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Abstract

Microbial fuel cells (MFCs) are bioelectrochemical systems (BES) capable of harvesting electrons from redox
reactions involved in metabolism. In a previous work, we used chemoorganoheterotrophic microorganisms
from the three domains of life—Bacteria, Archaea, and Eukarya—to demonstrate that these BES could be
applied to the in situ detection of extraterrestrial life. Since metabolism can be considered a common signature
of life ‘‘as we know it,’’ we extended in this study the ability to use MFCs as sensors for photolithoautotrophic
metabolisms. To achieve this goal, two different photosynthetic microorganisms were used: the microalgae
Parachlorella kessleri and the cyanobacterium Nostoc sp. MFCs were loaded with nonsterilized samples,
sterilized samples, or sterilized culture medium of both microorganisms. Electric potential measurements were
recorded for each group in single experiments or in continuum during light-dark cycles, and power and current
densities were calculated. Our results indicate that the highest power and current density values were achieved
when metabolically active microorganisms were present in the anode of the MFC. Moreover, when continuous
measurements were performed during light-dark cycles, it was possible to see a positive response to light.
Therefore, these BES could be used not only to detect chemoorganoheterotrophic metabolisms but also
photolithoautotrophic metabolisms, in particular those involving oxygenic photosynthesis. Additionally, the
positive response to light when using these BES could be employed to distinguish photosynthetic from non-
photosynthetic microorganisms in a sample. Key Words: Astrobiology—Photosynthesis—Redox reactions—
Life detection—Bioelectrochemical systems. Astrobiology 15, xxx–xxx.

1. Introduction

Space exploration that involves the search for life on
other planetary bodies has been a major challenge for the

discipline of astrobiology and remains, to date, an active
avenue of research (Des Marais et al., 2008).

Different efforts in astrobiology have focused on the in
situ search for biosignatures of extinct or extant life in the
Solar System. In particular, Mars has been the preferred
target not only because of its physical proximity to Earth but
more importantly due to its supposed Earth-like conditions
in the past that suggest the planet may have been habitable
at this time and potentially at the present (McCollom, 2006).

The development of new technology and instrumentation
has been essential for the advancement of planetary explo-
ration. The development of new chemical, biological, and

physical techniques with which to study Earth life-forms in
the terrestrial context has also provided new tools for the
detection of life on other planetary bodies.

To date, two different missions have flown with the intent
to detect, in situ, direct evidence of life on other planetary
bodies: the Viking lander biology experiments and the
Beagle 2 experiments that were part of the Mars Express
mission (Young, 1976; Sims et al., 1999). Both of these
studies assumed carbon-based life-forms such as those
found on Earth. Because the Beagle 2 mission was lost
shortly after deployment, the Viking lander was the first, and
only, mission to attempt detection of evidence of biological
activity on the surface of a planetary body (Levin, 2014).

The results obtained by the Viking lander experiments
(Klein et al., 1976; Klein, 1977), however, were met with
controversy (see, e.g., Klein, 1999; Navarro-González et al.,
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2006; Biemann, 2007; Houtkooper and Schulze-Makuch,
2007; Levin, 2014), but in subsequent years several tech-
niques have been proposed for the search and detection of
extinct or extant life (e.g., Kounaves et al., 2002; Sims et al.,
2005; Hoehn et al., 2007; Kiang et al., 2007a, 2007b; Parro
et al., 2011).

Even at the present time there is no ‘‘universal’’ definition
of life (Conrad and Nealson, 2001); however, there is gen-
eral agreement as to how life-detection strategies should be
approached such that unequivocal results are the end goal
(e.g., false positives, false negatives). There are indispens-
able requisites that life-detection experiments must accom-
plish. A major objective is that biotic and abiotic processes
must be clearly distinguished from each other. Also, one of
the most desirable features of a bona fide biosignature is that
it should represent a ubiquitous characteristic of life on
Earth. At the same time, search strategies should not be
entirely Earth-centric such that the detection of ‘‘life as we
don’t know it’’ (Nealson et al., 2002).

Possible biosignatures to be considered are those that
result from reduction-oxidation (redox) processes and are
involved in metabolism. Different kinds of metabolisms
evolved on Earth to exchange matter and energy with the
environment, all of which involve redox reactions that occur
in cells as part of this process, which can be generally de-
scribed as electron transfers between electron donors and
acceptors (Nealson and Popa, 2005). This is a widespread
characteristic for all life-forms on Earth.

In particular, most redox couples available on Earth have
been employed by life as fuel. As a consequence, it is
possibleAU1 c to see that life has vast redox versatility (Nealson
et al., 2002).

If we try to extend the argument discussed above beyond
Earth, it is expected that the same principle can be applied.
Biological processes should follow the same physical laws
that rule the Universe, and living organisms can be con-
sidered as open systems that exchange matter and energy
with their environment (von Bertalanffy, 1950). The diverse
redox reactions involved in metabolism are a fundamental
part of biological processes (Nealson and Popa, 2005).

Moreover, these biological redox reactions can be dis-
tinguished from those involved in abiotic processes. The
capability of cells to catalyze these reactions at rates that are
faster than those predicted for abiotic processes is an un-
equivocal characteristic of life. Therefore, this fact can be
employed to distinguish biotic and abiotic processes, and as
a consequence, the presence or absence of living organisms
could be determined (Nealson and Popa, 2005).

Considering that redox processes involved in cellular
metabolism can be employed as biosignatures for life de-
tection, we explored in a previous work the feasibility of
detecting them through a bioelectrochemical approach. In
particular, we proposed and demonstrated for the first time
that microbial fuel cells (MFCs) could be used as in situ
life-detection devices (Abrevaya et al., 2010). MFCs are
bioelectrochemical systems (BES) similar to batteries and
were originally designed for production of electricity from
microorganisms or enzymes. However, many applications
were later derived from these BES (Abrevaya et al., 2015a,
2015b). In a typical MFC, redox compounds are oxidized by
microorganisms at the anode where electrons are released.
The electrons travel through an external circuit and are then

released at the cathode to reduce an oxidant such as oxygen.
This process generates an electric potential that can be
measured.

Particularly, we previously showed that MFCs could al-
low the detection of microbial life based on chemoorgano-
heterotrophic metabolisms (from the domains Bacteria,
Archaea, and Eukarya) (Abrevaya et al., 2010).

The aim of the present study was to demonstrate the ca-
pability of a MFC to detect photolithoautotrophic metabo-
lisms, in particular those involving oxygenic photosynthesis.

2. Material and Methods

2.1. Single-strain culture samples

Two microorganisms with photolithoautotrophic metab-
olisms, from the domains Bacteria and Eukarya, were em-
ployed for all the experiments.

We employed the microalgae Parachlorella kessleri (strain
BAFC CA10, Juárez et al., 2011) as a representative of the
domain Eukarya. Parachlorella kessleri is an aerobic photo-
synthetic mixotrophic unicellular algae isolated from Laguna
Verde, a volcanic mesothermal, sulfurous, and extremely
acidic pond (pH values between 2.1 and 2.8), located in the
Copahue-Caviahue Provincial Park (34�42¢58†S, 71�03¢14†W b AU2)
in northern Patagonia, Argentina. This microorganism is the
predominant species in the pond, being acid-tolerant and able
to grow at pH values as low as 2.5–3.0 (Juárez et al., 2011).

We selected a cyanophyte, Nostoc sp., as a representative
of the domain Bacteria; it was kindly provided by Rizo-
bacter Argentina S.A. Nostoc is a genus of colony-forming
filamentous cyanobacteria, commonly found in aquatic and
terrestrial environments including tropical and polar habitats
(Dodds et al., 1995).

Parachlorella kessleri and Nostoc sp. were grown auto-
trophically in liquid Bold’s Basal Medium (Bischoff and Bold,
1963) and in liquid BG-11 medium (Rippka et al., 1979),
respectively, at 26�C – 1�C, pH 6.6, under continuous agita-
tion and illumination with photoperiod (80 lmol photons
m-2 s-1, 16:8 h light:dark cycle). These conditions were
maintained for all the experiments. Three experimental
groups were considered: microorganism cultures (nonsterilized
samples), autoclaved microorganism cultures (121�C, 45 min)
(sterilized samples), and sterilized culture medium devoid
of cells (sterilized culture medium).

2.2. Microbial fuel cell architecture and operation

Microbial fuel cells were made of transparent poly(methyl
methacrylate) with an anodic and a cathodic compartment
(volume 50 mL and 7 mL, respectively) ( b F1Fig. 1). Both cham-
bers were connected through a proton-exchange Nafion
membrane (0.38 cm2; DuPont, Wilmington, DE, USA).

The anodic compartment was designed to contain the
sample to be tested and an electrode (anode) made of car-
bon paper (1 cm2; Spectracarb 2050-L, Engineered Fibers
Technology, LLC, Shelton, CT, USA).

The cathodic compartment was filled with sterilized cul-
ture medium devoid of cells. A cathode made of woven
carbon cloth with a Pt load of 0.5 mg cm-2 (1 cm2; GDE LT
120EW, E-TEK Division, PEMEAS Fuel Cell Technologies,
Somerset, NJ, USA) was placed inside the cathodic com-
partment, which was continuously aerated (air-bubbled).
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In the MFC that was designed for this work, the electrons
that arise from the photosynthetic metabolism were har-
vested from the biophotolysis of water mediated by photo-
system II. These electrons were released and then captured
by the anode, which acts as an electron acceptor. The elec-
trons were then transferred to the cathode, reducing oxygen
in the presence of protons (passing through the Nafion
membrane) to form water together with oxygen provided by
air bubbling in this compartment (Pisciotta et al., 2011). The
latter reaction was catalyzed by the presence of Pt at the
surface of the electrode. A schematic overview of these re-
actions is shown in Fig. 1.

The electric potential (E, volts) of the MFC was measured
with a UNI-T digital multimeter (model UT71B, Uni-Trend
Technology Limited, Guangdong Province, China). The
electric current (I, ampere) was obtained according to
Ohm’s law and electric power (P, watt) conforming to the
equation P = IE. The normalization of these values with the
electrode area (anode) gave the current density (j, A cm-2)
and power density ( p, W cm-2). Polarization curves (E vs. j
and p vs. j) were obtained when measurements were per-
formed with different resistors connected to the circuit as an
external load, ranging from 4.7 MO to 120O.

Before performing the experiments, the MFCs were
sterilized with H2O2 (30 vol) for 30 min and then washed
thoroughly with sterile double-distilled water.

2.3. Detection of photosynthetic metabolic activity

The experiments for the detection of photosynthetic
metabolic activity were performed by placing nonsterilized
samples, sterilized samples, and sterilized culture medium
of P. kessleri and Nostoc sp. (1.5 mg/mL dry weight) in the
anodic compartment of the MFC.

Microbial fuel cells were left 24 h at open circuit (OC, no
external load connected) for stabilization. The polarization
curves were obtained at 24, 72, and 96 h for P. kessleri and

at 24, 48, and 96 h for Nostoc sp. The experiments were
performed in duplicate, and the mean for each value, with
the corresponding standard deviation, was plotted.

2.4. Light-dependent response

In another set of experiments, nonsterilized samples,
sterilized samples, and sterilized culture medium of P.
kessleri and Nostoc sp. (1.5 mg/mL dry weight) were placed
in the anodic compartment of the MFCs. After 96 h at OC,
the MFCs were connected to a 217 kO resistor, and electric
potential measurements were recorded with a data acquisi-
tion board in continuum over the course of 5 days, at a
sample rate of 10 Hz (National Instruments, Austin, TX,
USA). Experiments were performed in duplicate.

Then the electric potential values were taken at the middle
of the light period for the 2nd, 3rd, and 4th day from the
beginning of the experiment. Current density values were
calculated, and a mean for each experimental group with
their corresponding standard deviations was obtained. An
ANOVA analysis was performed ( p < 0.01) and allowed for
determination of whether there were any significant differ-
ences between the means of the groups considered. The
current density values were used for each experimental group
in duplicate (nonsterilized samples, sterilized samples, and
sterilized culture medium). The means were compared by
using Tukey’s test.

2.5. Verification of the biological response

An experiment was performed to verify whether the
metabolic reactions responsible for the increment on the
electric potential had a biological origin.

To this end, the MFCs that contained nonsterile samples
of the previous experiment (Section 2.4) were left 5 days at
OC. Then, MFC polarization curves were obtained, both for
P. kessleri and for Nostoc sp., through measurements of the

FIG. 1. Architecture of the MFC employed in the experiments. Electrochemical reactions occurring at the anode and
cathode are also detailed. The electron transfer mechanism proposed in the anode, which involves chemical mediator redox
reactions, is hypothetical (Mred = reduced mediator; Mox = oxidized mediator).
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electric potentials of the anode using a series of resistors as
an external load (ranging from 4.7 MO to 120O). These
electric potentials were measured with respect to an Ag/
AgCl reference electrode. The electric potential of the
cathode was then obtained for each external load from
the following equation (1), where the electric potential of
the MFC (EMFC) is equal to the electric potential obtained
for the cathode (EC) minus the electric potential of the anode
(EA).

EMFC¼EC�EA (1)

2.6. Limit of detection

To determine the limit of detection (LOD), different dry
weights (from 0.1 to 1 mg/mL) were inoculated at the anode
of MFCs for both P. kessleri and Nostoc sp. An estimation
of the number of cells per milliliter was obtained by cell
counting in a Neubauer chamber. After 24 h at OC, the
MFCs were connected to 217 kO resistor, and electric po-
tential measurements were performed for 2 days. Current
density values were calculated at the middle of the light
period (see Section 2.4).

To corroborate the results obtained for the LOD, an
ANOVA analysis ( p < 0.01) was performed that compared
different values, one above and another below the LOD for
each microorganism with the respective control groups.

3. Results

3.1. Detection of photosynthetic metabolic activity

The electric potential and power density as a function of
current density were analyzed to assess the capability of
MFCs to detect photosynthetic metabolisms driven by a
process of biological origin. The results presented inF2 c Figs. 2
andF3 c 3 show that the electric potential and power densities of
nonsterilized samples were higher than those obtained with
sterilized samples or sterilized culture medium (inactive
metabolism or absence of organisms and therefore metab-
olism, respectively).

The same results were obtained regardless of the time of
measurement, although the differences seem to be more
noticeable at 96 h, in particular because of the decrease in
the electric potential and power density values observed for
sterilized samples and sterilized culture medium. Despite
this fact, the differences are always remarkable between
samples that contain an active photosynthetic metabolism
and those that contain inactive metabolisms or are devoid of
microorganisms, which shows that the reactions are exclu-
sively of biological origin.

3.2. Performance in continuum and positive
light response

To determine the influence of light on the performance of
the MFCs and their capacity to detect the presence of the
photosynthetic metabolism, the electric potential of the
MFC was recorded in continuum. InF4 c Figs. 4 andF5 c 5, it is
clearly seen, as expected, that the electric potential obtained
for nonsterilized samples (active metabolism) is higher
than that for sterilized samples or for the sterilized culture
medium (inactive metabolism or absence of metabolism,

respectively). A further analysis for P. kessleri showed that
the means of the current density values during the light phase
obtained for each experimental group were (in mA m-2)
0.970 – 0.154 (nonsterilized samples), 0.267 – 0.094 (steril-
ized samples), and 0.088 – 0.031 (sterilized culture medium).
For the same analysis when using Nostoc sp., the means of
the current density values obtained for each experimental
group were (in mA m-2) 1.789 – 0.154 (nonsterilized sam-
ples), 0.181 – 0.041 (sterilized samples), 0.0279 – 0.006
(sterilized culture medium).

To analyze these results, a one-way statistical analysis of
variance (ANOVA) was performed. The results show that
the differences observed between the values for sterilized
samples and sterilized medium were not statistically sig-
nificant for Nostoc sp. or for P. kessleri ( p < 0.01). More-
over, significant differences were observed when comparing
the current density values for these groups with the current
density values for nonsterilized samples ( p < 0.01) ( b F6Fig. 6).

In addition, at the beginning of each light cycle it was
always possible to see a rapid increase in the electric po-
tential. This could be observed for both microorganisms and
revealed a positive response to light. On the contrary, in the
absence of light at the beginning of the dark cycle there was
an abrupt drop in the electric potential.

Furthermore, this positive response to light appeared only
when an active photosynthetic metabolism was present
(nonsterilized samples). It was also possible to see a very
slight response to light for sterilized samples (oscillation of
2 mV); however, the increment in the electric potential did
not represent, in magnitude, those obtained for nonsterilized
samples. For sterilized culture samples, the positive re-
sponse to light was not observed.

3.3. Verification of the biological response

To confirm that the source of electrons was provided by
the microorganisms in the anodic compartment, the electric
potentials for anode and MFC were measured by using an
Ag/AgCl reference electrode with different resistors as an
external load. b F7Figures 7 and b F88 display the electric potential
values as a function of current densities for different ex-
ternal loads, for both P. kessleri and Nostoc sp., respec-
tively. As can be seen for both microorganisms, the electric
potential of the MFC was governed by the reactions in the
anode compartment. As was expected, the electric potential
at the cathode was constant where abiotic reduction reac-
tions are produced. This result indicates that the changes in
the electric potential of the MFC were due to the redox
reactions at the anode, where metabolically active micro-
organisms were present and releasing electrons.

3.4. Limit of detection

Taking into account that there are not significant differ-
ences between sterilized samples and sterilized culture
medium (see results in Section 3.2), we considered the use
of sterilized culture medium for the LOD calculation as a
control group. The determination of the lineal range when
the current density (j) is proportional to dry weight for
Nostoc sp. and P. kessleri was 0.6–1.0 and 0.15–0.30 mg/
mL, respectively ( b SF1Fig. S1; supplementary material is avail-
able online at www.liebertonline.com/ast). Then, the LOD
for Nostoc sp. and P. kessleri was 0.54 and 0.2 mg/mL,
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FIG. 2. Potential as a function of current density (left) and power density (right) for P. kessleri. Nonsterilized samples,
sterilized samples, and sterilized culture medium in the anodic compartment at different times and in duplicate are shown.
(A) 24 h, (B) 72 h, and (C) 96 h. Error bars represent the standard deviation of the mean based on duplicate experiments.
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FIG. 3. Polarization curves (current density, left; power density, right) obtained for Nostoc sp. for nonsterilized samples,
sterilized samples, and sterilized culture medium in the anodic compartment at different times and in duplicate. (A) 24 h, (B)
48 h, and (C) 96 h. Error bars represent the standard deviation of the mean based on duplicate experiments.
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corresponding to 1 · 106 and 1 · 105 cells/mL, respectively
(signal-to-noise ratio equal to 10). To confirm this result, a
statistical analysis was performed (ANOVA), which showed
that there are only significant differences between non-
sterilized samples and sterilized culture medium ( p < 0.01)
for dry-weight values above the LOD.

4. Discussion

Microorganisms that display photolithoautotrophic me-
tabolisms have been found in extreme environments on
Earth (Rothschild and Giver, 2002; Warren-Rhodes et al.,
2007), and it may be possible to find them on other planetary
bodies such as Mars (Bishop et al., 2006; Marschall et al.,
2012; de Vera et al., 2014).

In this work, we propose an in situ life-detection method
that is based on photolithoautotrophic metabolisms. This
represents a nontrivial extension of a previous work in
which we showed the capability of MFCs as BES to be
applied for the detection of chemoorganoheterotrophic me-
tabolisms in extraterrestrial environments (Abrevaya et al.,
2010).

FIG. 4. Measurements in continuum showing potential (E)
as function of time in MFCs containing P. kessleri

4C c

non-
nonsterilized samples (a, black and red lines), sterilized
samples (b, blue and green lines), and sterilized culture
medium (c, magenta and orange lines), in duplicate. An
external RL of 217 kO was connected to the circuit along the
experiment. The measurements were done for 5 days (16:8 h
light:dark cycles). Dark phases are indicated by gray bars.

FIG. 5. Measurements in continuum showing potential (E)
as function of time in MFCs containing Nostoc sp. non-
sterilized samples (a, black and red lines), sterilized

4C c

samples
(b, blue and green lines), and sterilized culture medium (c,
magenta and orange lines), in duplicate. An external RL of
217 kO was connected to the circuit along the experiment.
The measurements were done for 5 days (16:8 h light:dark
cycles). Dark phases are indicated by gray bars.

FIG. 6. Current density values obtained for Nostoc sp. and
P. kessleri considering measurements of MFC potentials in
continuum between days 2 and 4.

FIG. 7. Anode and cathode MFC potentials as function of
current density for P. kessleri nonsterilized samples, mea-
sured after 96 h at OC.
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In particular, two different, though important, results
were obtained by using these BES as in situ life sensors. The
first outcome was that the electric potential and current
density values were higher when nonsterilized samples were
placed in the anode compartment, with respect to those
obtained for sterilized samples or sterilized culture medium.
This result is similar to that obtained with prokaryotic (cy-
anobacteria) and eukaryotic (microalgae) microorganisms
(Figs. 2 and 3). Similar conclusions were obtained for
measurements performed in continuum (Figs. 4 and 5).
These findings demonstrate that this method is capable of
distinguishing metabolic reactions from those produced as a
consequence of abiotic reactions, and support and expand
our previous studies with chemoorganotrophic metabolisms
(Abrevaya et al., 2010). The second relevant result in this
work is that the method allows for the detection of a positive
response to light when metabolically active microorganisms
(nonsterilized samples) are in the anode compartment. This
was shown by a light-dependent change in the electric po-
tential (or current density) values (Figs. 4 and 5). This
positive response to light is a general characteristic of
photolithoautotrophic metabolisms and could be used as an
indication of the presence of photolithoautotrophic life-
forms. In fact, this phenomenon has also been reported for a
diverse group of cyanobacteria and for different species of
microalgae (e.g., Pisciotta et al., 2010; De Caprariis et al.,
2014). Therefore, this increment in electric potential, as a
consequence of illumination, is part of a general mechanism
that is not an exclusive feature of the microorganisms em-
ployed in this work. Moreover, this photosynthetic response
to light could be used as another feature of the method to
discriminate between samples containing photosynthetic
microorganisms and nonphotosynthetic microorganisms.
Pisciotta et al. (2010) demonstrated that MFCs that contain
a chemoorganoheterotrophic bacterium such as E. coli do
not respond to light as an increment in electric potential
values. Therefore, employing the same BES used in this

work, one could expect to distinguish between photosyn-
thetic and nonphotosynthetic metabolisms in a sample to be
analyzed.

In the case of photosynthetic MFCs, it is possible to see a
positive response to light because of the electron flow pro-
duced by light-driven reactions in the metabolism. These
electrons are donated to the anode by the photosynthetic
electron transfer chain. Previous works have explored pos-
sible mechanisms of electron transfer from the photosyn-
thetic microorganisms to the anode. Using photosynthetic
MFCs as devices for electricity generation by employing
cyanobacteria and including photosynthetic inhibitors has
demonstrated that electrons originated from the photolysis
of water molecules through photosystem II (Yagishita et al.,
1993; Zou et al., 2009; Pisciotta et al., 2010). Regardless of
the source of electrons, two different mechanisms, in gen-
eral, have been proposed for the electron transfer between
the microorganisms and the anode. One implies a direct
electron transfer (DET), in which the electrons are trans-
ferred through the anode via physical contact of the cell
membrane with the electrode (including the possibility of
the presence of previously described structures known as
‘‘nanowires’’). The other mechanism involves an electron-
mediated mechanism through metabolites (MET), which
can act as redox molecules, commonly known as ‘‘media-
tors.’’ The MET mechanism is exemplified in Fig. 1 (for
further details on both mechanisms, see Schröder, 2007). In
the case of cyanobacteria, DET has been suggested for Sy-
nechocystis sp. PCC6803 passing through nanowires (Gorby
et al., 2006). However, several cyanobacterial genera (in-
cluding Nostoc) have shown that the electron transfer to the
extracellular environment could be performed by plasto-
quinone and bd quinol oxidase acting as electron carriers
(Pisciotta et al., 2011). Nevertheless, it still remains unclear
which mechanisms can operate for different genera of cy-
anobacteria and microalgae.

As part of our experiments, MFCs that contained steril-
ized samples of microorganisms or sterilized culture me-
dium without microorganisms seemed to be very slightly
responsive or unresponsive to light, respectively (Figs. 4 and
5). This is partially supported by other works employing
culture medium devoid of cells as control groups for pho-
tosynthetic MFCs (Pisciotta et al., 2010; De Caprariis et al.,
2014). Moreover, the very slight increment in the electric
potential due to illumination for sterilized samples of mi-
croorganisms when compared with sterilized culture medium
could be explained. As several works have demonstrated,
when using isolated photosystems in bio-photosensor de-
vices, it is possible to see a light-dependent electric current
(Maly et al., 2005; Teresaki et al., 2007). However, isolated
photosystems seem to be susceptible to degradation through
photodamage (Maly et al., 2005). In our case, we employed,
for the first time, sterilized samples of microorganisms in
photosynthetic MFCs. This is an indispensable control group
for the proposed method. Considering the previously men-
tioned evidence and the composition of the sample (an au-
toclaved sample of microorganisms), it is possible to
conjecture that the sterilizing process itself could not com-
pletely destroy the photosynthetic apparatus, and probably
some remnants of photosystems or photosensitive molecules
were still present in the sterilized samples. However, this
does not represent a drawback of the method, as we have

FIG. 8. Anode and cathode MFC potentials as function of
current density for Nostoc sp. nonsterilized samples, mea-
sured after 96 h at OC.
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demonstrated through statistical analysis (ANOVA). Ex-
periments performed during light phases showed not only
nonsignificant differences between sterilized samples and
sterilized culture medium but significant differences between
these groups and nonsterilized samples (Fig. 6). Therefore,
because the method that we propose is based on the use of
control groups and the result is obtained through a compar-
ison with them, these pseudo-positive responses to light do
not affect the possibility of making a distinction between
processes of biotic and abiotic origin.

In recent years, other life-detection methods proposed for
the in situ detection of life have employed electrochemical
sensors as part of the detection device such as the Life
Detection Array (Kounaves et al., 2002) and, as a subse-
quent development, the Microbial Detection Array (Hoehn
et al., 2007). Although these methods pointed to the pres-
ence of metabolism through the detection of gases or che-
mical disequilibrium in enclosed chambers, the proposed
methodology depended on the growth of microorganisms. In
the case of the BES developed in the present study, an in-
crease in the number of cells as a requisite for life detection
is not required. This feature one of this method’s principal
advantages.

It is also possible to compare MFCs as BES to detect
metabolism in extraterrestrial environments with previous
developments, in particular, those related to the biological
experiments performed during the Viking mission, widely
known as the tripartite biological experiment (Klein et al.,
1976; Klein, 1977). In comparison, our method has an ad-
vantage in that it does not depend on the chemical compo-
sition of the life-form—having the capacity to detect, for
example, non-carbon-based life—as we already previously
demonstrated in Abrevaya et al. (2010).

Our method also presents advantages over recently pro-
posed methods, in that it does not employ the use of complex
reagents or potentially labile molecules as antibodies (e.g.,
Sims et al., 2005; Parro et al., 2011), which can be prob-
lematic (Kodadek, 2001). For example, there is the potential
for degradation in extraterrestrial environments and during
extended periods of transportation. Additionally, our method
is not dependent on the presence of biosignatures, which are
vulnerable to destruction by UV radiation at the surface of
planets such as Mars (Dartnell and Patel, 2014).

Although the main goal of this study was to demonstrate
the capability of MFCs as in situ life-detection sensors, in a
future work it will be necessary to include these experiments
in the context of a real mission to Mars or another planetary
body. As a rough estimate, we consider that the total weight
of the MFC—life-detection system, including an acquisition
board—would be 1.5 kg, and the peak energy consumption
would be 50 W considering MFCs and 800 W for periods of
at least 5 min when a vapor-based sterilization system is in
use as, for example, was described by Atwater et al. (1997).

5. Conclusions

We have demonstrated the potential for MFCs as BES to
be used as sensors for in situ life detection, and their ca-
pability to detect life by comparison with a control group.
Significant differences observed for nonsterilized and ster-
ilized samples would be indicative of the presence of an
active metabolism and therefore life. Measurements can be

performed singly or in continuum. As an additional feature,
the presence or absence of a positive light response could, in
principle, be used distinguish between photosynthetic and
nonphotosynthetic life-forms.

In future work, we intend to improve the application of
these BES with the use of environmental samples and to
design a new bioelectrochemical system to increase the ca-
pacity to detect smaller amounts of cells and identify me-
tabolisms with different electron sources.

In conclusion, our results show that our method can not
only detect photosynthetic metabolisms, but it also could al-
low for distinguishing photosynthetic from nonphotosynthetic
life-forms, which would extend the application of MFCs as
extraterrestrial life sensors.
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Supplementary Data

FIG. S1. Current density as a function of dry weight (DW) for P. kessleri and Nostoc sp. Error bars represent the standard
deviation of the mean based on duplicate experiments.
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