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Abstract: The gut microbiome is not only an indicator of different pathologies, but it also 
influences metabolism and overall health of the host. Recently, microorganisms inherent to the 
gut microbiome, such as Listeria monocytogenes, Enterococcus faecalis and Clostridium 
cochlearium, were demonstrated to be electroactive, i.e. to perform extracellular electron transfer 
(EET). To further explore the presence of electroactive microorganisms in the gut microbiome 
electrochemical enrichment starting from mouse feces was performed. Open circuit, abiotic and 
autoclaved inoculum controls were run in parallel. A maximum current density of 122±23 µA cm−2 
at low coulombic efficiency ( ̴1%) was achieved. The presence of biofilms at the anode and 
microbial electrochemical activity with a formal potential of EET of 0.23±0.01 V vs. Ag/AgCl sat. 
KCl was demonstrated using fluorescence microscopy and cyclic voltammetry. The 16S rRNA 
gene sequencing and PCR-free Nanopore sequencing showed the enrichment and dominance of 
Shigella flexneri. 
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1. Introduction 

The rising interest on the mammalian and especially the human gut microbiome is triggered by 
the close relationship between its composition and activity and the health of the host. This makes 
the gut microbiome not only an indicator of different pathologies, but also a controller of wellness 
and disease [1]. In biological and biomedical research, animal models, especially mice and rats, 
serve as models for studying the effects of the gut microbiome on the occurrence and 
development of diseases [2,3].  

Electroactive microorganisms perform extracellular electron transfer (EET) that allows linking their 
metabolism with the oxidation or the reduction of the respective electron donors or acceptors that 
cannot enter the cell [4]. It was shown that electroactive microorganisms can create complex food 
webs and occupy a high diversity of ecological niches [4]. Recently, it was revealed that the gut 
is also a possible habitat for electroactive microorganisms. A mediated EET mechanism based 
on flavin was demonstrated for the food-borne pathogen Listeria monocytogenes [5,6]. Further, it 
was demonstrated that the commensal members of the mouse gut microbiome, being selected 
from the Mouse Intestinal Bacterial Collection [7], Clostridium cochlearium, Lactobacillus reuteri 
and Staphylococcus xylosus, can be electroactive [8] as also demonstrated for the opportunistic 
human pathogen Enterococcus faecalis [9]. Recently, Naradasu et al. [10] have shown EET of 
two oral biofilm pathogens: Aggregatibacter actinomycetemcomitans and Porphyromonas 
gingivalis. 

However, only few studies aimed to explore the further presence of electroactive microorganisms 
and the role of EET of a natural gut microbiome being a highly diverse microbial mixed culture. 
Wang et al. [11], cultured the cecal microbiome of C57BL/6 mice in-vitro with the addition of flavin, 
showing the flavin-based EET using cyclic voltammetry (CV). Moreover, the CV was performed 
in intact guts of mice, showing in vivo the capability of EET of the gut microbiome. Naradasu et 
al. [12] electrochemically enriched the microorganisms from a not characterized human fecal 
sample of one donor, for around two weeks. The EET capability of the microorganisms enriched 
on the anode were then tested on δ-MnO2 microbial culture plates, showing the putative EET 
capability of two isolated strains Enterococcus avium and Klebsiella pneumoniae. Another study 
[13], aimed to explore the current production in a single-chamber microbial electrolysis cell 
exploring the EET capability of fecal inoculum collected from C57BL/6J and C57BL/6NHsd and 
hypothesizing the interaction between the gut microbiota and the recruitment of cells of the 
immune system to the gut.  

These few studies clearly demonstrate that several microorganisms colonizing the mammalian 
digestive tract are able to be electroactive meaning to perform EET with physiological relevance 
[14]. Thus, one may hypothesize that the use of an external solid terminal electron acceptor or 
donor (e.g. an electrode, but also a solid conductive material having the function of an electron 
bridge), can be used to influence the gut microbial community composition, metabolism and 
hence function. This may allow to speculate that electrochemical stimulation of the gut 
microbiome may be a future tool with huge potential impact, for both, microbiology and medicine.  

Here, we systematically investigated the gut as habitat of electroactive microorganisms, 
inoculating glucose-fed two-chamber bioelectrochemical systems (BES) with mixed feces from 



common laboratory mouse strain for around 1 month. The formed anodic biofilm was studied by 
electrochemical-based techniques (chronoamperometry and cyclic voltammetry) and the use of 
next generation sequencing (NGS) and whole genome sequencing (WGS). 

2. Material and methods  

All chemicals were of at least analytical grade and were supplied from Carl Roth GmbH 
(Karlsruhe, Germany) and Merck KGaA (Darmstadt, Germany). De-ionized water (Millipore, 
Darmstadt, Germany) was used to prepare the microbial growth media, substrate and buffer 
solutions. All potentials provided in this article refer to the Ag/AgCl sat. KCl reference electrode 
(+197 mV vs. standard hydrogen electrode (SHE)). All values are provided as average ± standard 
deviation, based on independent triplicates (n=3).  

2.1. Setup of bioelectrochemical systems and medium composition 

The reactors consisted of two-chamber bioelectrochemical systems (BES) made of 100 mL glass 
bottles (Duran®, München, Germany) with 90 mL working volume. The working electrode (WE) 
and counter electrode were graphite rods (CP Handels GmbH, Wachtberg, Germany) with a 
geometric surface area of 7.26 cm2. The WE and reference electrode (RE, SE 11 Ag/AgCl sat. 
KCl reference electrode (+197 mV vs. SHE, Xylem Analytics Germany Sales GmbH & Co/ 
Meinsberg Sensortechnik GmbH, Germany)) were assembled in a butyl rubber stopper. The 
counter electrode chamber of 15 mL volume was partially immersed in the WE chamber via a 
butyl rubber stopper. Thus, the counter electrode was physically separated but ionically 
connected to the WE chamber via a membrane (fumasep® FKE, Fumatech, Bietigheim-Bissingen, 
Germany). 

Before and after each experiment the WE surface were cleaned with sandpaper (WetorDry 
P1200, 3M, Minnesota, USA). The medium used in the WE chamber was obtained modifying the 
Firmicutes Minimal Medium (modified YFCA) [8,15,16] adding glucose 0.5 % (w/v) and removing 
the peptone, the yeast extract, the haematine and resazurin as alternative electron donors and 
acceptors thus containing: 0.45 g L-1 K2HPO4; 0.45 g L-1 KH2PO4; 0.90 g L-1 NaCl; 0.90 g L-1 
(NH4)2SO4, 0.09 g L-1 MgSO4 × 7H2O; 4 g L-1 NaHCO3; 0.12 g L-1 CaCl2 × 2H2O; 1 g L-1 L-Cysteine 
HCl; 1 mL L-1 Vitamine solution for Firmicutes (0.01 g L-1 Biotin; 0.01 g L-1 B 12; 0.03 g L-1 p-
aminobenzoic acid; 0.05 g L-1 folic acid; 0.15 g L-1 Pyridox HCl ) and glucose 0.5 % (w/v). The 
counter electrode chamber was filled with 10 mL of a phosphate buffer solution (70 g L-1 Na2HPO4 
and 12 g L-1 KH2PO4). 

The PBS used to dilute the mouse feces, consisted of 8 g L-1 NaCl, KCl 0.2 g L-1, 1.44 g L-1 
Na2HPO4 and 0.24 g L-1 KH2PO4. 

2.2. Experimental design and inoculum 

The experimental design (Scheme 1), consisted of each three replicate BES and three controls 
including open circuit controls (OC), i.e. BES without applying a potential, the abiotic controls, i.e. 
reactors without inoculum, and the BES being inoculated with autoclaved inoculum. 

The BES and the OC reactors were inoculated using a mouse feces mixture consisting of a 
mixture of 100 pieces of male C57BL/6NTac fresh mouse feces in 20 mL of sterile PBS (stored 
for up to 24 h at 4°C). All BES were started immediately and operated using chronoamperometry 



(CA) at 0.2 V in parallel for four batch cycles (̴ one week each). Thus, no pre-enrichment from the 
feces took place. 

After each batch cycle, 90% of the medium was replaced for fresh anoxic medium. The WE 
chamber was closed gas tight and gently flushed with sterile N2 for further 10 minutes, to keep 
the anoxic environment. All experiments were carried out under potentiostatic control using a 
multi-channel potentiostat/galvanostat (MPG-2/VSP, BioLogic Science Instruments, Claix, 
France) at 30 °C (Unihood Uniequip, Planegg, Germany) and stirred at 120 rpm (2mag, München, 
Germany). For cyclic voltammetry (CV) three cycles were recorded at the beginning of the batch 
cycle, at the maximum of the current production (turnover conditions). All the CVs were performed 
in a scan range from −0.1 to +0.65 V starting at 0.2V and with a scan rate of 1 mV s−1. The scan 
range was limited to exclude high-potential side effects, but still including the potential applied to 
the WE (+0.2V). The formal potential of the EET (Ef) was identified using 1st derivatives of turnover 
CVs of the 3rd CV cycle showing steady state.  

The abiotic reactors were identical to the BES, but without the addition of the inoculum. The 
autoclaved inoculum reactors were setup using as inoculum the identical mouse feces mixture 
being autoclaved (121°C, 20 min - HMC Europe GmbH, Tüssling, Germany) 5 times. The abiotic 
and the autoclaved inoculum reactors were run using CA at +0.2 V for 6 days. Noteworthy, when 
using inoculum of the same source, the identical base medium, but instead of glucose only short 
chain fatty acids (0.018 g L-1 of acetate, 0.042 g L-1 of propionate, 0.05 g L-1 of butyrate) as carbon 
source, no current production was detected. 

  

 
Scheme 1. Schematic summary of the experimental design (details see text). 

 

2.3. Chemical analysis 

The BES were sampled for HPLC analysis at the end of each batch cycle and high-performance-
liquid-chromatography (HPLC) was performed. Therefore, after the centrifugation (13000 × g, 10 



min) of the used media the supernatant was filtered (0.2 µm pore size, nylon, Sartorius, Göttingen, 
Germany) before HPLC analyses (Shimadzu Scientific Instruments, Kyoto, Japan) using a HiPlex 
H column (300 x 7.7 mm, 8 µm pore size, Agilent Technologies, Santa Clara, USA) with 5 mM 
H2SO4 as mobile phase (0.5 mL min-1 and 50 °C) using a refractive index detector (RID-10A). The 
signal was calibrated for glucose, formate, acetate, propionate, butyrate, pyruvate and succinate 
in the range of 0.02 g L-1 to 1 g L-1 (R2=0.99) A Micro GC Gas Analyzer (INFICON, Cologne, 
Germany) was used [17] for head space gas analysis at the end of the 1st and the 4th cycle. 

For pH measurements a pH meter was used (LaquaTwin B-712, Horiba Scientific, Bensheim, 
Germany). 

2.4. Calculations and Statistics 

In order to determine the efficiency of microbial current production, the coulombic efficiency (CE) 
was calculated [Eq. 1]. 

Eq. 1: CE = ne- (real) / ne- (theoret.) × 100  

The molar amount of electrons (ne- (real)) is calculated from the total charge (qtot) recorded during 
CA divided by the Faraday constant (F = 96485.33 C mol−1) [Eq. 2].  

Eq. 2:  ne- (real) = qtot / F 

The theoretical number of electrons (ne- (theoret.)) is calculated as: 

Eq. 3:  ne- (theoret.) = qthGLUC - qthRES 

Where qthGLUC is representing the charge that can be gained from the glucose measured at the 
beginning of the batch cycle when being completely oxidized to CO2, and the qthRES is the residual 
charge of each of the compounds (glucose, formate, acetate, propionate, butyrate, pyruvate and 
succinate) when being completely oxidized to CO2 measured at the end of the batch cycle. 

Table 1.  Compounds and reactions for complete oxidation to CO2 and number of 
electrons ne- (theoret.) involved. 

Compounds Chemical oxidation reaction to CO2 ne- (theoret.) 
Glucose C6H12O6 + 6H2O 6CO2 + 24H+ + 24e- 24 
Formate HCOO-  CO2 + H+ + 2e- 2 
Acetate CH3COO- + 2H2O  2CO2 + 7H+ + 8e- 8 

Propionate C3H5O2
- + 4H2O  3CO2 + 13H+ + 14e- 14 

Butyrate C4H7O2
- + 6H2O  4CO2 + 19H+ + 20e- 
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Pyruvate C3H3O3
- + 3H2O  3CO2 + 9H+ +10 e- 10 

Succinate C4H5O4
- + 4H2O  4CO2 + 13H+ + 14e- 14 

 

The potential shift, as function of pH was calculated using the Nernst equation (Eq. 4): 
 

Eq. 4:  𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸°𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 −
𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛
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Here, EfGLUC is the formal potential of the glucose oxidation; E°GLUC is the standard potential of the 
chemical oxidation reaction of the glucose to CO2 in standard conditions; R is the universal gas 
constant; T is the temperature in Kelvin; F is the Faraday constant; n is the number of electrons 
transferred in the cell during the chemical oxidation reaction of the glucose to CO2 (see Table 1); 
CGLUC is the glucose concentration; the pCO2 is the partial pressure of carbon dioxide (assumed 
value of 0.1 atm) and CH+ is the concentration of H+ at the specific pH at 30°C. In this way, the 
theoretical potential shift, in line with the experimental data, was determined to be -0.2 V from pH 
8.1 (EfGLUC= -0.73 V) to pH 4.8 (EfGLUC= -0.53 V).  

2.5. Electrochemical in-depth study  

At the end of the 1st and the 4th cycle, each original BES was split in three different components 
(the WE, the planktonic cells and the supernatant) that were studied individually in fresh BES 
using CV as follows: A) the WE was moved to a new BES containing 90 mL of fresh medium (pH= 
8.1); B) the planktonic cells, i.e. the cell pellet obtained by centrifuging 30 mL of the used medium 
(6000 × g, 10 min, 4°C), was anaerobically re-suspended in 90 mL of fresh medium and 
transferred to a new sterile BES; C) the supernatant derived from centrifugation of 30 mL of the 
used medium was anaerobically mixed with 60 mL of fresh medium and transferred to a new BES 
(Scheme SI-1).  

The CVs were recorded (as described before) at the beginning of the batch cycle. Subsequently 
to CV analysis the BES built using the WE (A) and the cells (B), were run using CA for a full batch 
cycle (7 days) at the end of the experiment (4th cycle). 

2.6. DNA extraction 

Three different type of samples were obtained during the experiment and DNA was extracted 
using QIAamp PowerFecal DNA Kit (QIAGEN, Hilden, Germany) according to the manufacturer's 
instructions. The inoculum sample consisted of 300 µL of the mouse feces mixture used to 
inoculate the reactors. The pellet samples were obtained from each BES, by centrifuging 30 mL 
of the used medium (6000 × g, 10 min, 4°C), at the end of each batch cycle. The WE samples 
were obtained from the electrodes of the BES at the end of the experiment and consisted in 1.5 
cm of the WE graphite rods, gently rinsed with Millipore water. 

2.7. Illumina MiSeq amplicon sequencing and PCR-free Nanopore sequencing 

The V3/V4 region of the 16S rRNA gene of the extracted genomic DNA was sequenced using the 
bacterial primers 341F-785R [18] by LGC Genomics GmbH (Berlin, Germany) following their 
protocols. Raw sequence data have been submitted to the EMBL ENA database under the 
accession number PRJNA623009. The amplicon reads were pre-processed by removing the 
primer sequences using cutadapt version 2.7 [19]. Forward and reverse reads were denoised and 
merged using the dada2 plugin [20] in QIIME2 version 2019.1 [21]. In detail, maximum expected 
errors were set to 8 and chimeric sequences were removed in default consensus mode of the 
dada2 plugin. Resulting ASVs were taxonomically classified using MiDAS taxonomy 2.1 [22] 
trimmed to the region covered by the 341f and 785r primers. Read counts were normalized to 
100%.  



Whole genome sequencing (WGS) was performed by PCR-free Nanopore sequencing. Genomic 
DNA from samples of the WE and cell pellet obtained from BES1 after the 4th batch cycle and 
OC1 after 4th cycle was prepared for sequencing using the SQK-LSK 109 Ligation Sequencing 
Kit in combination with EXP-NBD104 Native Barcoding Expansion Kit according to the 
manufacturer’s instructions with the following modifications. The incubation times for the end-
repair were increased to 10 min at room temperature and 10 min at 65°C and of the ligation step 
to 30 min. DNA library was loaded on a R9.4.1 flow cell plugged into a MinIon MK1B device 
(Oxford Nanopore Technologies, UK) controlled by MinKnow software release 19.12.2. In total 81 
Mb, 507 Mb and 435 Mb were obtained for WE, BES1 and OC1 sample, respectively.  Raw 
sequence data have been submitted to the EMBL ENA database under the accession number 
PRJNA623009. Sequence data were basecalled and demultiplexed using guppy version 3.4.3 
and the provided high accuracy model. Adapter sequences were trimmed using Porechop version 
0.2.4 (https://github.com/rrwick/Porechop). Composition of microbial community was assessed 
based on the reads using kaiju version 1.7.3 [23] and the proGenomes database. Reads were 
corrected and assembled using Canu version 1.9 [24] to reconstruct genomes. Resulting contigs 
were binned using concoct version 1.1.0 [25]. Contigs of the largest bin of each sample were 
polished using medaka version 0.11.4 (https://github.com/nanoporetech/medaka) and 
taxonomically characterized using the Microbial Genomes Online Atlas [26] and GTDB-tk hosted 
on KBase [27]. Completeness and contamination of reconstructed genomes were estimated using 
checkM version 5.0.2 and the lineage-specific workflow [28]. The metagenome assembled 
genomes (MAGs) obtained from the different samples were compared using dRep [29]. 

The MAGs were annotated using RASTtk via The Pathosystems Resource Integration Center 
[30]. The putative marker genes for electroactivity [31,32], already used in a previous study [8], 
cytochromes, Pilin, PilA, Ferredoxin, Nanotubes (YmdB) and Phosphodiesterase were analyzed. 
Distilled and Refined Annotation of Metabolism tool (https://github.com/shafferm/DRAM) was 
used to get a functional annotation summarized on the pathway level (SI-4 and SI-5 files) 

Pure culture studies under different conditions are required for the full electroactive metabolism 
understanding. Unfortunately, the whole Shigella/Escherichia genus belongs to biosafety level 
(BSL) 2, which represents an impediment to perform further studies in mixed and/or culture in 
laboratories not authorized by law. Thus, all the samples obtained for this study, were destroyed. 

2.8. Microscopy 

One piece obtained from the WE of each BES at the end of the experiment, was used to visualize 
the biofilm marked with the nucleic acid staining kit LIVE/DEAD® BacLight™ Bacterial Viability Kit 
(Life technologies, Carlsbad, California, USA) using an Axio Observer.Z1 fluorescence 
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with an Illuminator HXP 
120 V, a plan-apochromat 63×/1.40 Oil Ph3 M27 objective, an AxioCam MR3 camera and 
Axiovision software version 4.83 SP3 was used .  

 

3. Results and discussions 

Glucose-fed two-chamber bioelectrochemical systems (BES) being inoculated with mixed feces 
from the common inbred strain of C57BL/6NTac mice were operated using chronoamperometry 



(CA) at 0.2 V (as all potentials in this article provided vs. Ag/AgCl sat. KCl). Cultivation was 
performed without pre-enrichment and for four batch cycles with one week per cycle (see Figure 
1). 

 
Figure 1: Current density (µA cm-2) of glucose fed bioelectrochemical systems (BES) inoculated 
with mouse feces polarized at +0.2 V vs. Ag/ AgCl sat. KCl (30 °C and 120 rpm) for four batch 
cycles (the gray vertical dotted lines indicate the starting of each cycle). The color of the traces 
refers to the three independent replicates: red for BES1, black for BES2 and green for BES3.  

 

Figure 1 shows a maximum current density (jmax) of 122±23 µA cm−2 was achieved during the first 
batch cycle, which decreased after the first medium change (90% fresh medium + 10% old 
medium) to 79.31±17.30 µA cm−2 (Table 1). The current production started after only 19 hours of 
CA, which indicates the presence of electroactive microorganisms in the inoculum and it is 
coherent with previous studies on pure and mixed cultures [8,13].  

The average coulombic efficiency (CE, Table 1) of the four cycles was 0.93±0.17% (n=3). The 
reason of such a low CE is unknown, but in-line with the scarcely reported CE of electroactive 
microorganisms inherent to the gut microbiome [8]. Partially it can be attributed to the sulfate 
acting as terminal electron acceptor (  ̴ 500 C per BES being <10% of the CE). Gas 
chromatography (GC) at the end of the 1st and the 4th cycles confirmed that methanogenesis does 
not play role (methane under detection limit, n=12). Further, metagenomic analysis (PCR-free 
Nanopore sequencing), confirmed the metabolic diversity and the absence of methanogens in the 
microbial community (see below). In addition, the presence of oxygen in the reactor headspaces 
was excluded by GC analysis at the end of the 1st and the 4th bioelectrochemical cycles. 



In contrast to other studies, controls including open circuit, abiotic and autoclaved inoculum 
reactors were operated in parallel (details see Table 2 and Figure SI-5). Thereby, the abiotic and 
the autoclaved inoculum reactors showed significantly lower electrochemical performance than 
the BES being inoculated with feces (Figure SI-5). 

Table 2: The average of the total charge (q), the maximum current density (jmax) and the coulombic 
efficiency (CE) are reported for the bioelectrochemical systems (BES) for each batch cycle, for 
the abiotic and the autoclaved inoculum reactors. The formal potential (Ef) was calculated from 
the 3rd scan of turnover cyclic voltammetry using 1 mV s-1 after the 1st and the 4th batch cycle. 
Further, the averaged values (n=3) were reported for the split BES reactors built using the cells 
and the working electrodes (WEs) of the BES after the batch cycle. All values are provided as 
average ± standard deviation, based on independent triplicates (n=3).  

Reactor qtot/ C jmax/ µA cm-2 CE / % Ef/ V 

BES 
1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th After 1st 

cycle 
After 4th 

cycle 
32.8 
±0.6 

38.7 
±3.8 

28.4 
±4.0 

28.8 
±4.8 

122.4 
±22.9 

79.3 
±17.3 

56.3 
±6.5 

64.5 
±12.7 

0.7 
±0.0 

1.1 
±0.1 

0.9 
±0.1 

1.0 
±0.1 0.2 ±0.0 0.2 ±0.1 

Split-BES 
after 

4th batch 
cycle 

cells 46.1 ±4.2 84.6 ±4.0 2.6 ±0.4 0.0 ±0.0 

WE 32.5 ±8.1 55.6 ±9.2 1.7 ±0.5 0.1 ±0.0 

Abiotic 11.2 ±1.5 10.6 ±2.1 - - 
Autoclaved 
inoculum 13.8 ±1.9 7.7 ±2.3 - - 

 

To shed further light on the EET, CV with a scan rate of 1 mV s−1 was performed at the maximum 
of the current production (turnover conditions) at the end of the 1st and the 4th batch cycle (Figure 
SI-1). In turnover conditions a formal potential of the EET (Ef) of 0.23±0.01 V after the 1st cycle 
and 0.16±0.07V after the 4th cycle (at pH= 4.8 – Figure SI-1) was revealed. As abiotic controls did 
not yield a CV signal, this clearly demonstrates that microbial electrocatalysis takes place. 
Interestingly, the here identified Ef is close to Ef found for C. cochlearium of +0.22±0.05 V [8]. 

To further identify the nature of the EET, an in-depth study was performed at the end of the 1st 
and the 4th cycle. Therefore, each original BES was split in three different components that were 
studied individually in fresh BES using CV as follows (details see 2.5): A) the WE (and the putative 
electroactive biofilm); B) the microorganisms, i.e. the cell pellet obtained by centrifugation of the 
used medium; C) the supernatant derived from centrifugation.  

The CVs (Figure 2 and Figure SI-2) demonstrated that the planktonic cells (Ef= 0.04±0.01 V at 
pH 8.1, n=2) being present in the used medium are responsible for the microbial electrochemical 
activity reported in the CA (Figure 1). In contrast, it was not possible to identify a Ef for the 
WE/biofilm and the supernatant. 

The shift the Ef of the EET of around 0.2 V between the BES used for cultivation and the CVs 
obtained for the transferred cell pellet and WE can be explained by a pH-shift. The value is in line 
with a shift of 60 mV/pH-unit concomitant with the drop in pH in the WE chamber from 8.1 and 
4.8 at the beginning and at the end of the batch cycle, respectively (see Figure SI-3). This change 
of pH during cultivation can be explained by the metabolic activity [33] leading to increasing 
concentration of short chain fatty acids by anaerobic fermentation of glucose.  Pre-experiments 



were conducted in similar conditions using only short chain fatty acids as carbon source, but here 
no bioelectrochemical signal (i.e. current production) was detected. 

After the 4th batch cycle, in addition to the electrochemical activity of the planktonic cells 
(Ef=0.03±0.02 V at pH 8.1, n=3) also the CVs of the WE/biofilm showed electrochemical activity 
(Ef=0.14±0.00 V at pH 8.1, n=3). The activity of the latter could be due to the formation of an 
electroactive biofilm, but also the adherence of electroactive cells from the planktonic phase. Also 
in this case no Ef could be identified for the supernatant. 

After the CV analysis, the WEs and the cells were further cultivated using CA for a full batch cycle, 
thereby showing electrochemical activity for 19h (Figure SI-3).  

 
Figure 2: Representative CVs (scan rate of 1 mV s−1) and the respective 1st derivative (inset) 
using the cells (yellow), the WE/biofilm (purple) and the supernatant (green) of one of the 
triplicated bioelectrochemical system (BES1) at the end of the 1st (A) and of the 4th (B) batch 
cycles (see the data of the other replicates in Figure SI-2). The asterisk indicates the formal 
potential of the EET. 

At the end of the experiment, the WEs were gently rinsed for removing the cells being not 
attached, cut into pieces and used for microbial analysis and microscopy. Figure 3 shows the 
presence of microbial cells at the surface of all WE, this may indicate that a biofilm being possibly 
electroactive is formed.  



 
Figure 3. Comparison between the pictures obtained using optical microscope from: A) a new 
WE cleaned with sandpaper and B the WEs of one of the triplicate bioelectrochemical systems 
(BES2), treated with the nucleic acid staining kit LIVE/DEAD® BacLight™ Bacterial Viability Kit 
(see Figure SI-4 for the rest of the data). 

Subsequently, it was aimed to decipher the microbial community and identify the microbial 
electrocatalyst(s). Therefore, samples for DNA extraction were taken from the inoculum, the 
medium (at the end of each batch cycle) and from the WE (at the end of the experiment). The 
microbial community of the samples was analyzed using 16S rRNA gene amplicon sequencing 
(Illumina Miseq – Figure 4). All samples, except the inoculum, were characterized by a high 
dominance of the Escherichia/Shigella genus (98.05±0.03%, n=15). 

Surprisingly this high selection of the Escherichia/Shigella genus was not only found for the BES 
but also for the open circuit controls (OC - 98.52%±0.02%, n=12 – Figure 4C). 

Figure 4. Genus distribution with the bacterial 16S rRNA gene amplicon sequencing (Illumina 
Miseq) of: A) the inoculum (mouse feces mixture: 100 pieces of C57BL/6NTac mouse feces in 
20 mL of PBS 1× stored 24h at 4°C); B) the averaged data (n=3) of the pellet of the suspended 
cells at the end of each batch cycle and from the working electrodes at the end of the experiment 
and; C) the averaged data (n=3) of the pellet of the suspended cells at the end of each batch 



cycle from the open circuit controls (OC). The detailed data are reported in the Supplementary 
Information 2. 

Noteworthy, this analysis is involving a PCR-based amplification of the DNA that might lead to 
qualitative and quantitative amplification bias, mainly related to the use of specific primers [34]. 
To exclude a potential bias due to the use of primers, the PCR-free Nanopore sequencing was 
performed on three representative samples: the pelleted cells and the WE/biofilm of one BES and 
the pelleted cells of one OC.  No visible biofilm was formed on the OC graphite rods. 

This metagenomic analysis confirmed the 16S rRNA gene amplicon sequencing results (Figure 
4). The strain with the highest abundance (86.5± 13.3% of completeness and 0.6 ± 0.1% of 
contamination and a similarity of 99% between the samples - further details in Tables SI-1 to SI-
3) was classified as Escherichia flexneri GCA_002950215 via GTDB-TK and as Shigella flexneri 
2a str. 301 with NCBI Strain Identifiers. The different classification is due to the fact that the 
Shigella genus is closely related to the Escherichia group [35]. 

The high presence of Escherichia/Shigella in all samples is certainly surprising and can hence 
not be related to pure electrochemically driven selection, as e.g. found for Geobacter 
anodireducens from waste water [36]. The selection has to be assigned to all experimental 
conditions (medium, anoxic condition, pH) and the use of glucose as substrate. It was previously 
demonstrated that the presence of sugar as carbon source in BES is contributing to the selection 
of the genus Escherichia/Shigella (up to 20±9% sucrose-fed BES and below 1% in the BES not 
fed with sucrose) [37] in anodic conditions.  

In any case, these results strongly underline the importance of comprehensive controls when 
performing screenings for new electroactive microorganisms. Without these controls, a false-
positive assignment can easily occur, as the increased abundance of a microorganism might be 
not due to electrochemically driven selection, but to the environmental pressure of the other 
experimental conditions. 

On the other hand, the clinical isolate strain S. flexneri has been already reported for its capability 
to be electroactive in cathodic conditions [38]. Further, virulence of S. flexneri was associated, as 
other pathogenic electroactive microorganisms such as Listeria Monocytogenes, Enterococcus 
faecalis and Pseudomonas aeruginosa [5,39–41], to an iron based-binding protein (such as 
heme-binding protein) [42]. However, Pankratova et al. [9], have shown that E. faecalis and similar 
gram-positive bacteria, can perform EET without the use of heme-proteins (such as cytochromes), 
but need the aid of Osmium redox polymer (Os RP) or soluble monomeric redox mediators. 

The obtained full genome sequence was annotated and the putative marker genes for 
electroactivity already used in a previous study [8], were analyzed. 

Table 3. Abundance of putative marker genes in the strain sequenced in this study are compared 
to the model electroactive microorganisms Geobacter sulfurreducens and Shewanella oneidensis 
and the commensal gut microorganisms (Clostridium cochlearium, Lactobacillus reuteri and 
Staphylococcus xylosus) previously related to the EET mechanisms [8]. 
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Putative marker genes 
for electroactivity 

Cytochromes [31] 122 90 2 6 14 40 
Pilin [32] 1 9 - - - 8 
PilA [32] 2 1 - - - - 
Ferredoxin [31] 33 11 21 - 4 20 
Nanotubes (YmdB) [32] 1 - 1 - 1 - 
Phosphodiesterase [32] 5 17 4 3 7 54 

  

As Table 3 shows that the metagenome assembled genome (MAG) of the strain enriched in this 
study, is rich in genes putatively encoding components needed for electroactivity. This support 
the putative ability of S. flexneri to perform EET. In summary, we speculate that S. flexneri is a 
facultative electroactive microorganism in anodic conditions.  

Recently, Keogh et al. [39] demonstrated that the presence of iron promoted the EET biofilm-
specific metabolism capability of the E. faecalis, causing increased energy production and 
augmented biofilm growth. They reason that this potential metabolic versatility of E. faecalis and 
other gut pathogenic microorganisms supports their capability to colonize different niches and 
their survival in different complex niches (such as the human gastrointestinal tract). That allows 
us to speculate that Shigella flexneri 2a str. 301 has a versatile electroactive metabolism. 

S. flexneri is one of the main human pathogens causing diarrhea and shigellosis is associated 
with high morbidity and mortality in developing countries [43,44]. Recently, the commensal 
microbial community composition present in the host gut was demonstrated to be highly important 
for the establishment of a Shigella infection [43]. However, basic mechanisms of colonization and 
the interaction of Shigella with the other gut microorganisms need further research [43,44]. In this 
direction, the study of a different metabolic route associated with an EET mechanism could be a 
further important thread in this research line. 

In this study (SI-4 and SI-5 files), several of the most important metabolic pathways for converting 
glucose into pyruvate as well as the full genetic metabolic routes for nitrate metabolism were 
found in all the samples (WE, BES1 and OC1). In contrast, the pathway for methanogenesis was 
not present. However, only metagenomic analysis is not sufficient to ascribe the metabolic activity 
and hence the fate of carbon to certain pathways, for which metatranscriptomic and/or 
metaproteomic analysis are required. Thus, in future pure culture studies under different 
conditions are required for further deciphering the potential facultative electroactive metabolism. 
We advocate that these include, for instance, the simultaneous metatranscriptomic and/or 
metaproteomic analysis of BES and open circuit controls, to evaluate the expression of the 
already discussed putative marker genes for electroactivity.   



4. Conclusions 

This study represents a new confirmation of the presence of electroactive microorganisms in the 
mammalian gut microbiome using electrochemical enrichment from mixed cultures.  The samples 
(feces) from the common inbred strain of C57BL/6NTac mice were used to inoculate the triplicated 
bioelectrochemical reactors demonstrating the extracellular electron transfer and current 
production (jmax=122±23 µA cm−2). The formation of biofilms at the anode being possibly 
electroactive was demonstrated using fluorescence microscopy and cyclic voltammetry (Ef= 
0.23±0.01 V vs. Ag/AgCl sat. KCl). The 16S rRNA gene sequencing and PCR-free Nanopore 
sequencing showed the enrichment and dominance of Shigella flexneri 2a str. 301, with the 
identification of the genomic presence of several putative marker genes for electroactivity. The 
EET in gut microbiome opens interesting perspectives (e.g. prebiotics, drugs and an improved 
diet) aiming to host-microbiome interaction and health. 
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