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Long-distance electron transfer in marine environments couples physically separated

redox half-reactions, impacting biogeochemical cycles of iron, sulfur and carbon.

Bacterial bio-electrochemical systems that facilitate electron transfer via conductive

filaments or across man-made electrodes are well-known, but the impact of abiotic

currents across naturally occurring conductive and semiconductive minerals is poorly

understood. In this paper I use cyclic voltammetry to explore electron transfer between

electrodes made of common iron minerals (magnetite, hematite, pyrite, pyrrhotite,

mackinawite, and greigite), and hydroquinones—a class of organic molecules found

in carbon-rich sediments. Of all tested minerals, only pyrite and magnetite showed

an increase in electric current in the presence of organic molecules, with pyrite

showing excellent electrocatalytic performance. Pyrite electrodes performed better than

commercially available glassy carbon electrodes and showed higher peak currents, lower

overpotential values and a smaller separation between oxidation and reduction peaks for

each tested quinone. Hydroquinone oxidation on pyrite surfaces was reversible, diffusion

controlled, and stable over a large number of potential cycles. Given the ubiquity of both

pyrite and quinones, abiotic electron transfer between minerals and organic molecules is

likely widespread in Nature and may contribute to several different phenomena, including

anaerobic respiration of a wide variety of microorganisms in temporally anoxic zones

or in the proximity of hydrothermal vent chimneys, as well as quinone cycling and the

propagation of anoxic zones in organic rich waters. Finally, interactions between pyrite

and quinones make use of electrochemical gradients that have been suggested as

an important source of energy for the origins of life on Earth. Ubiquinones and iron

sulfide clusters are common redox cofactors found in electron transport chains across all

domains of life and interactions between quinones and pyrite might have been an early

analog of these ubiquitous systems.

Keywords: electrochemistry of minerals, electrochemistry of quinones, iron sulfides, geobattery, pyrite, redox

gradients, origin of life

INTRODUCTION

Sources of electrochemical energy are widespread in Nature, including hydrothermal gradients,
corrosion of metal-rich rocks and minerals, concentration gradients of redox active species, and
streaming currents caused by the flow of electrolyte solutions thorough porous media. Only
recently, however, we began to realize that this energy is also widely used by Nature in both
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biological and abiotic processes (Nakamura et al., 2010b;
Revil et al., 2010) and that electrochemical redox reactions
are important contributors to biogeochemical cycles (Nielsen
and Risgaard-Petersen, 2015). The passage of electric currents
through conductive minerals has been long-appreciated (Wells,
1914), and has gained a renewed interest due to its relevance to
the biochemistry of hydrothermal vent systems and the origin of
life (Karato and Wang, 2013; Malvankar et al., 2014; Yamamoto
et al., 2017). Most of the redox processes across electrochemical
gradients were previously associated with bacterial activity
(Müller et al., 2016; Malkin et al., 2017) or human-made devices
(Du et al., 2007). A detailed understanding of the extent and
mechanisms of abiotic electron flows can complement our
understanding of natural electrochemical systems and will be
important for more accurate modeling of global biogeochemical
cycles.

Many oxide and sulfide minerals are electrical conductors or
semiconductors, with resistivity varying from 0.1 to 105 � ×m
(Karato and Wang, 2013), capable of conducting electrons over
centimeter-long distances between environments of different
redox potentials (Nakamura et al., 2010a; Nielsen et al., 2010).
Conceivably, electrical currents transported through conductive
minerals could couple chemical and biochemical reactions in
physically separated environments, form natural “fuel cells”
and provide the energy necessary to maintain rich biological
communities on the border of oxic and anoxic zones (Jelen et al.,
2016).

The efficiency of electrochemical reactions depends not
only on the magnitude of an applied redox potential, but
also on the properties of the electrode. In general, a good
electrode must be electrically conductive, chemically stable
under selected conditions and provide a catalytically active
surface for the reagents. There is a growing interest in using
sustainable mineral electrodes for chemical reactions (Konkena
et al., 2016) and a growing awareness of the contribution of
electrochemistry to natural processes (Nielsen and Risgaard-
Petersen, 2015). This study was restricted to electrochemistry
of common iron oxides and sulfides assuming that due to their
abundance they will dominate electron flow across different
geochemical settings. Iron sulfides have been used as electrodes
for electrochemical CO2 reduction in systems that simulate
chemistry of hydrothermal vents related to the origin of life
(Herschy et al., 2014; Yamaguchi et al., 2014; Roldan et al.,
2015), while iron oxides have been extensively studied as terminal
electron acceptors for bacterial respiration (Orsetti et al., 2013).

While filamentous and cable bacteria use electrochemical
energy directly (Aklujkar et al., 2009; Seitaj et al., 2015),
a wide range of bacteria are known to exchange electrons
indirectly, using external electron mediators such as water-
soluble flavines (Marsili et al., 2008), quinones (Newman
and Kolter, 2000; Qiao et al., 2008) or, quinone-rich humic
acid substances (Cervantes et al., 2000; Klüpfel et al., 2014).
The addition of external quinones to microbial communities
modifies interactions betweenmicrobes (Scheller et al., 2016) and
changes the mode of respiration in bacteria (Cervantes et al.,
2000). Interactions between organic mediators and conductive
minerals may contribute to the overall flow of energy that

defines biogeochemical cycles, being especially important in
the environments where oxygen and solar radiation are absent
(D’Hondt et al., 2004; Borch et al., 2010).

As model organic molecules, I selected quinones (Q) and their
reduced form, hydroquinones (H2Q), which are key electron
mediators across all domains of life (Soballe and Poole, 1999)
(Figure 1). Quinones are found everywhere from interstellar
clouds (Bernstein, 2006) to environmental pollutants (Mousset
et al., 2016). Selection of the quinones for the study broadly
represented different environmental roles that these molecules
have: 1 is the simplest known hydroquinone molecule and
often used for model studies of quinone-mineral interactions
(Uchimiya and Stone, 2006; Klüpfel et al., 2014), 2 is 2-
methoxyhydroquinone, a common component on non-soluble
organic matter and a plant messenger molecule (Lynn and
Chang, 1990; Yuan et al., 2016), while 3 is an oxidation product
of polycyclic aromatic hydrocarbons and is both a common
pollutant and a likely component of prebiotic mixtures of organic
molecules delivered by comets and meteorites to early Earth
(Chyba and Sagan, 1992; Bernstein et al., 1999).

Electrochemical techniques are often used to study the
participation of organic molecules in redox processes of redox
active clays and minerals (O’Loughlin, 2008; Sander et al., 2015).
Here cyclic voltammetry (CV) was used to detect hydroquinone
oxidation on the surface of electrodes made from common iron
oxides and sulfides. CV is an analytical technique used tomonitor
trace metals in marine sediments, where an increase in current
is observed when a redox process takes place on the electrode’s
surface at a specific applied redox potential (Luther et al., 2008;
Moore et al., 2009).

Differentiating the chemical contribution of electron redox
cycling from usually observed microbial redox activity would
improve our understanding of global biogeochemical carbon
cycles. Electron transfer between conducive minerals and soluble
organics can potentially generate out-of-equilibrium systems
that impact environments dependent on the abiotic redox
gradients, such as microbial communities around hydrothermal
vent chimneys and in anoxic marine sediments (Hedrick and
White, 1986; Unden and Bongaerts, 1997; Kim et al., 2012).
Quinone redox cycling can affect distribution of redox active
species in water columns (Nielsen et al., 2010; Nielsen, 2016) and
natural bioremediation of organic molecules (Jiang et al., 2015).
Finally, redox gradients have been long considered important
energy source for the origin of life (Martin et al., 2008), and
a mechanism of transferring energy stored in redox gradients
into chemical reactions is an important step toward better
understanding processes that may lead to life on Earth and other
planets.

MATERIALS AND METHODS

The reactivity between the mineral and redox species in solution
depends on the amount of energy available in the system and
the electrocatalytic properties of mineral surfaces. Overall, the
energy available in the redox system depends on redox potential
as defined by equation (1):
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FIGURE 1 | Quinone molecules are important universal electrochemical mediators: (A) Reversible two electron two proton redox reaction between hydroquinone

(reduced) and benzoquinone (oxidized) forms; (B) Example of naturally occurring quinones : 1, p-benzoquinone (BQ), simplest quinone molecule; 2,

methoxy-p-benzoquinone (MBQ), component of humic acid mixtures; 3, 1,2-naphtohydroxyquinone-4-sulfonate (NQ), oxidation product of polyaromatic

hydrocarbons, pollutant; 4, ubiquinone, a redox cofactor, part of electron transfer chain in living cells; 5, menadione, extracellular mediator used in bacterial respiration;

6, dopamine, neurotransmitter.

1G =− nEF (1)

E is a measurable potential difference between reacting
molecules, described by the Nernst equation:

E = E◦ +
RT

nF
ln

(

[Ox]

[Red]

)

(2)

Here E◦ is a standard redox potential of the redox reaction
of interest, n is the number of electrons transferred in the
reaction, T is the absolute temperature in K, and R and F are
the gas and Faraday constants respectively. Naturally occurring
sustained redox potentials vary from 0.2 V for marine sediments
(Komada et al., 2004), 0.4 to 0.7 V for hydrothermal vents
(Nakamura et al., 2010b; Ryckelynck et al., 2012) and up to
1.2 V for sulfide-rich mineral deposits (Kruger and Lacy, 1949).
The naturally plausible range of redox potentials in aqueous
systems is defined by the chemistry of iron and manganese,
spreading from 0.7 V to −0.3 V [against a standard hydrogen
electrode (SHE)] at pH 7 (Baas Becking et al., 1960). Here
Ag/AgCl electrodes were used as a reference (+ 0.22 V redox
potential compared to SHE), with the −0.5 to 0.5 V (Ag/AgCl)
window used here broadly corresponding to the naturally
occurring potential range available for redox reactions of quinone
molecules.

Materials
Pyrite, pyrrhotite, magnetite, and hematite minerals were
received from Harvard Natural History Museum. Mackinawite
and greigite were synthesized by previously described methods
(Lennie et al., 1995; Dekkers et al., 2000) and characterized by
XRD (See Supplementary Information). Quinones (1–3) were
bought from Sigma-Aldrich (USA) and used without further
purification.

Several electrode designs were tested for the study and the
most reproducible data were obtained with powder electrodes
described by Almeida and Giannetti (2002). Approximately 1 g
of mineral was powdered with mortar and pestle for 10 min.
Powdered minerals were washed several times with acetone and
dried in airflow. A mixture of 2 g of paraffin and 1 g of carbon
powder were heated to 70◦C and a tip of a graphite rod with 5mm
diameter was immersed into the hot mixture and then pressed
against mineral powder. The lateral part of the rod was covered
with Teflon tape to avoid exposure to solution.

Cyclic Voltammetry
The fundamentals of CV can be found elsewhere (Compton et al.,
2014), but briefly, if a molecule is oxidized or reduced on the
surface of the electrode, a change of current is registered. Analysis
of the change in electrical current as a function of an applied
redox potential provides information about themechanism of the
reaction.
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Three-electrode arrays consisted of a Ag/AgCl reference
electrode, Pt-wire counter electrode (both from CH Instruments
Inc., Austin, TX, USA) and homemade working electrodes made
of different minerals (see above). All potentials were compared to
the Ag/AgCl reference electrode (1M KCl solution, E + 0.22 V
vs. SHE). Reactions were performed in 0.1 M phosphate buffer
pH 7.0 in the presence of 0.4M KCl as an electrolyte. Unless
stated otherwise, all experiments were performed under an argon
atmosphere. Sample solutions were purged with nitrogen for
at least 10 min at the beginning of the measurements and
measurements were performed with slow nitrogen bubbling
through solution. To study the effect of oxygen, air was
purged through the solution for 5 min, and measurements were
performed in a vial open to the air with vigorous stirring between
measurements. A BAS CV−50W Voltammetric Analyzer (BASI,
West Lafayette, IN, USA) was used to perform themeasurements,
with each measurement reproduced at least 3 times with 3
different electrode replicas for every mineral. Electrode stability
was calculated by linear sweep voltammetry with a 5mV/s scan
rate, and initial activity screening was produced with 10mM
solution of themolecule of interest with a 100mV/s scan rate. For
the pH variation experiments, a modified Briton-Robinson buffer
(citrate-phosphate-borate-glycine) was used. Reactions started at
pH 2 and were titrated with concentrated solution of NaOH
to pH 12, with pH measured in situ with Toledo potentiostat
(Mettler Toledo, Columbus, OH, USA) and pH electrode
(Hanna Instruments, Woonsocket, RI, USA) before each
measurement.

Mineral Stability Estimations
The range of thermodynamic stability of the minerals used
in the discussion was calculated with HSC-7 software
package (http://www.hsc-chemistry.com) using species
concentrations found in modern ocean: [Fe]T 5.0 ×

10−10 M, [S]T 2.8 × 10−2 M (Rijkenberg et al., 2014)
and concentrations estimated to be found in Haedean
and Archean oceans: [Fe]T2.0 × 10−4 M, [S]T 2.0 ×

10−7M (Crowe et al., 2014). See a diagram in Supporting
Information.

RESULTS

Mineral Electrode Stability
The stability of the selected naturally occurring minerals was
evaluated by linear sweep voltammetry. The voltage applied
to the electrode was slowly increased (5 mV/s) from −500 to
500mV (vs. Ag/AgCl) and the current between the mineral
and platinum working electrodes registered (Figure 2). The
minimum value of each plot corresponds to the resting potential
of the mineral, when oxidation and reduction processes on
the surface are at equilibrium. The value on the abscissa axis
is proportional to the number of electrons exchanged with
solution and the overall redox stability of the sample. Minerals
are reduced at more negative potentials and oxidized at more
positive potentials than the minimum. In the potential range
corresponding to oxidation, mineral surfaces are rich in electrons
and are poor electron acceptors. Reduced metal sulfides greigite
and mackinawite were less stable in solution than the iron
oxides magnetite and hematite, while pyrite and pyrrhotite had
intermediate stability values (Figure 2). Curves of the log |i| vs. E
were asymmetric in the case of reduced iron sulfides, suggesting
irreversible oxidation of these minerals. Iron oxides hematite and
magnetite showed very low current values consistent with oxide
dissolution inhibited in the presence of phosphate ions from the
buffer (Biber et al., 1994).

When cyclic voltammetry was performed in air-saturated
solutions, the presence of oxygen did not change the performance
of the metal oxide electrodes (data not shown). In the case of
pyrite, dramatic increases in the registered current was observed
in the presence of oxygen, showing fast deterioration of the
surface due to an oxygen-assisted cathodic iron dissolution
pathway where oxygen oxidizes water soluble Fe(II) species
into redox active Fe(III) species that catalyze the rate of pyrite
oxidation (Rimstidt and Vaughan, 2003; Chandra and Gerson,

FIGURE 2 | Stability of the mineral electrodes in water: (A) Tafel plot (log [current] vs. Potential) for mineral electrodes in phosphate buffer pH 7: mackinawite (black),

greigite (red), pyrrhotite (green), pyrite (blue), magnetite (gray) and hematite (magenta); graph minimum corresponds to rest potential where oxidation and reduction

reactions are at equilibrium; (B) Pyrite electrode is stable in anoxic atmosphere (red), but deteriorates in the presence of oxygen (black).
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2010). This process was reversed when oxygen was removed from
the system (Figure 2).

As shown in Figure 3, the electrodes made of pyrrhotite,
mackinawite and synthetic greigite reacted with water (black
lines, all graphs). Greigite electrodes showed reversible redox
process with an oxidation anodic peak at −190mV and the
corresponding reduction cathodic wave peak at −390mV. The
reversible nature of this process indicates that the electrode
material was not dissolved during the scan. The peaks correspond
to the reversible Fe2+/Fe3+ oxidation on the surface of the
electrode (Benning et al., 2000). The pyrrhotite electrode showed
two large cathodic waves at −160 and −385mV, potentially
corresponding to stepwise dissolution of polysulfur chains to
sulfite ions with partial re-incorporation of the sulfur to the
electrode surface during the anodic scan at −101 and 118mV
(Mikhlin, 2000). In contrast, pyrite and the metal oxides

hematite and magnetite were stable under these experimental
conditions.

Electrode Interactions with Quinones
With the electrochemistry of the electrodes defined, the reduced
quinones (1–3) were included in the measurements. While
reversible oxidation and reduction waves were expected, Figure 3
shows that only pyrite, and partially magnetite, reacted with
all quinones, and there was no detectable current change on
the surfaces of more reduced iron sulfides. While there was
no change in electrocatalytic behavior of mackinawite with
methoxyquinone 2, the presence of more oxidizing species 1 and
3 lead to dramatic drop of electrical current over all potential
range, probably due to chemical oxidation of the exposed surface.
Small increases in both cathodic (reducing, negative) and anodic
(oxidizing, positive) currents were detected on the surface of

FIGURE 3 | H2Q oxidation on mineral electrodes in anoxic environment: 1 (red), methoxy-hydroquinone 2 (blue), 1,2-hydroxynaphtoquinone-4sulfonic acid 3 (green)

compared to phosphate buffer (black); (A) Greigite; (B) Mackinawite; (C) Pyrrhotite; (D) Pyrite; (E) Magnetite; (F) Hematite. All experiments are done in phosphate

buffer pH 7.0 in the presence of 10 mM hydroquinones and 50 mV/s scan rate.
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TABLE 1 | Summary of hydroquinone redox reactions on different mineral surfaces.

Electrode Hydroquinone Methoxyhydroquinone Naphthoquinone

Ea(mV)/ ia(mA) Ec(mV)/ ic(mA) Ea(mV)/ ia(mA) Ec(mV)/ ic(mA) Ea(mV)/ ia(mA) Ec(mV)/ ic(mA)

Pyrite 251 −3 284 −185 83 −83

0.76 −0.48 1.12 −1.07 0.70 −0.75

Magnetite 119 −197 239 −137

0.033 −0.045 0.07 −0.07

Glassy carbon 365 −89 306 −168 252 −145

0.14 −0.088 0.22 −0.15 0.062 0.099

the hematite electrode, however the current never reached a
maximum value, indicating that at the applied potential values,
the equilibrium was shifted toward reduced hydroquinones.

Pyrite and Magnetite Electrodes
The mechanisms of redox reactions on pyrite and magnetite
surfaces were then studied in more detail. As shown in Table 1,
the electrocatalytic properties of pyrite and magnetite electrodes
were tested in hydroquinone solutions of 10mM concentration
in phosphate buffer under nitrogen. The pyrite electrodes
showed lower potential values of oxidation waves and higher
(more positive) reduction waves for all quinones compared to
magnetite, and, surprisingly, performed better than standard
commercially available glassy carbon electrode. This indicates
that the reaction of quinone on pyrite is more thermodynamically
favorable than on other minerals. The measured value of
the peak electric current (see Table 1) is the number of
electrons flowing through electrode surface per unit of time.
The current is proportional to the area of the electrode and
the equilibrium constant of oxidation-reduction reaction on the
electrode surface. Both mineral electrodes were composed of
small particles of different sizes that contributed to roughness
of the electrode, but this parameter does not significantly
affect current and potential measurements (Menshykau et al.,
2008). Areas of pyrite and magnetite mineral electrodes can be
approximated to the geometric area covered by mineral particles,
and currents registered at both electrodes under identical
experimental conditions can be directly compared. Cathodic and
anodic currents on pyrite electrodes were 10 to 30 times higher
than on magnetite and more than 100 times higher than on
hematite electrodes, suggesting that quinones were oxidized and
reduced faster on pyrite than on other minerals.

The difference between the peaks corresponding to oxidation
and reduction was larger than the theoretical limit of 0.059/n
expected for a fully reversible reaction. Larger separation between
peaks seems to support a stepwise oxidation mechanism where
hydroquinone is oxidized via one electron step to semiquinone,
which is then rapidly oxidized to benzoquinone (Uchimiya and
Stone, 2006). For pyrite, the ratio between the oxidation and
reduction current peaks was 0.63 for 1, 0.95 for 2 and 0.93 for 3,
instead of 1.0 as would be expected for fully reversible processes.
On pyrite surfaces, reduction occurred at lower rates than
oxidation for benzoquinone 1, probably because of the formation
of poorly soluble hydroquinone-benzoquinone complex that

FIGURE 4 | Hydroquinone 1 oxidation on pyrite electrode in anoxic

environment. Phosphate buffer pH 7.0 , 50mV/s scan rate. Black: bare pyrite;

red: 0.2mM H2Q; green: 0.4mM H2Q; blue: 0.6 mM H2Q.

interfered with the reaction. In case of 2 and 3, redox reactions
were close to being reversible in both directions.

Concentrations of quinone used for initial screening were
much higher than the naturally occurring range of these
molecules, which is usually from 0.02 to 1mM (Uchimiya
and Stone, 2006; Marsili et al., 2008). Only pyrite showed an
increase in current in the naturally occurring concentration range
(Figure 4), and further studies were limited to electrochemistry
of pyrite in the presence of 1 mM or less of hydroquinones.

Mechanism of Hydroquinones Oxidation of
Pyrite Electrode
On the electrode surface molecules may be oxidized by diffusion
or adsorption-controlled mechanisms. To distinguish between
the two, the potential scan rate was gradually increased from
10 to 1,000mV/s (Figure 5), and this change caused an increase
in peak current. In diffusion-controlled processes, current rise
is proportional to the square root of the scan speed, while
in adsorption-controlled processes, the current rise is directly
proportional to the speed of the scan (Batchelor-McAuley et al.,
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FIGURE 5 | Current rise with the increase of the scan speed indicated a diffusion controlled mechanism. 1mM 1 phosphate buffer pH 7.0. (A) Successive scans with

(from lowest to highest) 10, 50, 100, 150, 200, 300, 500, and 1,000mV/s; (B) A log/log plot of change in peak current for absolute value of cathodic (black) and

anodic (red) peaks vs. change in scan rate.

2010). A mixture of both mechanisms is possible in real systems.
To distinguish between both processes, log|ip| (where |ip| is an
absolute peak current value), was plotted against log(v) (where
v is the scan rate in mV/s) (Gupta et al., 2012). The results
showed a small contribution from the adsorption-controlled
pathway in the case of unsubstituted hydroquinone 1 on pyrite
surfaces, with the slope of 0.56 (R2 = 0.994) for the cathodic
peak and 0.58 (R2 = 0.985) for the anodic peak, however slopes
for 2 are 0.43 (R2 = 0.999) and 0.45 (R2 = 0.996) for pyrite
electrode and 0.35 (R2 = 0.987) and 0.42 (R2 = 0.992) for 3

on magnetite electrode, showed that both processes were fully
diffusion-controlled.

Variation of the redox potential with pH showed peak shifting
to more reducing potentials with the increase of pH, indicating
that both protons were involved in the redox process (Figure 6).
Hydroquinone 1 has a pKa of 10.3, and below this pH the
hydroquinone is mostly present in its diprotonated form (H2Q).
TheH2Qcan be oxidized to benzoquinone (Q) or to semiquinone
(Q−), which has pKa 4.3 and is deprotonated in the studied
region (Quan et al., 2007) (Figure 1). The mechanism of the
first oxidation involves two electrons and two protons, while
the second is a one-electron two-proton process. The change
in peak potential against pH was linear in the pH range 4 to
10 with the slope of −0.064 (R2 = 0.990) for anodic current
and −0.058 (R2 = 0.995) for cathodic current. This value is
close to −0.059, corresponding to a process where an equal
number of protons and electrons are exchanged, suggesting that
the process occurred via two-proton two-electron oxidation.
The electrochemical oxidation of quinones on mineral surfaces
has a different mechanism than quinone oxidations in solution,
where hydroquinones are usually oxidized in two one-electron
oxidations via a semiquinone radical intermediate.

Electrode Stability
Stability of the electrodes under an argon atmosphere was tested
over 100 cycles on pyrite electrodes with hydroquinone 2. Small
shifts from 200 to 210mV for the oxidation peak and from−160
to −168mV for the reduction peak were observed along with

small increases (from −0.47 to −0.49mA) in reduction current
(Figure 7). Both observations are consistent with changes in
electrode performance due to partial adsorption of the quinone to
the surface, but the change is not significant and pyrite minerals
potentially can exchange electrons with organic mediators over
prolonged periods of time.

DISCUSSION

This work shows that long distance electron transfer can
be coupled to abiotic organic redox reactions. To simulate
processes occurring in the environments where electrochemical
gradients are present, reactions on electrode surfaces made
of common minerals were studied at the potential range of
−500 to 500V (vs. Ag/AgCl) expected to be found in natural
environments (Baas Becking et al., 1960). Electrodes made of
reduced metal sulfides are chemically unstable under the selected
conditions and cannot transfer electrons to model organic
molecules hydroquinones. This result is surprising: Reduced
iron sulfides are usually considered to be the major catalyst
of biogeochemical processes in hydrothermal vents (e.g., White
et al., 2015). Observed small rises of current on the surface
of metal oxides hematite and magnetite are consistent with
the observation of very small effect of quinones on chemical
dissolution of Fe(III) oxides (O’Loughlin, 2008). In contrast
with other studied minerals, pyrite showed a significant current
rise in the presence of low concentrations of quinones (0.2–
1mM), within ranges of concentration of organic matter in
natural waters (Uchimiya and Stone, 2009). Electrical currents
on pyrite surfaces are at least an order of magnitude higher
than the maximum oxidation and reduction peak currents on
other minerals, and occur at lower redox potentials, suggesting
that the electron transfer between quinones and pyrite is a very
efficient process that can dominate electrochemistry in natural
environments.

The redox stability of pyrite in the presence of quinones
can result in long term quinone cycling driven by potential
differences between oxic and anoxic zones. Given the ubiquity of
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FIGURE 6 | Mechanism of hydroquinone 1 oxidation of pyrite electrode as a function of pH. (A) Scan samples at different pH: 2.5 (black), 5.1 (red), 6.7 (green), 9.5

(blue), 11.8 (magenta); (B) Decrease of maximum potential peak with increase of pH for anodic (square) and cathodic (circle) peaks; (C) General diagram of quinone

oxidation mechanism.

FIGURE 7 | Stability of pyrite electrode. First oxidation scan (black) and 100th

oxidation scan (red).

both pyrite (Vokes, 1993) and quinones (Scott et al., 1998), the
out-of-equilibrium system generated by their interactions may
have multiple impacts on the environment.

It has been shown recently that cable bacteria can form
millimeter-long conductive filaments that couple sulfide
oxidation in anoxic sediments with oxygen reduction in

the oxygen-rich areas (Müller et al., 2016). Given that
electrical current through conductive minerals can be
coupled to hydroquinone oxidation, and that quinones are
common external electron mediators used by a wide variety
of bacteria (Hedrick and White, 1986), it is possible that other
microorganisms apart from cable bacteria may also participate
in biogeochemical processes involving long distance electron
transfer. In this case our current models underestimate the role
of abiotic electron transfer across the sediments (Seitaj et al.,
2015) (Figure 8A).

Many naturally occurring hydroquinones are readily oxidized
by dissolved oxygen to quinones. Continuous electrochemical
reduction of the quinones back to the hydroquinones in the
oxygen-rich areas may increase the ratio of quinone cycling
and result in accelerated oxygen depletion of the solution
(O’Brien, 1991) as well as abiotic generation of high local
concentrations of hydrogen peroxide (Roginsky and Barsukova,
2000) (Figure 8A). It is possible that quinone cycling coupled
to the long-range electron transfer is a complex reaction-
diffusion system that can contribute to sharp seasonal oxygen
variations.

Finally, hydrothermal vents and other naturally occurring
zones where electrochemical gradients are found have long
been considered as out-of-equilibrium systems relevant to the
origins of life due to an apparent similarity between biological
and geological electrochemical gradients (Martin and Russell,
2003; Amend and McCollom, 2009; Nitschke and Russell, 2009).

Frontiers in Chemistry | www.frontiersin.org 8 July 2017 | Volume 5 | Article 49

http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive


Taran Electron Transfer between Minerals and Quinones

FIGURE 8 | (A) Quinone cycling maintained by pyrite in the presence of a redox gradient; above: reduction of the quinone at the cathodic surface of pyrite leads to

increased quinone cycling, ROS production, and oxygen consumption; below: hydroquinone reduction at the anodic surface of pyrite generates external electron

acceptors for microbial respiration; (B) Redox potentials (25◦C, pH 7.0, vs. SHE) of biochemical reactions relevant to the origin of life, compared to the

electrochemical stability regions of iron minerals in modern and ancient seawater ([Fe]T 0.5 × 10−9M, [S]T 2.8 × 10−2M, and 2 x 10−4 M and 2 × 10−7 M,

respectively); colors are used to indicate different biochemical roles of the molecules: redox cofactors (red), thiols and thioesters (green), primary metabolites (blue),

and terminal electron acceptors (black); “hem” is hematite.

In general the hydrothermal vent scenarios of the origins of
life suggest that reduced metal sulfides were the precursors to
the biological iron-sulfur redox cofactors and the catalysts of
prebiotic reactions. The exact nature of the metal sulfide catalysts
as well as the range of the relevant prebiotic reactions remains a
matter of debate (Orgel, 2008; Wächtershäuser, 2016).

In Wachterhauser’s “pyrite pulled metabolism,” a model
proposed almost 30 years ago, pyrite served as a catalytic
surface able to adsorb and concentrate negatively charged organic
molecules, but reduced metal sulfides, such as pyrrhotite and
amorphous FeS, were expected to participate in the redox
reactions of the system (Wachterhauser, 1988). With few
exceptions (Wang et al., 2012), reduced iron and niquel sulfides
have been generally proposed as plausible minerals to catalyze

prebiotic redox reactions instead of pyrite (Cody et al., 2000;
Huber et al., 2012; Novikov and Copley, 2013).

Electrochemical systems have been recently suggested as
a relevant approach to study prebiotic chemistry related to
hydrothermal vents scenario (de Aldecoa et al., 2013; Barge
et al., 2014, 2015; Herschy et al., 2014; Yamaguchi et al., 2014;
Roldan et al., 2015). The focus of these studies is usually on
abiotic CO2 reduction and reduced iron sulfides and sometimes
iron oxides (green rust) are considered as possible electrode
candidates. Focus on CO2 reduction as a main model system
relevant to the origin of life has been chosen because of the
common assumption that life started simply and evolved toward
larger synthetic complexity (Martin et al., 2008). The opposite
idea that life started from complex chemical mixtures (de Duve
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and Miller, 1991; Burton et al., 2012) is gaining more support
with the growing realization that a large amount of organic
material is formed abiotically in space and delivered to Earth
with comets and meteorites (Chyba and Sagan, 1992). Under
this scenario quinones, which have been produced abiotically
under conditions simulating exoplanetary comet ices (Bernstein
et al., 1999), are plausible first molecules relevant to the origin
of life. The ubiquitous occurrence of many different quinones
used by bacteria, fungi and plants suggests that quinones have
a critical role in maintaining life on Earth (Szent-Gyorgyi and
McLaughlin, 1983), but the role of quinones in early prebiotic
reaction networks is presently underexplored.

The observed affinity between pyrite and quinones loosely
resembles reactions in electron transport chain systems found
across all domains of life, where redox and pH gradients
across cell membranes are maintained, in part, by electron
transport between metal sulfur clusters and quinone cofactors
(Sun et al., 2013). Electron transport chain has a modular
structure (Yankovskaya et al., 2003) and it is possible that
a first primitive fragments of a biological electron transport
chain appeared from abiotic electrocatalytic interactions between
minerals and redox active molecules. In this case, an ability of
pyrite surfaces to adsorb and concentrate amino acids and short
peptides (Wachterhauser, 1988; Sanchez-Arenillas and Mateo-
Marti, 2016) could have provided the link between the early redox
systems and prebiotic reaction networks based on peptides and
nucleic acids.

The redox processes of the living cells, with a few exceptions
(Bar-Even, 2013), take place in the relatively narrow potential
zone between −0.6 and 0.1V (vs. SHE) (Weber, 2002; Bar-
Even et al., 2012). If electrochemical reactions were important
components of prebiotic redox systems, then minerals that acted
as electrodes should have been stable in the potential window
corresponding to prebiotic redox reactions, such as reactions
involving redox cofactors, components of the citric acid cycle,
thiols and thioesters. Side to side comparison of the redox
potentials of these reactions to the stability of iron minerals
at the same pH and temperature are shown on (Figure 8B).
While CO2 reduction to organic molecules can take place on
surfaces of FeS minerals, pyrite stability overlaps with a large
part of biochemical redox potentials. Ubiquitous pyrite surfaces
likely served as natural mineral electrodes in primordial reaction
networks.

The simple system presented in this paper is a model that
does not yet address many questions relevant to the natural
settings. The selectivity and the stability of pyrite electrodes
during the quinone redox cycling in presence of other organic
and inorganic compounds will be studied in the next phase
of the project. To understand the global impact of abiotic

electrochemical reactions a model involving electrical currents
across conductive sediments coupled with the diffusion processes
at the sediment interphases has to be developed. Reduced
iron sulfides are more electrically conductive than pyrite and
magnetite (Telford et al., 1990), and are found at higher
concentrations in the anoxic zones (Risgaard-Petersen et al.,
2012). Possibly the electron flow across the sediments occurs
mostly through the reduced iron sulfides, the electron transfer

takes place at the pyrite interphase, and there is a competition
between mineral corrosion and electrons transfer pathways. The
complex pattern of the long-range electron transfer needs to be
elucidated.

Present study of non-biological interactions between the
organic molecules and the minerals suggests an existence of
complex abiotic out-of-equilibrium systems driven by naturally
occurring electrochemical gradients. These systems might
contribute to global biogeochemical cycles and have an impact
on different phenomena ranging from chemical pollution to the
origin of life.

AUTHOR CONTRIBUTIONS

OT designed and performed the experiments, analyzed the data,
and wrote the paper.

FUNDING

The postdoctoral research is supported by Neurology and the
ADRC at Emory University (P50AG025688) and by grant
NSF/DMR-BSF 1610377.

ACKNOWLEDGMENTS

I want to thank Prof. David Lynn for the support during the
work on the project and writing of the manuscript, Prof. Craig
L. Hill for providing access to the electropotentiostat used in
the experiments, Dr. John Basca for the XRD analysis, Harvard
Museum of Natural History for providing mineral samples for
the electrodes, Prof. Y. A. Taran for the HSC-7 calculations, and
Prof. M. T. Fernandez-Abedul, Dr. M. N. Tsaloglu and Dr. V.E.
Campbell for the helpful discussions. Harvard Origins of Life
Initiative for the financial support during the early stages of the
project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fchem.
2017.00049/full#supplementary-material

REFERENCES

Aklujkar, M., Krushkal, J., DiBartolo, G., Lapidus, A., Land, M. L., and Lovley,

D. R. (2009). The genome sequence of Geobacter metallireducens: features of

metabolism, physiology and regulation common and dissimilar to Geobacter

sulfurreducens. BMCMicrobiol. 9:109. doi: 10.1186/1471-2180-9-109

Almeida, C. M. V., and Giannetti, B. (2002). A new and practical carbon paste

electrode for insoluble and ground samples. Electrochem. Commun. 4, 985–988.

doi: 10.1016/S1388-2481(02)00511-8

Amend, J. P., and McCollom, T. M. (2009). Energetics of biomolecule synthesis

on early Earth. ACS. Symp. Ser. 1025, 63–94. doi: 10.1021/bk-2009-1025.

ch004

Frontiers in Chemistry | www.frontiersin.org 10 July 2017 | Volume 5 | Article 49

http://journal.frontiersin.org/article/10.3389/fchem.2017.00049/full#supplementary-material
https://doi.org/10.1186/1471-2180-9-109
https://doi.org/10.1016/S1388-2481(02)00511-8
https://doi.org/10.1021/bk-2009-1025.ch004
http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive


Taran Electron Transfer between Minerals and Quinones

Baas Becking, L. G. M., Kaplan, I. R., and Moore, D. (1960). Limits of the natural

environment in terms of pH and oxidation-reduction potentials. J. Geol. 68,

243–284. doi: 10.1086/626659

Bar-Even, A. (2013). Does acetogenesis really require especially low reduction

potential? Biochim. Biophys. Acta 1827, 395–400. doi: 10.1016/j.bbabio.

2012.10.007

Bar-Even, A., Flamholz, A., Noor, E., and Milo, R. (2012). Thermodynamic

constraints shape the structure of carbon fixation pathways. Biochim. Biophys.

Acta Bioenerg. 1817, 1646–1659. doi: 10.1016/j.bbabio.2012.05.002

Barge, L. M., Abedian, Y., Russell, M. J., Doloboff, I. J., Cartwright, J. H. E., Kidd,

R. D., et al. (2015). From chemical gardens to fuel cells: generation of electrical

potential and current across self-assembling iron mineral membranes. Angew.

Chem. Int. Ed. Engl. 54, 8184–8187. doi: 10.1002/anie.201501663

Barge, L. M., Kee, T. P., Doloboff, I. J., Hampton, J. M., Ismail, M., Pourkashanian,

M., et al. (2014). The fuel cell model of abiogenesis: a new approach to

origin-of-life simulations. Astrobiology 14, 254–270. doi: 10.1089/ast.2014.1140

Batchelor-McAuley, C., Gonçalves, L.M., Xiong, L., Barros, A. A., and Compton, R.

G. (2010). Controlling voltammetric responses by electrodemodification; using

adsorbed acetone to switch graphite surfaces between adsorptive and diffusive

modes. Chem. Commun. 46, 9037–9039. doi: 10.1039/c0cc03961f

Benning, L. G., Wilkin, R. T., and Barnes, H. L. (2000). Reaction

pathways in the Fe-S system below 100◦C. Chem. Geol. 167, 25–51.

doi: 10.1016/S0009-2541(99)00198-9

Bernstein, M. (2006). Prebiotic materials from on and off the early Earth. Philos.

Trans. R. Soc. Lond. B. Biol. Sci. 361, 1689–700. discussion: 1700–1702.

doi: 10.1098/rstb.2006.1913

Bernstein, M. P., Sandford, S. A., Allamandola, L. J., Gillette, J. S., Clemett, S. J.,

and Zare, R. N. (1999). UV Irradiation of polycyclic aromatic hydrocarbons

in ices : production of alcohols, quinones, and ethers. Science 283, 1135–1139.

doi: 10.1126/science.283.5405.1135

Biber, M. V., dos Santos Afonso, M., and Stumm, W. (1994). The coordination

chemistry of weathering: IV. Inhibition of the dissolution of oxide minerals.

Geochim. Cosmochim. Acta 58, 1999–2010. doi: 10.1016/0016-7037(94)

90280-1

Borch, T., Kretzschmar, R., Kappler, A., Cappellen, P. V., Ginder-Vogel,

M., Voegelin, A., et al. (2010). Biogeochemical redox processes and

their impact on contaminant dynamics. Environ. Sci. Technol. 44, 15–23.

doi: 10.1021/es9026248

Burton, A. S., Stern, J. C., Elsila, J. E., Glavin, D. P., and Dworkin, J. P. (2012).

Understanding prebiotic chemistry through the analysis of extraterrestrial

amino acids and nucleobases in meteorites. Chem. Soc. Rev. 41, 5459–5472.

doi: 10.1039/c2cs35109a

Cervantes, F. J., Van der Velde, S., Lettinga, G., and Field, J. A. (2000).

Competition between methanogenesis and quinone respiration for ecologically

important substrates in anaerobic consortia. FEMS Microbiol. Ecol. 34,

161–171. doi: 10.1111/j.1574-6941.2000.tb00766.x

Chandra, A. P., and Gerson, A. R. (2010). The mechanisms of pyrite oxidation

and leaching: a fundamental perspective. Surf. Sci. Rep. 65, 293–315.

doi: 10.1016/j.surfrep.2010.08.003

Chyba, C., and Sagan, C. (1992). Endogenous production, exogenous delivery and

impact-shock synthesis of organic molecules: an inventory for the origins of

life. Nature 355, 125–132. doi: 10.1038/355125a0

Cody, G. D., Boctor, N. Z., Filley, T. R., Hazen, R. M., Scott, J. H., Sharma, A., et al.

(2000). Primordial carbonylated iron-sulfur compounds and the synthesis of

pyruvate. Science 289, 1337–1340. doi: 10.1126/science.289.5483.1337

Compton, R. G., Laborda, E., andWard, K. R. (2014).Understanding Voltammetry.

London: Imperial College Press.

Crowe, S. A., Paris, G., Katsev, S., Jones, C., Kim, S. T., Zerkle, A. L., et al. (2014).

Sulfate was a trace constituent of Archean seawater. Science 346, 735–739.

doi: 10.1126/science.1258966

de Aldecoa, A., Roldán, F., and Menor-Salván, C. (2013). Natural

pyrrhotite as a catalyst in prebiotic chemical evolution. Life 3, 502–517.

doi: 10.3390/life3030502

de Duve, C., and Miller, S. L. (1991). Two-dimensional life? Proc. Natl. Acad. Sci.

U.S.A. 88, 10014–10017. doi: 10.1073/pnas.88.22.10014

Dekkers, M. J., Passier, H. F., and Schoonen, M. A. A. (2000). Magnetic

properties of hydrothermally synthesized greigite (Fe3S4)-II. High-

and low-temperature characteristics. Geophys. J. Int. 141, 809–819.

doi: 10.1046/j.1365-246x.2000.00129.x

D’Hondt, S., Jørgensen, B. B., Miller, D. J., Batzke, A., Blake, R., Cragg, B. A.,

et al. (2004). Distributions of microbial activities in deep subseafloor sediments.

Science 306, 2216–2221. doi: 10.1126/science.1101155

Du, Z., Li, H., and Gu, T. (2007). A state of the art review on microbial fuel cells: a

promising technology for wastewater treatment and bioenergy. Biotechnol. Adv.

25, 464–482. doi: 10.1016/j.biotechadv.2007.05.004

Gupta, R., Guin, S. K., and Aggarwal, S. K. (2012). A mechanistic study on the

electrocatalysis of the Pu(iv)/Pu(iii) redox reaction at a platinum electrode

modified with single-walled carbon nanotubes (SWCNTs) and polyaniline

(PANI). RSC Adv. 2, 1810–1819. doi: 10.1039/c1ra01010g

Hedrick, D. B., and White, D. C. (1986). Microbial respiratory

quinones in the environment. J. Microbiol. Methods 5, 243–254.

doi: 10.1016/0167-7012(86)90049-7

Herschy, B., Whicher, A., Camprubi, E., Watson, C., Dartnell, L., Ward, J., et al.

(2014). An origin-of-life reactor to simulate alkaline hydrothermal vents. J. Mol.

Evol. 79, 213–227. doi: 10.1007/s00239-014-9658-4

Huber, C., Kraus, F., Hanzlik, M., Eisenreich, W., and Wächtershäuser, G.

(2012). Elements of metabolic evolution. Chem. Eur. J. 18, 2063–2080.

doi: 10.1002/chem.201102914

Jelen, B. I., Giovannelli, D., and Falkowski, P. G. (2016). The Role of microbial

electron transfer in the coevolution of the biosphere and geosphere. Annu. Rev.

Microbiol. 70, 45–62. doi: 10.1146/annurev-micro-102215-095521

Jiang, C., Garg, S., andWaite, T. D. (2015). Hydroquinone-mediated redox cycling

of iron and concomitant oxidation of hydroquinone in oxic waters under acidic

conditions: comparison with iron-natural organic matter interactions. Environ.

Sci. Technol. 49, 14076–14084. doi: 10.1021/acs.est.5b03189

Karato, S. I., and Wang, D. (2013). “Electrical conductivity of minerals and rocks,”

in Physics and Chemistry of the Deep Earth, ed S. Karato (Hoboken, NJ: John

Wiley), 145–182. doi: 10.1002/9781118529492.ch5

Kim, Y. I., Vinyard, D. J., Ananyev, G. M., Dismukes, G. C., and Golden,

S. S. (2012). Oxidized quinones signal onset of darkness directly to

the cyanobacterial circadian oscillator. Proc. Natl. Acad. Sci. U.S.A. 109,

17765–17769. doi: 10.1073/pnas.1216401109

Klüpfel, L., Piepenbrock, A., Kappler, A., and Sander, M. (2014). Humic substances

as fully regenerable electron acceptors in recurrently anoxic environments.Nat.

Geosci. 7, 195–200. doi: 10.1038/ngeo2084

Komada, T., Reimers, C. E., Luther, G. W., and Burdige, D. J. (2004).

Factors affecting dissolved organic matter dynamics in mixed-redox to

anoxic coastal sediments. Geochim. Cosmochim. Acta 68, 4099–4111.

doi: 10.1016/j.gca.2004.04.005

Konkena, B., Puring, J., K., Sinev, I., Piontek, S., Khavryuchenko, O., Dürholt, J. P.,

et al. (2016). Pentlandite rocks as sustainable and stable efficient electrocatalysts

for hydrogen generation. Nat. Commun. 7:12269. doi: 10.1038/ncomms12269

Kruger, F. C., and Lacy, W. C. (1949). Geological explanations of geophysical

anomalies near Cerro de Pasco, Peru. Econ. Geol. 44, 485–491.

doi: 10.2113/gsecongeo.44.6.485

Lennie, A. R., Redfern, S. A. T., Schofield, P. F., and Vaughn, D. J. (1995).

Synthesis and rietveld crystal structure refinement of mackinawite, tetragonal

FeS.Mineral. Mag. 59, 677–683. doi: 10.1180/minmag.1995.059.397.10

Luther, G. W., Glazer, B. T., Ma, S., Trouwborst, R. E., Moore, T. S., Metzger, E.,

et al. (2008). Use of voltammetric solid-state (micro)electrodes for studying

biogeochemical processes: laboratorymeasurements to real timemeasurements

with an in situ electrochemical analyzer (ISEA). Mar. Chem. 108, 221–235.

doi: 10.1016/j.marchem.2007.03.002

Lynn, D. G., and Chang, M. (1990). Phenolic signals in cohabitation: implications

for plant development. Annu. Rev. Plant Physiol. Plant Mol. Biol. 41, 497–526.

doi: 10.1146/annurev.pp.41.060190.002433

Malkin, S. Y., Seitaj, D., Burdorf, L. D. W., Nieuwhof, S., Hidalgo-Martinez, S.,

Tramper, A., et al. (2017). Electrogenic sulfur oxidation by cable bacteria in

bivalve reef sediments. Front. Mar. Sci. 4:28. doi: 10.3389/fmars.2017.00028

Malvankar, N. S., King, G. M., and Lovley, D. R. (2014). Centimeter-long electron

transport in marine sediments via conductive minerals. ISME J. 9, 527–531.

doi: 10.1038/ismej.2014.131

Marsili, E., Baron, D. B., Shikhare, I. D., Coursolle, D., Gralnick, J.

A., and Bond, D. R. (2008). Shewanella secretes flavins that mediate

Frontiers in Chemistry | www.frontiersin.org 11 July 2017 | Volume 5 | Article 49

https://doi.org/10.1086/626659
https://doi.org/10.1016/j.bbabio.2012.10.007
https://doi.org/10.1016/j.bbabio.2012.05.002
https://doi.org/10.1002/anie.201501663
https://doi.org/10.1089/ast.2014.1140
https://doi.org/10.1039/c0cc03961f
https://doi.org/10.1016/S0009-2541(99)00198-9
https://doi.org/10.1098/rstb.2006.1913
https://doi.org/10.1126/science.283.5405.1135
https://doi.org/10.1016/0016-7037(94)90280-1
https://doi.org/10.1021/es9026248
https://doi.org/10.1039/c2cs35109a
https://doi.org/10.1111/j.1574-6941.2000.tb00766.x
https://doi.org/10.1016/j.surfrep.2010.08.003
https://doi.org/10.1038/355125a0
https://doi.org/10.1126/science.289.5483.1337
https://doi.org/10.1126/science.1258966
https://doi.org/10.3390/life3030502
https://doi.org/10.1073/pnas.88.22.10014
https://doi.org/10.1046/j.1365-246x.2000.00129.x
https://doi.org/10.1126/science.1101155
https://doi.org/10.1016/j.biotechadv.2007.05.004
https://doi.org/10.1039/c1ra01010g
https://doi.org/10.1016/0167-7012(86)90049-7
https://doi.org/10.1007/s00239-014-9658-4
https://doi.org/10.1002/chem.201102914
https://doi.org/10.1146/annurev-micro-102215-095521
https://doi.org/10.1021/acs.est.5b03189
https://doi.org/10.1002/9781118529492.ch5
https://doi.org/10.1073/pnas.1216401109
https://doi.org/10.1038/ngeo2084
https://doi.org/10.1016/j.gca.2004.04.005
https://doi.org/10.1038/ncomms12269
https://doi.org/10.2113/gsecongeo.44.6.485
https://doi.org/10.1180/minmag.1995.059.397.10
https://doi.org/10.1016/j.marchem.2007.03.002
https://doi.org/10.1146/annurev.pp.41.060190.002433
https://doi.org/10.3389/fmars.2017.00028
https://doi.org/10.1038/ismej.2014.131
http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive


Taran Electron Transfer between Minerals and Quinones

extracellular electron transfer. Proc. Natl. Acad. Sci. U.S.A. 105, 3968–3973.

doi: 10.1073/pnas.0710525105

Martin,W., Baross, J., Kelley, D., and Russell, M. J. (2008). Hydrothermal vents and

the origin of life. Nat. Rev. Microbiol. 6, 805–814. doi: 10.1038/nrmicro1991

Martin, W., and Russell, M. J. (2003). On the origins of cells: a hypothesis for

the evolutionary transitions from abiotic geochemistry to chemoautotrophic

prokaryotes, and from prokaryotes to nucleated cells. Philos. Trans. R. Soc.

Lond. B. Biol. Sci. 358, 59–83. discussion: 83–85. doi: 10.1098/rstb.2002.1183

Menshykau, D., Streeter, I., and Compton, R. G. (2008). Influence of electrode

roughness on cyclic voltammetry. J. Phys. Chem. C 112, 14428–14438.

doi: 10.1021/jp8047423

Mikhlin, Y. (2000). Reactivity of pyrrhotite surfaces: an electrochemical study.

Phys. Chem. Chem. Phys. 2, 5672–5677. doi: 10.1039/b005373m

Moore, T. S., Mullaugh, K. M., Holyoke, R. R., Madison, A. S., Yücel,

M., and Luther, G. W. (2009). Marine chemical technology and sensors

for marine waters: potentials and limits. Ann. Rev. Mar. Sci. 1, 91–115.

doi: 10.1146/annurev.marine.010908.163817

Mousset, E., Huguenot, D., Van Hullebusch, E. D., Oturan, N., Guibaud, G.,

Esposito, G., et al. (2016). Impact of electrochemical treatment of soil washing

solution on PAH degradation efficiency and soil respirometry. Environ. Pollut.

211, 354–362. doi: 10.1016/j.envpol.2016.01.021

Müller, H., Bosch, J., Griebler, C., Damgaard, L. R., Nielsen, L. P., Lueders, T., et al.

(2016). Long-distance electron transfer by cable bacteria in aquifer sediments.

ISME J. 545, 1–8. doi: 10.1038/ismej.2015.250

Nakamura, R., Okamoto, A., Tajima, N., Newton, G. J., Kai, F., Takashima, T.,

et al. (2010a). Biological iron-monosulfide production for efficient electricity

harvesting from a deep-sea metal-reducing bacterium. ChemBioChem 11,

643–645. doi: 10.1002/cbic.200900775

Nakamura, R., Takashima, T., Kato, S., Takai, K., Yamamoto, M., and

Hashimoto, K. (2010b). Electrical current generation across a black smoker

chimney. Angew. Chemie Int. Ed. 49, 7692–7694. doi: 10.1002/anie.2010

03311

Newman, D. K., and Kolter, R. (2000). A role for excreted quinones in extracellular

electron transfer. Nature 405, 94–97. doi: 10.1038/35011098

Nielsen, L. P. (2016). Ecology: electrical cable bacteria save marine life. Curr. Biol.

26, R32–R33. doi: 10.1016/j.cub.2015.11.014

Nielsen, L. P., and Risgaard-Petersen, N. (2015). Rethinking sediment

biogeochemistry after the discovery of electric Currents. Ann. Rev. Mar.

Sci. 7, 425–442. doi: 10.1146/annurev-marine-010814-015708

Nielsen, L. P., Risgaard-Petersen, N., Fossing, H., Christensen, P. B.,

and Sayama, M. (2010). Electric currents couple spatially separated

biogeochemical processes in marine sediment. Nature 463, 1071–1074.

doi: 10.1038/nature08790

Nitschke, W., and Russell, M. J. (2009). Hydrothermal focusing of chemical

and chemiosmotic energy, supported by delivery of catalytic Fe, Ni,

Mo/W, Co, S and Se, forced life to emerge. J. Mol. Evol. 69, 481–496.

doi: 10.1007/s00239-009-9289-3

Novikov, Y., and Copley, S. D. (2013). Reactivity landscape of pyruvate under

simulated hydrothermal vent conditions. Proc. Natl. Acad. Sci. U.S.A. 110,

13283–13288. doi: 10.1073/pnas.1304923110

O’Brien, P. J. (1991). Molecular mechanisms of quinone cytotoxicity. Chem. Biol.

Interact. 80, 1–41.

O’Loughlin, E. J. (2008). Effects of electron transfer mediators on the bioreduction

of lepidocrocite (γ-FeOOH) by Shewanella putrefaciens. Environ. Sci. Technol.

42, 6876–6882. doi: 10.1021/es800686d

Orgel, L. E. (2008). The implausibility of metabolic cycles on the prebiotic Earth.

PLoS Biol. 6:e18. doi: 10.1371/journal.pbio.0060018

Orsetti, S., Laskov, C., and Haderlein, S. B. (2013). Electron transfer between

iron minerals and quinones: estimating the reduction potential of the Fe(II)-

goethite surface fromAQDS speciation. Environ. Sci. Technol. 47, 14161–14168.

doi: 10.1021/es403658g

Qiao, Y., Li, C. M., Bao, S. J., Lu, Z., and Hong, Y. (2008). Direct electrochemistry

and electrocatalytic mechanism of evolved Escherichia coli cells in microbial

fuel cells. Chem. Commun. 2008, 1290–1292. doi: 10.1039/b719955d

Quan, M., Sanchez, D., Wasylkiw, M. F., and Smith, D. K. (2007). Voltammetry

of quinones in unbuffered aqueous solution: reassessing the roles of proton

transfer and hydrogen bonding in the aqueous electrochemistry of quinones.

J. Am. Chem. Soc. 129, 12847–12856. doi: 10.1021/ja0743083

Revil, A., Mendonça, C. A., Atekwana, E. A., Kulessa, B., Hubbard, S. S.,

and Bohlen, K. J. (2010). Understanding biogeobatteries: where geophysics

meets microbiology. J. Geophys. Res. 115, 1–22. doi: 10.1029/2009JG0

01065

Rijkenberg, M. J., Middag, R., Laan, P., Gerringa, L. J., van Aken, H. M.,

Schoemann, V., et al. (2014). The distribution of dissolved iron in the West

Atlantic Ocean. PLoS ONE 9:e101323. doi: 10.1371/journal.pone.0101323

Rimstidt, J. D., and Vaughan, D. J. (2003). Pyrite oxidation: a state-of-the-art

assessment of the reactionmechanism.Geochim. Cosmochim. Acta 67, 873–880.

doi: 10.1016/S0016-7037(02)01165-1

Risgaard-Petersen, N., Revil, A., Meister, P., and Nielsen, L. P. (2012).

Sulfur, iron, and calcium cycling associated with natural electric currents

running through marine sediment. Geochim. Cosmochim. Acta 92, 1–13.

doi: 10.1016/j.gca.2012.05.036

Roginsky, V., and Barsukova, T. (2000). Kinetics of oxidation of hydroquinones by

molecular oxygen. Effect of superoxide dismutase. J. Chem. Soc. Perkin Trans.

2, 1575–1582. doi: 10.1039/b000538j

Roldan, A., Hollingsworth, N., Roffey, A., Islam, H.-U., Goodall, J. B. M.,

Catlow, C. R. A., et al. (2015). Bio-inspired CO2 conversion by iron sulfide

catalysts under sustainable conditions. Chem. Commun. 51, 7501–7504.

doi: 10.1039/C5CC02078F

Ryckelynck, N., Stecher, H. A., and Reimers, C. A. (2012). Understanding

the anodic mechanism of a seafloor fuel cell : interactions between

geochemistry and microbial activity. Biogeochemistry 76, 113–139.

doi: 10.1007/s10533-005-2671-3

Sanchez-Arenillas, M., and Mateo-Marti, E. (2016). Pyrite surface environment

drives molecular adsorption: cystine on pyrite(100) investigated by X-ray

photoemission spectroscopy and low energy electron diffraction. Phys. Chem.

Chem. Phys. 18, 27219–27225. doi: 10.1039/C6CP03760G

Sander, M., Hofstetter, T. B., and Gorski, C. A. (2015). Electrochemical analyses of

redox-active iron minerals: a review of nonmediated and mediated approaches.

Environ. Sci. Technol. 49, 5862–5878. doi: 10.1021/acs.est.5b00006

Scheller, S., Yu, H., Chadwick, G. L., and Mcglynn, S. E. (2016). Artificial electron

acceptors decouple archaeal methane oxidation from sulfate reduction. Science

351, 703–707. doi: 10.1126/science.aad7154

Scott, D. T., McKnight, D. M., Blunt-Harris, E. L., Kolesar, S. E., and Lovley,

D. R. (1998). Quinone moieties act as electron acceptors in the reduction of

humic substances by humics-reducing microorganisms. Environ. Sci. Technol.

32, 2984–2989. doi: 10.1021/es980272q

Seitaj, D., Schauer, R., Sulu-Gambari, F., Hidalgo-Martinez, S., Malkin, S. Y.,

Burdorf, L. D., et al. (2015). Cable bacteria generate a firewall against euxinia

in seasonally hypoxic basins. Proc. Natl. Acad. Sci. U.S.A. 112, 13278–13283.

doi: 10.1073/pnas.1510152112

Soballe, B., and Poole, R. K. (1999). Microbial ubiquinones: multiple roles in

respiration, gene regulation and oxidative stress management. Microbiology

145, 1817–1830. doi: 10.1099/13500872-145-8-1817

Sun, F., Zhou, Q., Pang, X., Xu, Y., and Rao, Z. (2013). Revealing various coupling

of electron transfer and proton pumping in mitochondrial respiratory chain.

Curr. Opin. Struct. Biol. 23, 526–538. doi: 10.1016/j.sbi.2013.06.013

Szent-Gyorgyi, A., and McLaughlin, J. A. (1983). The living state. J. Bioelectric. 2,

207–212. doi: 10.3109/15368378309009852

Telford, W. M., Geldart, L. P., and Sheriff, R. E. (1990). “Electrical properties

of rocks and minerals,” in Applied Geophysics Monograph Series (Cambridge

University Press), 283–292.

Uchimiya,M., and Stone, A. T. (2006). Redox reactions between iron and quinones:

thermodynamic constraints. Geochim. Cosmochim. Acta 70, 1388–1401.

doi: 10.1016/j.gca.2005.11.020

Uchimiya, M., and Stone, A. T. (2009). Reversible redox chemistry of

quinones: impact on biogeochemical cycles. Chemosphere 77, 451–458.

doi: 10.1016/j.chemosphere.2009.07.025

Unden, G., and Bongaerts, J. (1997). Alternative respiratory pathways

of Escherichia coli: energetics and transcriptional regulation in

response to electron acceptors. Biochim. Biophys. Acta. 1320, 217–234.

doi: 10.1016/S0005-2728(97)00034-0

Vokes, F. M. (1993). The metamorphism of pyrite and pyritic ores: an overview.

Mineral. Mag. 57, 3–18. doi: 10.1180/minmag.1993.057.386.02

Wachterhauser, G. (1988). Before enzymes and templates: theory of surface.

Microbiol. Rev. 52, 452–484.

Frontiers in Chemistry | www.frontiersin.org 12 July 2017 | Volume 5 | Article 49

https://doi.org/10.1073/pnas.0710525105
https://doi.org/10.1038/nrmicro1991
https://doi.org/10.1098/rstb.2002.1183
https://doi.org/10.1021/jp8047423
https://doi.org/10.1039/b005373m
https://doi.org/10.1146/annurev.marine.010908.163817
https://doi.org/10.1016/j.envpol.2016.01.021
https://doi.org/10.1038/ismej.2015.250
https://doi.org/10.1002/cbic.200900775
https://doi.org/10.1002/anie.201003311
https://doi.org/10.1038/35011098
https://doi.org/10.1016/j.cub.2015.11.014
https://doi.org/10.1146/annurev-marine-010814-015708
https://doi.org/10.1038/nature08790
https://doi.org/10.1007/s00239-009-9289-3
https://doi.org/10.1073/pnas.1304923110
https://doi.org/10.1021/es800686d
https://doi.org/10.1371/journal.pbio.0060018
https://doi.org/10.1021/es403658g
https://doi.org/10.1039/b719955d
https://doi.org/10.1021/ja0743083
https://doi.org/10.1029/2009JG001065
https://doi.org/10.1371/journal.pone.0101323
https://doi.org/10.1016/S0016-7037(02)01165-1
https://doi.org/10.1016/j.gca.2012.05.036
https://doi.org/10.1039/b000538j
https://doi.org/10.1039/C5CC02078F
https://doi.org/10.1007/s10533-005-2671-3
https://doi.org/10.1039/C6CP03760G
https://doi.org/10.1021/acs.est.5b00006
https://doi.org/10.1126/science.aad7154
https://doi.org/10.1021/es980272q
https://doi.org/10.1073/pnas.1510152112
https://doi.org/10.1099/13500872-145-8-1817
https://doi.org/10.1016/j.sbi.2013.06.013
https://doi.org/10.3109/15368378309009852
https://doi.org/10.1016/j.gca.2005.11.020
https://doi.org/10.1016/j.chemosphere.2009.07.025
https://doi.org/10.1016/S0005-2728(97)00034-0
https://doi.org/10.1180/minmag.1993.057.386.02
http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive


Taran Electron Transfer between Minerals and Quinones

Wächtershäuser, G. (2016). In praise of error. J. Mol. Evol. 82, 75–80.

doi: 10.1007/s00239-015-9727-3

Wang, W., Qu, Y., Yang, B., Liu, X., and Su, W. (2012). Lactate oxidation in pyrite

suspension: a Fenton-like process in situ generating H2O2. Chemosphere 86,

376–382. doi: 10.1016/j.chemosphere.2011.10.026

Weber, A. L. (2002). Chemical constraints governing the origin of metabolism:

the thermodynamic landscape of carbon group transformations

under mild aqueous conditions. Orig. Life Evol. Biosph. 32, 333–357.

doi: 10.1023/A:1020588925703

Wells, R. C. (1914). Electric Activity in Ore Deposits. Bulletin 548, U.S. Geological

Survey.

White, L. M., Bhartia, R., Stucky, G. D., Kanik, I., and Russell, M. J.

(2015). Mackinawite and greigite in ancient alkaline hydrothermal chimneys:

identifying potential key catalysts for emergent life. Earth Planet. Sci. Lett. 430,

105–114. doi: 10.1016/j.epsl.2015.08.013

Yamaguchi, A., Yamamoto, M., Takai, K., Ishii, T., Hashimoto, K., and

Nakamura, R. (2014). Electrochemical CO2 reduction by Ni-containing

iron sulfides: how is CO2 electrochemically reduced at bisulfide-bearing

deep-sea hydrothermal precipitates? Electrochim. Acta 141, 311–318.

doi: 10.1016/j.electacta.2014.07.078

Yamamoto, M., Nakamura, R., Kasaya, T., Kumagai, H., Suzuki, K., and

Takai, K. (2017). Spontaneous and widespread electricity generation in

natural deep-sea hydrothermal fields. Angew. Chemie Int. Ed. 61, 5725–5728.

doi: 10.1002/anie.201701768

Yankovskaya, V., Horsefield, R., Törnroth, S., Luna-Chavez, C., Miyoshi, H.,

Léger, C., et al. (2003). Architecture of succinate dehydrogenase and reactive

oxygen species generation. Science 299, 700–704. doi: 10.1126/science.10

79605

Yuan, X., Davis, J. A., and Nico, P. S. (2016). Iron-mediated oxidation of

methoxyhydroquinone under dark conditions: kinetic and mechanistic

insights. Environ. Sci. Technol. 50, 1731–1740. doi: 10.1021/acs.est.5

b03939

Conflict of Interest Statement: The author declares that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Taran. This is an open-access article distributed under

the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 13 July 2017 | Volume 5 | Article 49

https://doi.org/10.1007/s00239-015-9727-3
https://doi.org/10.1016/j.chemosphere.2011.10.026
https://doi.org/10.1023/A:1020588925703
https://doi.org/10.1016/j.epsl.2015.08.013
https://doi.org/10.1016/j.electacta.2014.07.078
https://doi.org/10.1002/anie.201701768
https://doi.org/10.1126/science.1079605
https://doi.org/10.1021/acs.est.5b03939
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

	Electron Transfer between Electrically Conductive Minerals and Quinones
	Introduction
	Materials and Methods
	Materials
	Cyclic Voltammetry
	Mineral Stability Estimations

	Results
	Mineral Electrode Stability
	Electrode Interactions with Quinones
	Pyrite and Magnetite Electrodes
	Mechanism of Hydroquinones Oxidation of Pyrite Electrode
	Electrode Stability

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


