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How Can Faecalibacterium prausnitzii Employ Riboflavin
for Extracellular Electron Transfer?
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Abstract

Faecalibacterium prausnitzii is one of the most abundant commensal microbes in the human gut. It is an
important supplier of butyrate to the colonic epithelium, and low numbers of faecalibacteria have been
associated with severe inflammatory bowel disease. Previous studies revealed that F. prausnitzii shuttles
electrons extracellularly to oxygen in systems containing flavins and thiols. Since this electron shuttling to
oxygen strongly stimulates growth, the present studies were aimed at elucidating the role of riboflavin as an
extracellular electronophore of F. prausnitzii. We show that F. prausnitzii can use riboflavin as a mediator for
extracellular electron transfer (EET) to the anode of microbial fuel cell systems. However, this bacterium relies
on exogenous riboflavin, since it does not secrete this compound as shown by the analysis of a spent growth
medium using cyclic voltammetry (CV). Importantly, CV showed that riboflavin can undergo fully reversible
redox cycling under physiologically relevant conditions. Lastly, riboflavin is shown to mediate the electro-
chemical oxidation of the main bacterial reducing equivalent NADH. Based on our present observations, we
hypothesize that riboflavin is of major importance as a redox mediator for bacterial EET and growth in the
human gut. Antioxid. Redox Signal. 17, 1433–1440.

Introduction

The growth and survival of all living organisms are
dependent on the ubiquitous electron transfer reactions

that couple metabolism to the generation of energy. Photo-
synthesis and respiration are the archetypal examples of
energy-generating reactions that involve a series of electron-
transfer steps (3). Under aerobic conditions, oxygen typically
serves as the terminal oxidant, and this electron acceptor is
readily accessible to membrane-bound redox-active proteins
such as NADH oxidase and cytochromes (3). In contrast, in
anaerobic environments such as the human colon or soil sedi-
ments where redox potentials are substantially lower ( - 500 to
- 200 mV) (2), microbial growth and metabolism rely on fer-
mentation to recycle electron carriers such as NADH to NAD +

(4). Alternatively, microbes growing in anaerobic environ-
ments can exploit alternative electron acceptors (e.g., nitrate,
sulfate, fumarate, and ferric salts) (9). However, the net energy
gain under such anaerobic conditions is substantially lower
compared to that achieved by aerobic respiration. There is
therefore a potential competitive advantage for certain mi-
crobes to employ other mechanisms to dispose of electrons,
such as extracellular electron transfer (EET), to increase the net
energy gain of metabolic processes. EET strategies involve
soluble exogenous (externally available) or endogenous (self-

secreted) redox-active compounds, nanowires, or direct cellu-
lar contacts with insoluble electron acceptors (9). For instance,
Lactococcus lactis and Bifidobacterium longum can exploit ACNQ
(2-amino-3-carboxy-1,4-naphthoquinone) as a soluble exoge-
nous mediator (5, 9); Shewanella oneidensis MR-1 produces
conductive nanowires to reduce terminal electron acceptors;
and Geobacter sulfurreducens is capable of delivering electrons
directly to terminal electron acceptors (9).

Innovation

Faecalibacterium prausnitzii is one of the most abundant
beneficial microbes in the human gut. Here, we have
employed microbial fuel cell systems to investigate how
F. prausnitzii exploits the redox-active vitamin riboflavin,
which is commonly present in the gut lumen, as an
electronophore for extracellular electron transfer (EET).
We show that faecalibacteria can use riboflavin to drive
the chemical oxidation of NADH, and that this vitamin
undergoes a fully reversible redox cycle under physio-
logically relevant conditions. Our findings thus highlight
the importance of riboflavin as a redox mediator for
bacterial EET and growth in the human gut.
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Most of the bacteria capable of extracellular electron shut-
tling were thus far isolated from geological niches, such as
marine sediments. A completely different environment is the
mammalian gut, one of the most diverse microbial ecosystems
known, which harbors up to 1012 microbes per gram of fecal
content (1). Importantly, the environmental conditions pre-
vailing in the gut would favor EET, since nutrients are readily
available; the oxygen tension is negligible; the redox potential
is low; and redox-active compounds such as flavins are
abundant (2, 6). Interestingly, flavins are not only derived
from the host diet but also derived from some commensal
microbes in the gut, such as Escherichia coli and Bacteroides,
which can produce riboflavin, which is a well-known redox-
active vitamin (5). For example, it was previously shown that
L. lactis can exploit riboflavin as a soluble redox mediator (5).
This characteristic is likely to offer an advantage when present
in dairy products where riboflavin is readily available (6).
More recently, we have shown that one of the most abundant
commensal gut microbes, Faecalibacterium prausnitzii, is ca-
pable of EET to oxygen in a system containing flavins and
thiols (4). The present studies were therefore aimed at deter-
mining how F. prausnitzii can exploit riboflavin as a redox
mediator for EET. Through the use of microbial fuel cells, we
show that the electrochemical redox reaction of riboflavin can
be linked to the NAD + /NADH redox couple. Our findings
thus highlight the potential benefit of EET for F. prausnitzii
cells growing in the human gut.

Results

The extracellular riboflavin concentration sets a limit
to EET by F. prausnitzii

To investigate how F. prausnitzii can employ riboflavin as
an electron shuttle, a two-compartment microbial fuel cell
system was developed (Fig. 1). In this system, the oxidative
metabolism of F. prausnitzii (NAD + /NADH; Eo¢ = - 0.32 V)
was coupled to the electrochemical reduction of potassium
ferricyanide (Eo¢ = 0.36 V) using riboflavin as a redox mediator

(Eo¢ = - 0.21 V). This experimental setup is schematically re-
presented in Figure 2. The open circuit voltage (OCV) attained
by the fuel cell after 40 min of operation when switched from
closed to open circuit mode was ca. 0.25 V (Fig. 3). When
riboflavin was introduced stepwise at increasing concentra-
tions (25 to 300 lM) into the anode compartment containing
bacteria that were pre-energized with glucose, a rapid
increase in current proportional to the amount of riboflavin
added was observed (Fig. 4). Current was not generated when
the bacterial cells were starved by omitting glucose from the
anode chamber, even if riboflavin was added at concentra-
tions of up to 400 lM. However, a significant current was
generated when glucose was introduced into the system
containing the starved F. prausnitzii cells and riboflavin (Fig.
4). No current was observed when either bacterial cells or
riboflavin was omitted from the anode chamber (Fig. 4). These
findings show that externally added riboflavin is needed to
facilitate EET by F. prausnitzii in a fuel cell system, and that the
extracellular concentration of riboflavin sets a limit to the
current generated.

Current production by riboflavin-mediated chemical
oxidation of NADH

To mediate bacterial EET, the redox couple of reduced and
oxidized riboflavin must be coupled to the NAD + /NADH
redox couple (7). The proof of principle that this is possible
was obtained by monitoring the effects of the addition of ri-
boflavin to the bacterial reducing equivalent NADH in the
anode chamber of the fuel cell depicted in Figures 1 and 2. In
this case, the chemical oxidation of NADH was coupled to
ferricyanide reduction via riboflavin. Figure 5 shows that
when NADH was introduced into the anode chamber, a rapid
increase in current was observed due to direct oxidation of
NADH. Importantly, the current increased several fold when
riboflavin was introduced into the anode chamber (Fig. 5).
This observation shows that riboflavin is capable of facilitat-
ing electron transfer from NADH to the graphite electrode.

FIG. 1. Microbial fuel cell
employed in the present
studies.
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Cyclic voltammetry reveals a fully reversible redox
cycle of riboflavin

The redox behavior of riboflavin and its role as redox me-
diator were further studied by cyclic voltammetry (CV) in a
small bioreactor (Fig. 6). The cyclic voltammogram of ribo-

flavin shows that this redox mediator can undergo a fully
reversible redox cycle under the conditions defined by the fuel
cell. The calculated midpoint redox potential under these
conditions was - 0.58 V versus Ag/AgCl (Fig. 7). The fully
reversible redox cycle and stability under physiological con-
ditions clearly show that riboflavin is an excellent potential
redox mediator for EET.

F. prausnitzii relies on exogenous riboflavin for EET

Considering the importance of riboflavin for optimal
growth of F. prausnitzii in environments with low levels of
oxygen, it was relevant to know whether this bacterium can
produce and secrete riboflavin. Although not reported pre-
viously (4), this was still a possibility. To investigate the
possible secretion of redox-active riboflavin, CV was per-
formed on spent broth derived from 24-h-old cultures. Figure
8a shows the cyclic voltammogram of the spent broth and the
corresponding first-derivative voltammogram. When com-
pared to the cyclic voltammograms of spent broth with 50 lM
of added riboflavin (Fig. 8b) or fresh broth containing 0.13 lM
of riboflavin (Fig. 8c), it is clearly evident that the cyclic vol-
tammogram of the spent broth without added riboflavin did
not show a redox wave assignable to riboflavin (Fig. 8a, b).
Nevertheless, a minor redox process was observed at + 0.3 V
(vs. Ag/AgCl; Fig. 8a). The addition of 50 lM riboflavin to the
spent broth (Fig. 8b) showed that the redox process at + 0.3 V
was independent of the presence or absence of riboflavin.
These findings show that F. prausnitzii did not secrete ribo-
flavin in amounts above the detection limit. It thus seems that
F. prausnitzii cannot exploit self-secreted riboflavin for EET, at
least under the growth conditions employed in the present
studies.

FIG. 3. Open circuit voltage attained by the microbial
fuel cell system. Potassium ferricyanide (50 mM) in 100 mM
phosphate buffer was used as the catholyte, and 50 mM
potasium phosphate buffer was used as the anolyte. The
arrow indicates the time point at which the fuel cell was
switched from short circuit to open circuit mode.

FIG. 2. Schematic representation of the fuel cell circuit (7) that couples the oxidative metabolism of Faecalibacterium
prausnitzii to reduction of ferricyanide. Riboflavin serves as electronophore between the bacteria and the anode.
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Discussion

F. prausnitzii is a major human commensal representing
*20% of the total gut microbiota. The importance of this
bacterium for human health is underscored by its anti-
inflammatory effects in enteric colitis (8). Upon fermentation
of glucose and the consumption of acetate, faecalibacteria
produce butyrate as the major fermentative end product (4).
In the present studies, we have employed a microbial fuel
cell system to define the role of riboflavin as an electron
shuttle exploited by F. prausnitzii. In this approach, glucose
was used as an electron donor, resting bacterial cells as
catalysts and riboflavin as electron mediator. The function-
ality of the fuel cell system was clearly demonstrated by
introducing riboflavin into an anode compartment contain-
ing faecalibacterial cells that were pre-energized with glu-
cose. This immediately led to the generation of currents that
were proportional to the added amounts of riboflavin
(Fig. 4). These experiments further revealed that when glucose,
the sole electron donor, was omitted from the anode com-
partment, significant current production was not observed
even in the presence of high concentrations of riboflavin.
Together, we can infer from these findings that the added
glucose was metabolized by the F. prausnitzii cells, resulting in
the generation of electron carriers, NADH in particular. As
shown by the fuel cell experiments with NADH and riboflavin,
the generation of NADH and its subsequent oxidation would
be sufficient to drive the extracellular transfer of electrons to the
fuel cell’s anode via riboflavin, as is schematically depicted in
Figure 2.

FIG. 4. Current profile gen-
erated by F. prausnitzii strain
A2-165. A current was gener-
ated when cells of F. prausnitzii
in the anode chamber of a fuel
cell were provided with
glucose (0.1 M) as an electron
donor and riboflavin as redox-
mediator. The anode chamber
was spiked with riboflavin at
final concentrations ranging
from 25 to 300 lM) ( ).
No significant current was
produced by F. prausnitzii
when glucose was omitted
from the anode chamber even if
riboflavin was added to
400lM. However, a rapid in-
crease in current was observed
when 0.1 M glucose was sub-
sequently introduced into the
anode chamber ( ). In
control experiments, current
production was not observed
when F. prausnitzii was omitted
from the anode chamber, nei-
ther in the presence nor absence
of 0.1 M glucose and up to
400lM riboflavin ( ).

FIG. 5. Current production in a fuel cell due to oxidation of
NADH (Eo¢520.32 V) coupled to the electrochemical oxida-
tion of riboflavin (Eo¢520.21 V) with concomitant electro-
chemical reduction of potasium ferricyanide (Eo¢50.36 V). (I)
When 1 mM NADH was introduced into the anode chamber, a
current was generated due to direct oxidation of NADH. (II)
When 200 lM of riboflavin was introduced into the anode
compartment, the current increased several fold due to oxida-
tion of NADH mediated by riboflavin ( ). Current was
not produced when 200 lM riboflavin was introduced into the
anode chamber alone ( ).
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Our present findings show that electron transfer from
the F. prausnitzii cells to the anode of a fuel cell is de-
pendent on the availability of extracellular riboflavin. This
differs from the EET mechanism employed by Geobacter
spp., which is capable of shuttling electrons directly to the
electrode without the need for an externally added elec-
tronophore (9). Consistent with this model, F. prausnitzii
was found to be incapable of transferring electrons directly
to the electrode, even after extended incubation periods of
up to 24 h. This behavior might be related to the normal
environmental niche occupied by F. prausnitzii, the human
gut, where extracellular nutrients are abundant, and where

oxygen diffuses in from the epithelial cells. Such a view is
consistent with our previous observation that F. prausnitzii
grows optimally in the presence of low amounts of oxygen
provided that riboflavin and oxidized thiols are available
for electron transfer to oxygen (4). In contrast, free-living
organisms growing in soil or marine sediments, such as
Geobacter spp., employ mineral respiration (9). Notably,
riboflavin-mediated EET is not a general bacterial phe-
nomenon as exemplified for E. coli, which can produce
riboflavin, but cannot use this compound as a redox me-
diator (5). Interestingly, Park and Zeikus (7) have shown
that neutral red (NR) can act as a redox mediator for E.
coli. In the present studies, we observed that this is not the
case for F. prausnitzii, as current was not produced in the
fuel cell when 200 lM NR was used instead of riboflavin
(data not shown). Lastly, our data show that F. prausnitzii
does not secrete riboflavin to detectable levels, unlike
other electrogenic bacteria of nongut origin, such as lac-
tococci associated with dairy products or marine bacteria
of the Shewanella species (5, 9). Thus, it seems that in the
human gut, F. prausnitzii must rely on external riboflavin
synthesized by other gut microbes or ingested by the hu-
man host.

In conclusion, our present fuel cell experiments show
that the human gut commensal F. prausnitzii, which is
considered to be important for gut health, can exploit ri-
boflavin as an electron mediator to shuttle electrons to an
appropriate electron acceptor. The finding that this electron
acceptor can be the graphite anode of a fuel cell allowed a
detailed characterization of the extracellular electron shut-
tling by F. prausnitzii as well as the redox properties of
riboflavin. The completely reversible redox cycling of ri-
boflavin makes this compound ideally suited as a redox
mediator in the human gut. Nevertheless, it should be no-
ted that the human gut contains many redox-active sub-
stances derived from the host, the diet of the host, or gut

FIG. 6. Bioreactor for cyclic voltammetry (CV).

FIG. 7. Cyclic voltammo-
gram of riboflavin. CV was
performed in a bioreactor with
a 3 mm diameter glassy carbon
electrode with 200 lM ribofla-
vin. The voltammogram was
recorded in 10 successive cy-
cles. Inset: the voltammogram
of NADH (1 mM) showing
that the oxidation of this com-
pound occurs at a relatively
high over-potential.
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FIG. 8. Screening by CV for extracellular riboflavin production. The cell-free spent broth of a F. prausnitzii culture was
used for CV and the corresponding first derivative graphs are shown: (a) left panel: spent medium and right panel: first
derivative of the graph in left panel; (b) spent medium spiked with 50 lM riboflavin (left) and first derivative of the left graph
(right); (c) fresh growth medium (left) and first derivative of the left graph (right). The pH of the spent broth was pH*5.9
before carrying out CV.
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microbial sources. We therefore hypothesize that the ex-
tracellular electron transport of F. prausnitzii can also be
mediated by some of these alternative redox-active sub-
stances and, most likely, this will also apply to other
members of residential gut microbiota.

Notes

Bacterial strains and culturing conditions

F. prausnitii strain A2-165 (DSM 17677) was maintained at
37�C on yeast extract, casitone, fatty acid and glucose (YC-
FAG) agar (4) in an anaerobic tent. For the microbial fuel cell
experiments, the bacterial cells were grown anaerobically in
50 ml of YCFAG broth to an optical density at 600 nm (A600)
of *0.8. Cells were harvested by centrifugation, washed in
50 mM potassium phosphate buffer (pH 7.0) and suspended
in 0.5 ml of the same buffer. The suspension of resting bacte-
rial cells obtained was used to inoculate the anode chamber of
the microbial fuel cell. Cell-free spent broth (24 h) was used for
CV. All buffers and media were made anaerobic by flushing,
immediately after autoclaving, with oxygen-free nitrogen for
30 min.

Construction of a microbial fuel cell

A custom-made two-chambered, microbial fuel cell was
fabricated from borosilicate glass bottles with 65 ml work-
ing volumes for the cathode and anode chambers (Fig. 1).
The two compartments were separated by a CMI-7000S
cation exchange membrane (Membranes International,
Inc.), using a 20 cm diameter septum. Graphite slabs
(dimensions of 5 · 1.5 · 0.2 cm) were used as cathode and
anode. The electrodes were connected to the external circuit
with insulated copper wire and the bare connections were
sealed with a nonconductive epoxy resin. The resistance
between the wires and the electrodes was less than 2 O. The
anode chamber contained 50 mM potassium phosphate
buffer (pH 7.0) as anolyte, 0.1 M glucose and a Ag/AgCl
reference electrode. The cathode chamber contained
100 mM potassium-phosphate buffer (pH 7.0) with 50 mM
potassium ferricyanide as catholyte. The assembled fuel cell
was maintained at 37�C and the anode and cathode
chambers were purged continuously with nitrogen gas and
air, respectively. The reduction potential of potassium fer-
ricyanide is Eo¢ = 0.36 V, with re-oxidiation by O2 (Eo¢ = 0.82
V). The bacterial oxidative metabolism was coupled to the
reduction of ferricyanide using riboflavin as mediator in the
anode chamber (Fig. 2) (7). After attaining the maximum
OCV, the electrode potentials of anode and cathode
(vs. Ag/AgCl) were - 0.1 and + 0.3 V, respectively (un-
corrected for the internal resistance). The resistance in the
fuel cell system between the anode and cathode (10 cm
separation) was approximately 500 O. Potentials and cur-
rent production were not corrected for cell resistance. The
potential between the anode and the cathode was measured
using a precision multi-meter (model 45; Fluke) and the
data was recorded using a LabJack data acquisition system
(LabJack Corporation) at an interval of 30 s. The OCV was
recorded by operating the fuel cell in open circuit mode
while the current production was determined in closed
circuit mode and calculated from the voltage drop across a
fixed external resistance of 150 O (I = V/R).

Current production by riboflavin-mediated chemical
oxidation of NADH

The chemical oxidation of NADH was coupled to reduc-
tion of potassium ferricyanide using riboflavin as electron
mediator in the above-mentioned fuel cell system. The anode
and cathode compartments were purged with nitrogen and
air respectively and maintained at 37�C. The fuel cell was
operated in open circuit mode until the maximum OCV was
achieved. For current production, the cell was switched to
the closed circuit mode using a fixed external load of 150 O
resistance. After a specified period, NADH (1 mM final
concentration from 325 mM stock prepared in 50 mM po-
tassium phosphate buffer pH 7.0 and deoxygenated by
purging with N2 for 10 min) was added as electron donor.
After ca. 10 min incubation, 200 lM of riboflavin was in-
jected into the anode chamber as redox mediator. In control
experiments 200 lM of riboflavin alone was used in the an-
ode chamber.

Coupling of bacterial redox-metabolism
with the riboflavin and ferricyanide redox couples

The bacterial cell pellet (prepared as described above) was
inoculated in the anode chamber containing 50 mM potas-
sium phosphate buffer and 0.1 M glucose. The bacterial cells
were incubated for 10 min after which 200 lM riboflavin was
added as redox mediator. The current production was de-
termined by operating the fuel cell in closed circuit mode as
described above.

Cyclic voltammetry

CV was carried out using a potentiostat (model 600C; CH
Instruments) in a single-chambered cell with a working vol-
ume of 4 ml. The assembled reactor contained a 3 mm diam-
eter Teflon shrouded glassy carbon working electrode, an
Ag/AgCl reference electrode and a platinum wire auxiliary
electrode (Fig. 6). Potassium phosphate buffer (100 mM, pH
7.0) with 5 mM NaCl was used as electrolyte. The cell was
purged with N2 for 10 min before running experiments.
A scan rate of 50 mV s - 1 was employed under quiescent
conditions.
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Abbreviations Used

CV¼ cyclic voltammetry
EET¼ extracellular electron transfer

Eo¢¼ standard redox potential
I¼ current

NR¼neutral red
OCV¼ open circuit voltage

R¼ resistance
S¼ switch
V¼voltage

YCFAG¼ yeast extract, casitone, fatty acid, and glucose
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