode surface
by a redox active enzyme. The energy at which the electrons are released is de-
termined by the final step in the electron transfer chain and the enzyme that

catalyzes this final step (Ean). Figure adapted from Hamelers et al. (2011 ).

surface by a redox active enzyme or cytochrome. The energy at
which the electrons are released is determined by the final step
in the electron transfer chain and the enzyme that catalyzes this
final step.

For the anode, the maximum amount of work that can be
performed by the microorganisms is determined by the energy
available from the substrate (Ep/s), the energy level at which
these electrons are donated to electrode (Ean; anode potential)
and the rate (I; current density) at which they are converted,
which is in turn related to the anode potential. In more general
terms, this potential difference between the thermodynamic po-
tential and the actual potential is known as the electrode over-
potential (η) and includes an activation and concentration term.
The concentration term is determined by the concentration of
the reacting species (both substrates and products) and themass
transfer in the system, which in most cases is limited by diffu-
sion. The activation overpotential is mostly determined by the
catalyst, in this case the microorganism, and the energy it re-
quires to transfer the electrons.

EXTREME CONDITIONS AND EXTREMOPHILES

Extreme conditions are those that are harmful for most life on
earth and encompass both physical (e.g. high and low tempera-
tures) and geochemical (e.g. high metal concentrations or under
extreme nutritional limitations) conditions (Fig. 3). Extreme mi-
lieu are defined taxonomically (rather than anthropocentrically)
as environments with low species diversity where whole taxo-
nomic groups are missing (Bott and Brock 1969). These environ-
ments can be natural in origin such as Mono Lake, California,
that is both alkaline and hypersaline (Antony et al. 2013); po-
lar sites that have low temperatures and in some cases are arid
(Cowan et al. 2014); and hydrothermal vents that are high tem-
perature (Dick et al. 2013). In addition, extreme environments
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Figure 3. Classes of extremophilic microorganisms that have been utilized in MESs, their defining characteristic and an example of an environment where they grow.

Photographs are by the authors except of the chloride and soda lakes (courtesy Dimitry Sorokin) and the Antarctic Sea (courtesy Daniel Bengtsson).

can be anthropogenic in origin such as metal laden, acidic mine
waters (Dopson and Holmes 2014) or nuclear waste sites high
in radioactivity (Morozkina et al. 2010). Extremophilic microor-
ganisms that inhabit these environments have been identified
from all three domains of life (Pikuta, Hoover and Tang 2007).
These organisms are adapted to live and thrive in these chal-
lenging conditions and in most cases are incapable of growth
under non-extreme conditions. One example is the extreme aci-
dophile Picrophilus oshimae that has an optimum growth pH of
0.7 and the cells burst above pH 4 (van de Vossenberg et al. 1998).
At least 15 classes of extremophiles have been defined such as
cryptoendoliths that live in spaces between rocks and xerophiles
that are able to survive in very dry conditions. The extremophile
groups that have been utilized in MESs and are described in this
review include acidophiles and alkaliphiles, psychrophiles and
thermophiles, halophiles and oligotrophs.

Acidophiles are defined as having an optimum growth pH < 5
(extreme acidophiles have an optimum pH < 3) and include Bac-
teria, Archaea and Eukaryota. Species range from low tempera-
ture adapted acidophiles to thermoacidophiles. Various species

can oxidize ferrous iron (Bonnefoy and Holmes 2012), sulfur and
inorganic sulfur compounds (Dopson and Johnson 2012), and or-
ganic carbon for energy (Sato and Atomi 2011) and in some cases
fix CO2 for organic carbon (Dopson 2012). Acidophiles utilize sev-
eralmechanisms to copewith lowpH includingmembranes that
are resistant to the influx of protons, an internal negative mem-
brane potential that inhibits the influx of protons, as well as
primary and secondary proton transporters (reviewed in Slon-
czewski et al. 2009). As a result of catalyzing metal sulfide disso-
lution, acidophiles are also often required to be tolerant to very
high metal loads and the underlying mechanisms are a combi-
nation of both biotic and abiotic systems (reviewed in Dopson
and Holmes 2014; Dopson et al. 2014).

Alkaliphiles grow in a pH range of 8.5–11 and also include
examples from all three domains of life. They are found in en-
vironments that include soda lakes, alkaline soils and the Red
Sea and are often also halophilic, termed ‘haloalkaliphiles’. Al-
kaliphiles maintain their internal pH ≥ 2 pH units below that of
the external milieu in part by exploiting a sodium motive force
(sodium cannot be replaced by potassium) to conserve energy
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(Slonczewski et al. 2009; Hicks et al. 2010). Other alkaliphile pH
homeostatic mechanisms include the Mrp Na+/H+ antiporter,
additional transport systems and a voltage-gated sodium chan-
nel, NaVBP (reviewed in Slonczewski et al. 2009). In contrast,
some alkaliphiles (but not halophiles) grow best in the absence
of sodium (Tiago et al. 2006). Alkaliphiles have been extensively
used in other biotechnologies, primarily enzymes for detergents
(Sarethy et al. 2011).

Psychrophiles (also known as cryophiles) are defined as hav-
ing an optimum growth temperature <15◦C and being able to
replicate at <0◦Cwhile psychrotolerant species grow at low tem-
peratures but their optimal temperature is >15◦C. The abso-
lute lowest temperature for life is unclear but cellular activ-
ity occurs as low as −20◦C and cells can reproduce at −12◦C
(Rivkina et al. 2000). Natural low-temperature environments in-
clude the deep oceans, Antarctica and the Arctic, mountain ar-
eas and glacial ice, whileman-made fridges and freezers are also
permanently cold. Due to these diverse areas, low-temperature
environments cover approximately 80% of the globe resulting
in psychrophiles being the most common and diverse of the
known extremophiles. Much research has been directed at their
low-temperature adaptations that include areas of the genome
with high GC; proteins with increased flexibility, decreased ther-
mostability and higher activity; expression of genes associated
with the cold shock response; and physiological adaptations in
the membrane, cryoprotectants, anti-freeze proteins and pro-
duction of extracellular polysaccharide (reviewed in De Maayer
et al. 2014).

Thermophiles are predominantly archaea that grow at tem-
peratures above 45◦C and up to the present temperature maxi-
mum for growth, 122◦C (Takai et al. 2008). They are often found
in geologically active areas such as Yellowstone National Park
from where the first thermophile was discovered (Brock 1967).
Thermophilic adaptations to life at high temperature include in-
creased salt bridges and a hydrophobic core to increase the heat
stability of proteins, a higher percentage ofmembrane saturated
fatty acids and adaptations in the genome such as high GC con-
tent and positive supercoiling of the DNA (reviewed in Lewin,
Wentzel and Valla 2013).

Halophiles grow in high salt concentrations and are mostly
found within the Archaeal domain. They are classified as slight
(0.3–0.8 M sodium chloride), moderate (0.8–3.4 M NaCl) and ex-
treme (>3.4 M NaCl) halophiles (Cavicchioli and Thomas 2000).
These microorganisms are adapted to a high salt environment
by increasing their cytoplasmic osmolarity, such as via import-
ing potassium ions (Oren 2013). The average salinity of seawater
is about 3.5% (wt/vol; 599mMNaCl) resulting inmarinemicroor-
ganisms being classified as slight halophiles.

Oligotrophs grow in extremely nutrient poor environments
(e.g. the deep biosphere and sandplains of southern Western
Australia) and are typically characterized as having low growth
rates. For instance, carbon turnover rates in the deep biosphere
estimate generation times to be in the 100s to 1000s of years and
these species are hypothesized to have low energymaintenance
systems (Hoehler and Jorgensen 2013). Further adaptations to
oligotrophy include small cell size and a streamlined genome
(Luef et al. 2015).

EXTREMOPHILES IN MESs

Several different classes of extremophilic microorganisms have
been utilized in MESs and this section (see categories below) will

Figure 4. Example of the change in anode potential according to changes in the

pH based on thermodynamics. Potentials at standard conditions are calculated
with a concentration of 1 M, while the practical conditions are calculated with a
concentration of 0.005 M. All potentials are reported vs NHE.

describe their use as well as comparing the different electro-
chemical efficiencies achieved.

The energy that is available formicrobial activity is highly de-
pendent on the electrode potential, the type of microorganism,
the electron transfer chain it possess and its ability to deal with
environmental conditions. The Gibbs free energy change is de-
pendent on temperature, pressure, concentrations/activity and
pH of the electrolyte that is altered when calculating the actual
Gibbs free energy under extreme conditions compared to normal
conditions. In non-dilute systems, the activity of a substance
has to be used instead of the concentration in dilute systems.
The correct value for the pH and the pressure of a certain gas
can be directly used in the equation. As an example, the Gibbs
free energy change for the oxidation of acetate was calculated at
different pH values, assuming that the microorganisms are able
to convert acetate at this entire pH range. This Gibbs free en-
ergy change not only alters because of the different conditions
caused by the pHbut also because the reaction equation changes
due to the presence of different species (equations 4–6):

2CO2 + 8H+ + 8e− → CH3COOH + 2H2O; pH2 (4)

1.68HCO−
3 + 0.32CO2+8.68H+ + 8e− → CH3COO−+3.68H2O; pH7

(5)

HCO−
3 + CO2−

3 + 10H+ + 8e− → CH3COO− + 4H2O; pH10 (6)

At standard conditions the Gibbs free energy change for the
oxidation of acetate is 0.187 V (vs NHE) (Logan et al. 2006), while
at practical conditions (pH 7 and 0.005 M for reactive species)
the value changes to −0.291 V (Fig. 4). At acidic conditions (pH
2), the anode potential is −0.022 V while the anode potential al-
kaliphiles experience at pH 10 is −0.609 V (Fig. 4). When the an-
ode reaction is coupled to a cathode reaction and the cell voltage
is calculated (equation 3), an increase in cell voltage is seen at
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increasing anolyte pH due to the additional pH gradient also rep-
resenting a source of energy (chemical potential). The practical
implication of an elevated cell voltage is thatmore energy can be
gained from these systems at higher pH values. When more of
this energy is available to the microorganisms, they can expend
more maintenance energy to withstand the extreme conditions
in which they live or produce more current.

To date, few studies have been performed that systematically
compare the performance of MESs (maximum power densities,
Coulombic efficiencies, anode overpotentials, current densities
and cell voltages) at extreme conditions. In addition, the reac-
tor cell architecture and choice of electrolyte have a significant
impact on performance. Therefore, it is difficult to draw hard
conclusions from the reported effects of different extremes on
the system performance.

Acidophiles

In this review, MES studies that exploit moderate and extreme
acidophiles in the anode (e.g. Acidiphilium spp.; Borole et al. 2008)
as well as biocatalysts in the cathode (e.g. Acidithiobacillus fer-
rooxidans; Ter Heijne, Hamelers and Buisman 2007) are discussed
(Table 1). An advantage of a low pH MES is that the protons
will not cause diffusion limitations in the cathode compartment
for reduction of oxygen and therefore, will not limit the current
production (Erable, Etcheverry and Bergel 2009). However, a con-
sequence of growth at low pH is that the cells have to maintain
a near neutral cytoplasm (reviewed in Slonczewski et al. 2009).
This consumes a portion of the energy derived from electron
transport for other processes such as proton export, increas-
ing the anode overpotential (reducing whole cell voltage out-
puts) and lowering power generation. Despite a higher chemi-
cal oxygen demand removal rate at pH 4, lower voltage outputs
and power generation are observed for neutrophilicmicrobe cat-
alyzed MFCs operated at pH 7. This low Coulombic efficiency is
attributed to a poor quality biofilm on the anode (Zhang et al.
2011a). This indicates that current generation at these acidic
conditions from acetate is possible but many electrons from the
carbon source are directed to alternative electron acceptors than
the electrode.

The first acidophile demonstrated to generate electricity was
Acidiphilium cryptum that oxidizes glucose coupled to the reduc-
tion of ferric iron at pH ≤ 4 (Borole et al. 2008). However, ac-
cumulation of the electron acceptor ferric iron (potentially as
Fe(OH)3) restricted current output. In order to eliminate this
effect, the alternative electron mediators nitrilotriacetic acid
and phenosafranin were added to the system that resulted in
an increased power output of 12.7 mW m−2. Thus, the current
generation in this study was based on electron transfer by the
artificial mediators rather than direct electron transfer from the
microorganisms to the electrodes (Borole et al. 2008). In contrast,
Acidiphilium sp. strain 3.2 sup 5 isolated from Rio Tinto, Spain,
mediates direct electron transfer from glucose metabolism to
the anode at pH 2.5 at a rate of 3 A m−2 even in the presence
of air (Malki et al. 2008). The ability of Acidiphilium sp. strain 3.2
sup 5 to donate electrons directly to the anode in the presence of
air facilitates the MES design as amembrane halting oxygen dif-
fusion from the cathode to anode compartments is unnecessary.
This strain grows on carbon cloth and graphite anode materials,
produces extracellular polymeric substances, forms a biofilmbe-
tween the carbon microfibers and in pores on the graphite rod
surface (Tapia et al. 2009), and preferentially attaches to graphitic
flakes as opposed to glass (Malki et al. 2013). Acidiphilium strain
3.2 sup 5 forms a closely packed multilayered biofilm that Ta
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contains iron potentially in c-type cytochromes that may medi-
ate electron transport to the anode (Malki et al. 2013). Although
Acidiphilium strain 3.2 sup 5 reduces soluble ferric iron in the
presence of air, thick biofilms of acidophilic microorganisms be-
come anaerobic (Baker-Austin et al. 2010). Therefore, electron
transfer to the anode may occur in anaerobic conditions as oxy-
gen cannot penetrate that deeply into the biofilm. The electri-
cigen Acidiphilium strain PM genome has been sequenced but
no genes are ascribed to mediate its ability to reduce ferric iron
in this species (San Martin-Uriz et al. 2011) or other acidophiles
(Osorio et al. 2013). A microcosm sediment–water interface MFC
demonstrated electricity generation in a natural acidic systemat
pH 3 with Acidiphilium spp. predominantly colonizing the anode
while A. ferrooxidans and Leptospirillum spp. colonize the cath-
ode (Garcia-Munoz et al. 2011). Due to the available protons and
high ionic strength of themedium, the current density andmax-
imum power generation are between 2- and 20-fold higher than
similar sediment–water interface MFCs operated at neutral pH,
respectively (Garcia-Munoz et al. 2011).

Microorganisms frompHneutral environments have been in-
oculated into moderately acidic MESs (anode pH 4 to ∼5.5) to
treat organic wastewaters such as from distilleries (Kim et al.
2014) and food waste (Li et al. 2013). Other MESs have been de-
signed to remove sulfate in acidic wastewaters (pH 2.5–4.5) us-
ing organic carbon-fed neutrophilic sulfate-reducing microbes
to produce sulfide that is chemically oxidized to elemental sul-
fur on the anode surface (Liang, Xiao and Zhao 2013; Zheng et al.
2014). However, many wastewaters also contain inorganic car-
bon and energy sources such as inorganic sulfur compounds
in mining wastewaters. To be able to treat mining wastewaters
through oxidation and electron release, it is necessary to de-
velop MESs containing acidophilic electricigens in the anodic
chamber able to oxidize inorganic sulfur compounds. An MFC
utilizing tetrathionate as electron donor has a mixed culture of
A. ferrooxidans and Ferroplasma spp. coupled to the reduction of
ferric iron (Sulonen et al. 2015). However, the low Coulombic ef-
ficiency (<5%) suggests that many electrons were not passed to
the anode. Acidithiobacillus ferrooxidans has also been utilized to
catalyze oxygen reduction at the cathode at pH 2 to overcome
kinetic limitations associated with the consumption of four pro-
tons per oxygen molecule reduced (Carbajosa et al. 2010). Under
practical conditions, the reduction of ferric iron on the cathode
has a higher cathode potential than for the reduction of oxy-
gen and the use of A. ferrooxidans to regenerate the ferric iron
resulted in a 38% increase in power output compared to an MFC
without the cathode biocatalyst (Ter Heijne, Hamelers and Buis-
man 2007). Of course, this increased power output cannot en-
tirely be attributed to the presence of A. ferrooxidans as the ele-
vated concentration of Fe3+ might help reduce the overpotential.

Looking at the general bioelectrochemical performance of
systems employing acidophiles, it can be seen that the oxidation
rate of substrate to produce current for these microorganisms is
high and therefore, the removal rate is also high (e.g. 5 A m−2

for FeSO4 and 3 A m−2 for glucose). Unfortunately, overpoten-
tials for the oxidation reaction are reported in very few studies.
These overpotentials could give more insight into the energetic
efficiency of the oxidation reaction and more solid conclusions
about the process could be drawn.

Alkaliphiles

Anoverview of the studies reporting alkaliphiles inMESs is given
in Table 2. In addition, alkaliphiles also capable of growth in high
salt concentrations (making them haloalkaliphiles) that have Ta
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been utilized for MESs are discussed in the multiple extremes
section below. It is important to note that many MESs make use
of alkalinemedium as feed. However, since the anodic oxidation
reaction is strongly acidifying, many of these systems actually
operate under near pH neutral conditions. For example, urine is
a well-known alkaline feed for MESs. While the urine itself has a
pH of around 9, the effluent pH is around 7. Alkalinization of the
medium in this case is caused by hydroxyl transport from the
cathode and decreased current production drastically (Kuntke
et al. 2014).

Operating the bioanode of MFCs at alkaline conditions has
several advantages for electricity production. These include di-
minished competition for substrate by methanogenesis (Gutier-
rez et al. 2009) and at high pH, the lower anode potential results
in an increased cell voltage (Erable, Etcheverry and Bergel 2009).
During MFC operation, the anode becomes acidified while the
cathode becomesmore alkaline leading to a reduced cell voltage
and power output. An acetate-fed, high current density bioan-
ode inoculated with a garden compost inoculum also resulted
in a pH increase to 9.0 that was attributed to the spontaneous
evolution of compost leachate (Pocaznoi et al. 2012). To address
this issue, an MFC with a pH 10 anode compartment and pH 2
cathode compartment was operated that had higher open cir-
cuit voltage, power density and the high anodic pH resulted in an
increased efficient Coulombic efficiency than a MFC run at neu-
tral pH (Zhuang et al. 2010). Of course it is not possible to sustain
these pH levels in practice as addition of chemicals would be too
costly and their addition is an unsustainable solution. Further
studies showing enhanced MFC performance with alkaliphiles
include an MFC treating urban wastewater that has improved
power generation at pH 9.5 compared to neutral pH (Puig et al.
2010), a single-chamber air-cathode MFC operated at pH 9 that
has 39% greater power density than that observed at pH 7 that is
partly attributed to a reduction of charge-transfer and diffusion
resistance when a high pH carbonate buffer is used compared
to a lower pH phosphate buffer (Fan, Hu and Liu 2007) and a pH
9 MFC that has 29% and 89% higher power density compared to
operation at pH 7 and 5, respectively (Yuan et al. 2011). Again, the
increase in power can be attributed to the addition of chemicals,
in this case buffer species that decreased the diffusion resis-
tance for protons. As in the previous case, the addition of chem-
icals is costly and unsustainable. Themolecular mechanism un-
derlying increased electricity production at alkaline pH in S. onei-
densis MR-1 has been investigated (Yong et al. 2013). Shewanella
oneidensis MR-1 extracellular electron transfer to the anode is
mediated by riboflavin and the amount synthesized increases
between pH 6 and 9 and is directly proportional to electricity
output (Yong et al. 2013). Reversible bioelectrodes that alternate
between substrate addition and aeration have been designed to
exploit proton accumulation to increase the efficiency of the bio-
cathode. A reversible acetate and oxygen bioelectrodewith a gar-
den compost inoculum reached a maximum pH of 9.9 (the pH
increase was attributed to compost leachate) and maintained
its anodic efficiency despite the aeration periods (Blanchet et al.
2014). Analysis of the microbial population identified 49 ± 1%
Chloroflexi, making this the first time this bacterial class has
been identified as dominating bioanodes.

The first alkaliphile to be utilized in an MFC was a Bacil-
lus sp. at pH 9.5–11 that requires the presence of a redox me-
diator (Akiba et al. 1987). Since then further alkaliphiles have
been utilized in pure culture MFCs including the Gram-positive
Corynebacterium strainMFC03 that degrades glucose and donates
electrons to the anode in the absence of exogenous mediators
(Liu et al. 2010). However, cyclic voltammetry suggested the in-

volvement of exogenous mediators produced by the Corynebac-
terium sp. and the addition of anthroquinone-2,6-disulfonate in-
creased the maximum power density (Liu et al. 2010). A sec-
ond pure culture of an anode-respiring alkaliphile utilized in
MFCs is Geoalkalibacter ferrihydriticus that generates a high cur-
rent density by oxidation of acetate and yeast extract at pH 9.3
(Badalamenti, Krajmalnik-Brown and Torres 2013).

Further strains isolated as pure cultures from MFCs oper-
ating at high pH include Corynebacterium humireducens MFC-5
(Wu et al. 2011) and Bacillus pseudofirmus MC02 (Ma et al. 2012)
both isolated from humic acid/humus-degrading MFCs. Biolog-
ical humic acid reduction has environmental benefits and hu-
mic substances, once reduced, can shuttle electrons to insolu-
ble electron acceptors. The Wu et al. (2011) study revealed the
possibility of concurrent biological humic acid reduction and
biochemical electricity generation within an MFC system oxi-
dizing several organic carbon electron donors including lactate,
ethanol and sucrose. Another species capable of electricity pro-
duction at high pH, Pseudomonas alcaliphila, excreted phenazine-
1-carboxylic acid that acts as an electron shuttle during oxida-
tion of citrate (Zhang et al. 2011b). An MFC has also been devel-
oped to treat food wastes that comprise 30–55% (by weight) of all
refuse in urban societies. The waste was first treated by anaer-
obic digestion (considered the most environmentally friendly
treatment method) and the resulting food waste leachate was
amended with 100 mM NaCl and electricity generated in a pH
9 MFC that had a maximum of 63% Coulombic efficiency (Li,
Cheng and Wong 2013). Finally, MFCs have been used to treat
alkaline paper mill effluents that reached an anode pH > 9 that
was shown to contain Desulfuromonas acetexigens as the single
dominant species in the tertiary microbial anodes (Ketep et al.
2013).

Psychrophiles

In this section, studies of both psychrophilic and psychrotol-
erant microorganisms are reported (Table 3). In general terms,
temperature has a great impact on the performance of MESs. It
impacts the functioning ofmicroorganisms, the electrochemical
reactions and the Gibbs free energy change of the reactions. The
microbial enzyme machinery has an optimum temperature for
performance while the electrochemical reaction rate increases
at increasing temperature. Lowering the operating temperature
has an adverse effect on MFC performance in terms of power
and current (Larrosa-Guerrero et al. 2010), start-up time (Cheng,
Xing and Logan 2011; Michie et al. 2011) and substrate oxidation
rate (Larrosa-Guerrero et al. 2010; Michie et al. 2011). This nega-
tively impacts MESs for processes such as wastewater treatment
since these streams are generally at low temperature. However,
an advantage of low temperature MFCs is that they typically
produce higher Coulombic efficiencies (Jadhav and Ghangrekar
2009; Catal et al. 2011; Michie et al. 2011; Zhang et al. 2014).

The microbial community enriched from anaerobic sludge
on the anode of an acetate-fed MFC operated at 15◦C has been
analyzed. The selected strains have 16S rRNA gene sequences
most similar to the psychrophiles Simplicispira psychrophila LMG
5408 and G. psychrophilus P35 (Liu et al. 2012). A second study of
a 5◦C–10◦C MFC enriched for a community most similar to low-
temperature microorganisms from the genera Arcobacter, Pseu-
domonas and Geobacter (Zhang et al. 2014).

One promising application of low-temperature MFCs, espe-
cially for lowpower consuming applications like sensors that are
intended to last for a long period of time, is energy production
from marine sediments that function by placing the anode in
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the anaerobic sediment and the cathode in the aerobic seawater
above (Bond et al. 2002). This technology represents an extremely
large energy reserve, although long-term power generation can
be limited by the flow of substrates to the anode (Reimers et al.
2006). Quantitative PCR of the 16S rRNA gene suggests marine,
salt marsh and freshwater sediment energy-harvesting anode
populations (incubated in the laboratory at 15◦C) are 53–70% en-
riched in δ-Proteobacteria (Holmes et al. 2004a). Of the identified
δ-Proteobacteria, ∼65 to 75% of the 16S rRNA gene sequences
are further classified as aligning with the Geobacteraceae family
(Holmes et al. 2004a). A psychrotolerant (grows between 4◦C and
30◦C and optimum at 22◦C) microbial isolate grown from a ma-
rine sediment anode represented a novel lineage in the Geobac-
teraceae and was named Geopsychrobacter electrodiphilus (Holmes
et al. 2004b). Geopsychrobacter electrodiphilus grows utilizing the
anode as sole electron acceptor and has a high Coulombic effi-
ciency of approximately 90%while donating 90% of the available
electrons from its substrate oxidation to the anode (Holmes et al.
2004b). An alternative electron donor for marine sediment MFCs
is sulfide andmethane-rich fluids from cold seeps (Reimers et al.
2006). The anode biofilm community in this environment al-
tered according to the sediment depth that mimicked the geo-
chemical environment. The shallow community (20–29 cm be-
low the sediment surface) is dominated by strains similar to D.
acetoxidans that changed with increasing depth (46–76 cm be-
low the sediment) to comprise a more complex community of
δ-Proteobacteria (including from the genusDesulfocapsa and Syn-
trophus) along with ε-Proteobacteria (Reimers et al. 2006). How-
ever, a drawback of this system is decreasing current over time
that was partially attributed to sulfide oxidation products (i.e.
non-conductive solid sulfur) passivating the anode surface.

Another example of low-temperature MESs is hydrogen pro-
duction in an MEC with glucose (Lu et al. 2012), acetate (Lu et al.
2011), waste-activated sludge and acetate (Xu et al. 2014), or mo-
lasses wastewater (Wang et al. 2014) as the electron donors. The
amount of hydrogen produced from glucose at 4◦C is similar
to mesophilic MECs and has a microbial community carrying
out negligible competing methanogenic and homoacetogic re-
actions (Lu et al. 2012). This is because microorganisms mediat-
ing these pathways are generally inactive at low temperature.
The dominating genus (37% of the total 16S rRNA gene reads)
in the anode community at 4◦C is Dysgonomonas that ferments
glucose to acid (but not hydrogen gas) that exists syntrophi-
cally with other community members including known elec-
tricigens (Lu et al. 2012). A second low-temperature study with
acetate as the electron donor also has decreased methanogen-
esis as methanogenic archaea are suppressed at 4◦C and 9◦C
while growth of G. psychrophilus was promoted (Lu et al. 2011).
Trehalose is a compatible solute that, among other functions,
protects microorganisms against low temperatures (Kawahara
2008). Addition of trehalose to a waste-activated sludge and
acetate-fed hydrogen-producing MEC operating at 0◦C increases
the energy recovery and Coulombic efficiencies (Xu et al. 2014).
Finally, biodegradation of the antibiotic chloramphenicol in a
biocathode MES has been demonstrated at 10◦C (Kong et al.
2014). The study shows antibiotic removal in anMES after a tem-
perature switch from 25◦C to 10◦C, although the chlorampheni-
col reduction rate was decreased.

Thermophiles

An overview of MESs operated under thermophilic conditions
can be found in Table 4. The benefit of operating biochemi-
cal systems at thermophilic conditions could include a higher



Dopson et al. 173

Ta
b
le

4.
C
om

p
ar
is
on

of
th

e
p
er
fo
rm

an
ce

of
se

le
ct
ed

bi
oe

le
ct
ro

ch
em

ic
al

sy
st
em

s
u
n
d
er

h
ig
h
-t
em

p
er
at
u
re

co
n
d
it
io
n
s.

B
ES

C
on

d
it
io
n

In
oc

u
lu
m

El
ec

tr
on

d
on

or
V
ol
ta
ge

Po
w
er

d
en

si
ty

C
u
rr
en

t
d
en

si
ty

C
E

A
n
od

e
p
ot
en

ti
al

(v
s
SH

E)
R
ef
er
en

ce

M
FC

60
◦ C

M
ar

in
e
m

ar
sh

se
d
im

en
t

A
ce

ta
te

–
43

m
W

m
−2

25
4
m

A
m

−2
36

%
–

M
at
h
is

et
al
.(
20

08
)

M
EC

60
◦ C

Th
er
m
in
co
la

fe
rr
ia
ce
ti
ca

A
ce

ta
te

–
–

7.
0–

8.
0
A

m
−2

93
%

–
Pa

ra
m

es
w
ar
an

et
al
.

(2
01

3)
M
FC

60
◦ C

Th
er
m
in
co
la

po
te
ns

A
ce

ta
te

–
–

–
–

–
W

ri
gh

to
n
et

al
.(
20

11
)

M
FC

60
◦ C

Th
er
m
in
co
la

fe
rr
ia
ce
ti
ca

A
ce

ta
te

–
14

6
m

W
m

−2
40

0
m

A
m

−2
97

%
–

M
ar
sh

al
la

n
d
M
ay

(2
00

9)
M
FC

57
◦ C

T
h
er
m

op
h
il
ic

co
m

p
os

t
G
lu
co

se
0.
39

V
(1
00

�
)

37
5
m

W
m

−2
–

–
–

C
ar

ve
r,
V
u
or

ir
an

ta
an

d
Tu

ov
in
en

(2
01

1)
M
FC

55
◦ C

A
n
ae

ro
bi
c
d
ig
es

te
r

A
ce

ta
te

0.
64

V
43

6
m

W
m

−2
8.
3
m

A
–

–
Fu

et
al
.(
20

13
b)

M
FC

55
◦ C

A
n
ae

ro
bi
c
d
ig
es

te
r

A
ce

ta
te

–
82

3
m

W
m

−2
3.
5
m

A
–

–
Fu

et
al
.(
20

13
a)

M
FC

55
◦ C

C
al
di
te
rr
iv
ib
ri
o

ni
tr
or
ed
u
ce
ns

A
ce

ta
te

–
27

2
m

W
m

−2
2.
5
m

A
–

–
Fu

et
al
.(
20

13
a)

M
FC

55
◦ C

A
n
ae

ro
bi
c
d
ig
es

te
r

A
ce

ta
te

–
10

30
m

W
m

−2
–

80
%

–
Jo
n
g
et

al
.(
20

06
)

M
FC

55
◦ C

M
et
h
an

og
en

ic
d
ig
es

te
r

A
ce

ta
te

–
37

m
W

m
−2

–
89

%
–

W
ri
gh

to
n
et

al
.(
20

08
)

M
FC

55
◦ C

A
n
ae

ro
bi
c
d
ig
es

te
r

W
as

te
w
at
er

–
10

00
W

m
−2

23
00

m
A

m
−2

89
%

–
H
a
et

al
.(
20

12
)

M
EC

55
◦ C

T
h
er
m

op
h
il
ic

M
FC

A
ce

ta
te

–
–

12
80

m
A

m
−2

–
–

Fu
et

al
.(
20

13
c)

M
FC

50
◦ C

B
ac
ill
u
s
lic
he
ni
fo
rm

is
/B
.

th
er
m
og
lu
co
si
da

ns
iu
s

G
lu
co

se
/l
ac

to
se

0.
70

V
(O

C
V
)

–
–

41
%

–
C
h
oi

et
al
.(
20

04
)

M
FC

50
◦ C

En
ri
ch

m
en

t
cu

lt
u
re

Sy
n
th

et
ic

sy
n
ga

s
0.
68

V
(O

C
V
)

34
m

W
L−

1
20

0
m

A
L−

1
34

%
–

H
u
ss
ai
n
et

al
.(
20

12
)

microbial activity, better substrate solubility, high mass trans-
fer rate and lowered risk of contamination. An example of an
improved current generation at high temperature (60◦C) is ama-
rine sedimentMFC that generated 209–254mAm−2 compared to
10–22mAm−2 at 22◦C (Mathis et al. 2008). However, a drawback is
higher rates of evaporation fromMESs designed for applications
at low or mesophilic temperatures. Two answers to this problem
are possible, either to run the MES in continuous mode allowing
replacement of the anolyte and catholyte or to utilize an MES
that precludes evaporation, as designed by Carver, Vuoriranta
and Tuovinen (2011).

An acetate-fed MFC inoculated with a mixed culture from a
methanogenic anaerobic digester (55◦C) was stable for 100 days
with a Coulombic efficiency of 89% (Wrighton et al. 2008). 16S
rRNA clone library characterization of the mixed community
showed 80% of the population responsible for electricity produc-
tion to be from the Firmicutes. Isolation of pure cultures from
the MFC identified Thermincola strain JR, which is the first re-
ported strain from this genus to directly transfer electrons to the
anode (Wrighton et al. 2008). A pure culture of the ferric iron-
reducing Gram-positive thermophile, Thermincola ferriacetica, is
also able to donate electrons from acetate oxidation to the an-
ode at 60◦C andmaintain a stable current (400mAm−2) for over 3
months with 97% Coulombic efficiency (Marshall andMay 2009).
Cyclic voltammetry suggests electron transport from acetate to
the anode and cell-free medium scans did not have any signif-
icant peaks. This suggests that direct electron transfer occurs
from the T. ferriacetica biofilm to the anodewithout solublemedi-
ators. Thermincolaferriacetica biofilms grow to a thickness of ∼38
μm and contain extracellular appendages similar to Geobacter
sp., further supporting that electron transfer is via a solid con-
ductivematrix (Parameswaran et al. 2013). A second species from
the Thermincola genus, T. potenswas isolated from the anode sur-
face of a MFC at 60◦C (Wrighton et al. 2011). Characterization of
the T. potens anode biofilm supports direct transfer of electrons
from acetate to the anodemediated by severalmultiheme c-type
cytochromes (Carlson et al. 2012), and a total of 32 multiheme
cytochromes suggested to be located in the periplasm or on the
cell surface are present on the T. potens genome (Byrne-Bailey
et al. 2010). Further MFCs inoculated with pure cultures of ther-
mophilic electricigens at 50◦C include B. thermoglucosidasius and
B. licheniformis fed with various carbon sources including glucose
and lactose, respectively (Choi et al. 2004).

Several further studies utilize high-temperature anaerobic
sludge as sources of thermophilic inocula in MFCs (Jong et al.
2006; Ha et al. 2012; Hussain et al. 2012; Fu et al. 2013a,b).
The anode community of two separate studies of acetate-
fed MFCs operated at 55◦C is dominated by strains related to
the Gram-negative nitrate-reducing species Calditerrivibrio ni-
troreducens (Jong et al. 2006; Fu et al. 2013a). A pure culture
of C. nitroreducens generated a maximum power density of
272 mW m−2 in the absence of mediators (Fu et al. 2013a). The
C. nitroreducens genome encodes 12 hypothetical proteins with c-
type cytochrome domain(s) (Pitluck, Sikorski and Zeytun 2011).
Of these, the gene ORF Calni 1470 is predicted to encode amulti-
heme c-type cytochrome that is a candidate to mediate electron
transfer to the anode as it is similar to the T. potens cytochrome
that mediates extracellular electron transfer. An acetate-fed
MFC operated at 55◦C selected for a mixed population of species
from the Firmicutes, Synergistetes, Coprothermobacteria and
Chloroflexi with the Firmicutes making up 87% of the clone li-
brary sequences (Fu et al. 2013b). The dominant-identified phylo-
type is similar to T. ferriacetica, while the second most abundant
phylotype is similar to the genus Caloramator. A pure culture of
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Caloramator australicus reached a maximum current of 0.16 mA
that is slightly lower than that attained with the mixed culture
MFC (Fu et al. 2013b).

Potential applications of high-temperature MFCs include the
treatment of alcohol distillery wastewater (Ha et al. 2012). Dis-
tillery wastewater usually contains high levels of organic car-
bon and sulfate, with temperatures typically ranging from 70◦C
to 80◦C. In one study, the MFC system is able to achieve higher
power output and Coulombic efficiency than previous wastewa-
ter MFCs at different temperatures while simultaneously reduc-
ing sulfate (Ha et al. 2012). 16S rRNA sequencing identified the
anode mixed culture to be dominated by Bacteroidetes with a
single operational taxonomical unit constituting almost 40% of
the reads (Ha et al. 2012). Finally, an MEC for H2 production at
55◦Chad a rate of 377± 73mmol day−1 m−2 and a cathodic recov-
ery of approximately 70% (Fu et al. 2013c). 16S rRNAgene analysis
of the biocathode population identified 21 phylotypes of which
Firmicutes (77%) followed by Coprothermobacter (20%) dominate
the community.

Halophiles

Reports of halophilic microorganisms in MESs are summarized
in Table 5, although marine sediment MFCs have not been in-
cluded in this section and those operating at low- and high tem-
peratures are described in the psychrophile and thermophile
sections, respectively. A high salt concentration generally has
a positive effect on the performance of MESs. First of all high
salt concentrations decrease the internal resistance of the sys-
tem as the resistance of the electrolyte is the reciprocal of the
electrolyte conductivity. Second, when salt is added in the form
of buffering compounds, the speed at which for example pro-
tons are removed from the biofilm increases and thereby, the
proton diffusion resistance decreases. However, addition of salt
and or buffering compounds is an unsustainable and costly
method to increase the performance of MESs. In contrast, solu-
tionswith naturally occurring elevated salt concentrations could
be of great use for the practical application of these types of sys-
tems.When reporting on the performance of halophiles in these
systems under high ionic strength, care should be taken that the
performance increase is indeed due to themicrobial activity and
not due to a reduced internal resistance.

Raising the ionic strength (as well as decreasing the dis-
tance between the electrodes) in an acetate-fed, wastewater-
inoculated single chamber MFC lowers the internal resistance
and increases power generation and output (Liu et al. 2008). In a
second study, electricity generation by S.marisflavi also increases
due to lessened internal resistance in anolytes containing up
to 1.5 M ionic strength (Huang, Sun and Zhang 2010), although
the S. marisflavi type species is only a slight halophile (Yoon
et al. 2004). Finally, adding 20 g L−1 (342 mM) NaCl increases the
power production by 30% in an acetate-fed MFC inoculated with
domestic wastewater (Lefebvre et al. 2012). These data demon-
strate that halophiles are able to produce electrons, but the in-
crease in performance is due to a reduction in internal resis-
tance.

Other pure cultures of halophiles have been tested for elec-
tricity generation. These include testing the performance of
halophilic Haloferax volcanii (anode ionic strength 2.68 M, pH 5.9)
compared to the haloalkaliphilic Natrialba magadii (anode ionic
strength 3.63 M, pH 10; discussed in the multiple extremes sec-
tion) and the neutrophilic Escherichia coli (ionic strength 0.09 M,
pH 7) in dual chamber MFCs (Abrevaya et al. 2011). Of the
three, H. volcanii has the highest maximum power and current Ta
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Table 6. Comparison of the performance of selected bioelectrochemical systems under low substrate conditions.

BES Condition Inoculum Electron donor Voltage Power Current CE

Anode
potential
(vs SHE) Reference

density density

MFC – River sediment Organics – – – – – Moon et al. (2005)
MFC – River sediment Glucose/glutamate – – – 20% – Kang et al. (2003)
MFC/BOD sensor – Starch wastewater Starch wastewater – – – – – Kim et al. (2003)

(Abrevaya et al. 2011). A second pure culture halophile tested in
MFCs is Ge. subterraneus (Badalamenti, Krajmalnik-Brown and
Torres 2013; Carmona-Martinez et al. 2013). Geoalkalibacter sub-
terraneus was selected from an MES inoculated with sediments
from a salt plant and forms a 76 ± 7 μm thick biofilm on
the anode where it is suggested to directly transfer electrons
(Carmona-Martinez et al. 2013). This pure culture produced a
high current density of 4.7 A m−2 at a poised anode potential of
+200 mV vs SCE. Finally, the arsenate-respiring halophiles B. se-
lenitireducens and candidatus Halarsenatibacter silvermanii strain
SLAS-1 isolated frommoderately hypersalineMono Lake and ex-
tremely hypersaline (salt saturated) Searles Lake, respectively,
generated similar power levels (Miller and Oremland 2008). The
cultures oxidize lactate and donate electrons to the anode in the
absence of added mediators (although it was not discerned if
the microbes excreted endogenous mediators). The Coulombic
efficiencies of the MFCs are 0.3% and 6.7%, respectively suggest-
ing alternative electron acceptors are used or a large part of the
substrate is consumed for other processes (Miller and Oremland
2008).

Mixed cultures of anode-respiring microorganisms have
been selected in MFCs with inocula from various sources: a
saline microbial mat from Cabo Rojo, PR, USA (Miceli et al. 2012);
a Mediterranean Sea (Gruissan, France) salt marsh (Rousseau
et al. 2013); and a salt lake or salt factory wastewater lagoon
(Pierra et al. 2015). The anode community selected in the Cabo
Rojo saline microbial mat enrichment contains a diverse com-
munity with approximately one third of each of Bacteroidia and
Clostridia (Miceli et al. 2012); the microbial community from the
salt march was dominated by Desulfuromonas and Marinobac-
ter spp. (Rousseau et al. 2014); and the salt lake or salt factory
wastewater population was dominated by one or both of Ge. sub-
terraneus and D. acetoxidans (Pierra et al. 2015).

An application of MESs is for the desalination of saline wa-
ters that are produced by many industries (Lefebvre and Mo-
letta 2006) and these MESs can remove up to 95% of salt from
sea water (e.g. Cao et al. 2009; Luo et al. 2012). A three-chamber
microbial saline-wastewater electrolysis cell was designed that
metabolized organic carbon in the anode compartment in the
presence of 0.34 M NaCl (20 g L−1) while simultaneously de-
salinating wastewaters (Kim and Logan 2013). The majority of
the substrate was removed in the anode compartment with a
Coulombic efficiency of approximately 100%.

Oligotrophs

Traditionally MFCs were looked at as wastewater treatment de-
vices that have the ability to recover energy. Therefore, microor-
ganisms are expected to have high metabolic rates to achieve
high power and current. In contrast, MFCs have been utilized
with oligotrophic organisms (Table 6) for low biochemical oxy-
gen demand sensors that are more efficient, stable and accurate
compared to conventional biochemical oxygen demand moni-
toring techniques (reviewed in Abrevaya et al. 2015). An MFC-

based biosensor for wastewater BOD measurement was sta-
ble for over five years using an enrichment of microorganisms
from a starch processing plant (Kim et al. 2003). Oligotrophic
extremophiles have been enriched from surface waters con-
taining 6 mg L−1 BOD and artificial wastewater containing glu-
cose and glutamate and used for an MFC-based sensor with
good stability (Kang et al. 2003). Based upon16S rRNA gene se-
quences, the microbial communities in the above biosensors
contain distinct populations with 46% of the river water en-
riched sequences aligning with β-Proteobacteria while the arti-
ficial wastewater enriched for 64% α-Proteobacteria (Phung et al.
2004). Finally, MFC biosensors with oligotrophicmicroorganisms
have been further developed for continuous online monitoring
of BOD (Moon et al. 2005).

Multiple extremes

Microorganismswithmultiple extremophilic characteristics uti-
lized inMESs are haloalkaliphiles that grow inhigh salt and basic
pH (Table 7). A pure culture of haloalkaliphilic N. magadii (ionic
strength 3.63 M, pH 10) generated an electrical current in the
absence of mediators (Abrevaya et al. 2011). A second study in-
oculated with a mixed culture from Soap Lake, Washington, en-
riched for a culture growing optimally at 7% salinity (1.2 M NaCl)
and pH 11 that generated a current density of 12.5 mAm−2 (Paul
et al. 2014). 16S rRNA gene sequencing showed that the MFC was
enrichedwith a single strainmost similar (99%) toHalanaerobium
hydrogeniformans. Finally, soil microorganisms from the high pH
and saline Texaco Lake, Mexico, were enriched on a bioanode at
pH 10.5–11 and 1.2 M NaCl (Sathish-Kumar et al. 2012, 2013). Low
currents have been detected, and cyclic voltammetry suggests
that electron transfer is mediated by alkaliphilic cytochromes.

FUTURE OPPORTUNITIES FOR
EXTREMOPHILES IN MESs

The application of extremophiles in MESs has only just begun
and oxidation of particular substrates in combination with spe-
cific inocula may reveal new applications for the recovery of en-
ergy or the remediation of polluted water streams. Bioremedi-
ation of wastewaters that represent an extreme environment
offers a major opportunity for further application of these mi-
croorganisms in MESs. In this case, the energy costs of the re-
mediation of these polluted streams might be compensated by
the energy production of the MES. A key research need is the
discovery of extremophile electricigens to be able to treat the de-
sired wastewaters and this will require sampling of diverse ex-
treme environments likely to contain suitable microorganisms
(e.g. those described in Fig. 3). However, further unanswered
questions remain including which pollutants can be used as
electrons donors are electron acceptors available to give suffi-
cient energy gain when coupled to these donors to fulfill the en-
ergy need, and will both donor and acceptor be available at the
same site.
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To date, MESs for sulfate removal from acidic wastewaters
have utilized inocula from neutral pH environments (Li et al.
2013; Kim et al. 2014). These studies identified sulfate-reducing
species typically growing at pH 7 and it would be interesting to
test truly acidophilic sulfate reducers such as Desulfosporosinus
acidiphilus (Jameson et al. 2010) in these systems. In addition,
inocula from other anaerobic low pH environments could be
tested in MESs to select for potential electricigens. For instance,
acidmine drainage sludge possibly contains electricigens able to
treat low pH, high metal concentration wastewaters. An exam-
ple of this research is the European FP7 project ‘BioelectroMET’
where the oxidation of tetrathionate is coupled to the reduction
of ferric iron (Sulonen et al. 2015). High pHwastewaters may also
be treated with MESs that has advantages for electricity produc-
tion (described above). However, there are only a few reports of
the use of alkaliphiles in MESs and very few pure and mixed
culture inocula have been tested. The possibilities for discover-
ing new electricigens are good and their enrichment from high
pH environments such as soda lake sediments and slag dumps
may prove successful. Examples of wastewaters that could be
treated with alkaliphilic electricigens are from the textile (Choe
et al. 2005) and brewing industries (Rao et al. 2007).

Both psychrophiles and thermophiles can be applied to treat
waste streams at different temperatures providing an economic
advantage as the waters would not need to be heated or cooled,
respectively. However, little is known about the actual perfor-
mance of these systems in real-life conditions, and systematic
studies are required to see how MESs perform over a longer pe-
riod of time. The start-up temperature of low-temperature MESs
employing psychrotolerant microbes has been suggested to be
important (Cheng, Xing and Logan 2011), and further character-
ization of this parameter would also be warranted. Benthic low-
temperature MESs have successfully been used to oxidize sul-
fide but the resultant deposition of sulfide on the anode surface
causes deactivation (Reimers et al. 2006). Future research strate-
gies to attempt to solve this issue include stripping the passi-
vating layer on the anode surface and cycling periods of cur-
rent harvesting and no harvesting (Reimers et al. 2006). For the
thermophiles, one study has addressed the issue of evaporation
(Carver, Vuoriranta and Tuovinen 2011) but further development
will likely result in more efficient reactor designs.

Using halophiles for the desalination of water (e.g. Cao et al.
(2009)) has to date only been carried out in batch systems. Fur-
ther development is needed as commercial use would require a
continuous system. When it comes to the use of oligotrophs in
biosensors, it is important to increase the signal-to-noise ratio,
reproducibility, sensitivity, ability of the microbial consortia to
degrade a wide range of substrates and to investigate the many
novel species that were enriched (Abrevaya et al. 2015).

The use of MESs also offers possibilities to treat streams
with different extreme conditions, as the anode and cathode
are generally separated by an ion exchange membrane. This is
best illustrated by the pH gradient that in most cases devel-
ops over the membrane and is considered as one of the major
disadvantages of MESs (Rozendal et al. 2008a,b). The pH gradi-
ent develops since the oxidation (proton producing) and reduc-
tion (proton consuming) reactions are separated and do not take
place in a single compartment (as in a bacterial cell). This charge
difference is not compensated as the charge transport in the sys-
tem is mainly by cations other than protons causing the pH to
decrease in the anode and to increase in the cathode. The elec-
trical potential loss associated with this pH gradient is 60 mV
per pH unit and severely reduces the power output of MFCs or
increases the required power input in MECs (Sleutels et al. 2012,
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2013). When a pH 3 stream is fed to the anode, the chance of
the charge transport through the membrane to be in the form
of protons is 10 000 times higher than when a stream of pH 7 is
used (Rozendal, Hamelers and Buisman 2006). Another potential
advantage of extremophiles in MESs is to use a low pH catholyte
in combination with an alkaline anolyte to create a negative pH
gradient whichmay help the energetics of the system. Of course
the pH gradient in these types of systems remains a serious topic
of research. The use of a bipolar membrane, which in theory
could sustain the pH in both compartments, has not shown its
full potential due to the high-energy demand of water splitting
(Ter Heijne et al. 2006; Harnisch and Schröder 2009). Further re-
search on these types ofmembranes and especially how tomake
them more selective in the electrolyte conditions used in MESs
is required to prove their purpose in MESs.
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