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A B S T R A C T

Energy recovery via bioelectrochemical systems (BESs) while treating organic wastes has proven
to be a promising technology. Organic waste hydrolysates are appealing feedstocks for BESs due
to their richness in short-chain fatty acids rather than complex organics. However, butyrate,
among the abundant acids in hydrolysates, has been found to particularly hinder the efficiency of
BESs. The lack of efficient anodic butyrate-oxidizers appears to be critical; therefore, this study
targeted the enrichment of an anodic community to enhance butyrate oxidation efficiency in
BESs. We initially tested three different inoculum sources using butyrate as the sole electron
donor. Then, through successive transfers of a bioanode piece to fresh anodes, significant
improvement in coulombic efficiency (CE) from 9.4% to 78.6% was achieved over six transfers.
The enriched bioanode was dominated by the bacterial genera Geobacter (72%) and Sporomusa
(16%), which correlated positively with CE development over transfers. The metagenomic/
transcriptomic analyses confirmed the key role of Geobacter in the anodic oxidation of butyrate,
while Sporomusa likely displayed a syntrophic interaction, assimilating acetate from CO2 and
excess H2. The enriched culture was further bioaugmented with Geobacter sulfurreducens and
tested with real butyrate-containing hydrolysate, in which CE and maximum current density of
86.9% and ~3.5 A/m2 were achieved, respectively. Overall, the enriched butyrate-oxidizing
culture, bioaugmented with G. sulfurreducens, proves efficient for BESs treating butyrate-rich
waste-streams.

1. Introduction

The need to overcome a future shortage of resources and energy gives rise to the development of innovative and practical technologies
for generating low-emission energy from biogenic waste streams. This has raised increasing interest in bioelectrochemical systems (BESs),
where energy recovery can be achieved in parallel to wastewater treatment, either in the form of electricity via microbial fuel cells (MFCs)
or as hydrogen via microbial electrolysis cells (MECs). Technologies relying on the anaerobic oxidation of organic loads can serve as
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energy-efficient alternatives to conventional wastewater treatment plants. In these plants, the most energy-consuming process for
pollutant elimination is aeration, with no energy gained in return (Madjarov et al., 2016). The MEC applications gain special attention
since hydrogen is considered an important sustainable energy carrier of the future. MEC has also been combined with anaerobic digestion
(AD) process for the aim of improving methane productivity via balancing the electron fluxes. In BESs, anode-respiring microorganisms
catalyze the oxidation of organic compounds on the electrode surface. Such microorganisms conduct extracellular electron transfer (EET)
as part of their natural anaerobic metabolism (Logan and Regan, 2006; Lovley, 2006). The microbial electron transfer chains transport
electrons from low-potential electron donors (e.g., organic acids) to acceptors with a more positive redox potential (e.g., poised anodes)
through a series of redox reactions, resulting in a flow of electrons, i.e., electrical current (Brunner et al., 2019).
With regards to the responsible biocatalysts in this process, Geobacter sulfurreducens and Shewanella oneidensis are the most

extensively studied exoelectrogens (Jing et al., 2022; Klein et al., 2023). However, the fact that they are known to oxidize only certain
organic acids (mostly acetate and lactate) has limited their complying with various industrial applications. Meanwhile, syntrophic
interactions with other organisms are likely necessary when dealing with complex organics, e.g., cellulose, hemicellulose, fats, pro-
teins, sugars, alcohols, and longer-chain fatty acids (e.g., butyrate, valerate, and oleate) (Brunner et al., 2019; Kokko et al., 2018). For
this, using mixed culture as inoculum is suitable; however, the complexity of substrates and induced microbial diversity contribute
unfavorably to the emergence of side reactions (Logan et al., 2015). Such reactions reduce the current production and coulombic
efficiency (CE) in BESs, as widely reported to date (Choi et al., 2023; He et al., 2016; Kokko et al., 2018; Miceli et al., 2014; Pandey
et al., 2016; Rossi et al., 2022). To address this limitation, on the one hand, careful substrate characterization is needed to define
potentially inhibiting components; on the other hand, the proper selection and/or enrichment of inoculum is crucial to guarantee
optimized performance. For instance, the hydrolysate from dark fermentation processes, primarily composed of short-chain organic
acids (e.g., acetate, propionate, butyrate, and valerate), holds promise as an appealing substrate for BESs. Nonetheless, excessive levels
of certain acids, such as butyrate, which is abundant in various hydrolysates, could substantially limit the potential for energy recovery
(Choi et al., 2023; Lin et al., 2019; Zhang et al., 2022). Concerning this, we could previously prove the significant hindering effect of
butyrate (≥ 10mM) on G. sulfurreducens (Härrer et al., 2022). In that study, we also demonstrated that G. sulfurreducens has a high
potential to oxidize acetate and generate high current density when exposed to a low concentration of hydrolysate; therefore, it would
be mutually beneficial for the overall BESs efficiency if efficient bioanodic oxidation of butyrate could be integrated, since butyrate is
often one of the most abundant acids present in such fermentation broths.
When looking in the literature for BESs operated with butyrate as the sole electron donor, most of them belonged to the MFC-mode,

with low reported CEs (5–56%) (Freguia et al., 2010; Liu et al., 2005; Min and Logan, 2004; Torres et al., 2007; Yu et al., 2015; Zhang
et al., 2022, 2011). Higher CE of up to 72%was only reported when using low butyrate concentrations of 4–7mM (Freguia et al., 2010;
Yang et al., 2015). Hence, a crucial key to improving the stability and performance of relevant BESs is obtaining an efficient and robust
biocatalyst. Ways to achieve this may start with investigating various environmental samples to find the appropriate inoculum.
Second, employing an efficient enrichment strategy have proven to reduce startup periods and/or boost the productivity of BESs, such
as using inoculum collected from the planktonic phase of a running BES or preconditioned inoculum harvested from a biofilm (Baudler
et al., 2014; Blanchet et al., 2015; Riedl et al., 2017; Zhang et al., 2013). Another reported strategy considered combining pure and
mixed cultures, as inoculum, which allows for the integration of multiple electron transfer mechanisms (Guang et al., 2020). This not
only addresses fluctuations in populations resulting from the process but also facilitates the transfer of respiratory electrons, which are
not exoelectrogenically generated, to the electrode. The beneficial synergy arising from this approach can improve current density,
CEs, and achieve long-term process stability.
Given the abovementioned challenges/opportunities, we here aimed at enriching an anodic butyrate-oxidizing community to serve

as an efficient biocatalyst within BESs dealing with butyrate-rich effluents. For this, inocula sourced from different environmental
samples were initially tested with butyrate as sole electron donor. Then, an adopted enrichment strategy based on isolating the
effective anode-respiring bacteria was investigated, seeking for maximum achievable CE. The evolving composition of the anodic
community was carefully studied, along with the identification of responsible microbes. Moreover, metagenomic/transcriptomic
analysis was conducted to elucidate the major metabolic pathways involved. Potential bioaugmentation of such anodic culture with
the model exoelectrogen G. sulfurreducens was also examined. Eventually, the efficiency of enriched culture was assessed in a BES fed
with real hydrolysate. The insights derived from this approach will help in optimizing the industrial applicability of BESs for simul-
taneous energy recovery and wastewater treatment.

2. Materials and methods

2.1. Inocula and enrichment medium

Inocula from three different sources were initially tested separately in this study, i.e., cow manure (30–40 cm-depth), hydrolysis
sludge (from a running acid-fermenter that uses vegan dog food as substrate (Ali et al., 2021)), and anoxic sediment (20–40 cm-depth;
from nearby the Nagold Dam, Freudenstadt, Germany). Amodified G. sulfurreducensmedium (DMSZ, media 141) with 10mM-butyrate
(instead of acetate) as the sole electron donor was used for enrichment in BESs. Sterilization of medium was performed by autoclaving,
whereas heat-sensitive components (e.g., vitamins) were sterilized using a 0.2 µm membrane filter. In addition, the hydrolysate used,
for final validation using a real complex feed, was collected from a running 12 L-fermenter (Ali et al., 2021). The hydrolysate was then
centrifuged two times, step-filtered (1 and then 0.45 µm), sterile-filtered (0.2 µm), and kept at 4◦C until being used in the here
described experiment. The organic and inorganic constituents of the hydrolysate were analyzed as presented earlier (Härrer et al.,
2022). Due to the high concentrations of organic acids in such hydrolysate, i.e., 65 mM-butyrate, 122 mM-acetate, and 60
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mM-propionate, 50%-diluted feed was used for the desired experiment.

2.2. BESs setup and experimental design

A two chambers and three-electrode cylindrical-BES (C-BES) with a working volume of 250mL was used, consisting of graphite-felt
(36 cm2; GFD 2.5, SGL Carbon, Germany) as anode, Ag/AgCl reference electrode (+199 mV vs normal hydrogen electrode [NHE]; SE10,
Xylem Analytics, Germany), and platinum-mesh (104 mesh/cm2, Chempur, Germany) as cathode (Fig. S1a). An anodic potential of 0mV
vs NHE (equivalent to − 199mV vs Ag/AgCl) was set for the chronoamperometric measurement using an EmStat3 potentiostat (PalmSens
BV, Randhoev, Netherlands). The BESs were placed in a 30◦C incubator, stirred with magnetic stirrers, and the headspace was contin-
uously flushed with N2/CO2 (80/20%). Unless otherwise mentioned, all experimental runs were performed in a batch-mode. The aimed
enrichment strategy in this study started with testing inocula from three different sources. The three selected inocula were added to three
C-BESs with an initial concentration of 1% (v/v). Second, the enrichment proceeded with the inoculum that achieved the highest effi-
ciency. For the enrichment, selective isolation of the exoelectroactive community by successive transfers was employed as studied pre-
viously by Riedl et al. (2017), where an exclusion of microorganisms with potential side reactions can be attained. Meanwhile, first, a
series of experiments were conducted to probe the best transfer strategy. Afterwards, such transferring was repeated for the aim of
maximizing the CE. This ended up with six generations of selection for butyrate oxidizers, in this study. Transferring the bioanode pieces
between BESs was performed in an anaerobic chamber. The transfer of bioanode pieces was performed by cutting a piece (1×3 cm) from a
previously enriched anode and then attaching it, via needles, to a fresh anode in a new BES, resulting in a new enrichment generation.
Third, the bioaugmentation of the process by adding the model electroactive microorganism G. sulfurreducens (OD600 of 0.1) was
examined, given that release of acetate and potentially H2 (i.e., suitable substrates for G. sulfurreducens) is expected as intermediates
during the oxidation of butyrate. G. sulfurreducens PCA (DSM No. 12127) was used in this experiment. Eventually, the efficiency of the
enriched butyrate-oxidizing community, with highest CE, was tested with real butyrate-rich hydrolysate as anolyte. This experiment was
performed using another configuration, namely Flat-plate-BES (FP-BES; Fig. S1b) as previously described (Härrer et al., 2022), where a
2-times higher anodic surface area-to-volume ratio and better flow pattern above the bioanode surface were employed. The recirculation
of hydrolysate (as the anolyte) was conducted at a constant flow rate of 20mL/min. The hydrolysate (50%-diluted) was then introduced
gradually until observing a significant drop in generated current, at which point a switch to a batch-mode is employed.

2.3. Microbial analysis

2.3.1. 16S rDNA amplicon sequencing
Illumina sequencing was used for the phylogenetic and physiological characterization of the butyrate-oxidizing microbial community

during the enrichment process. Initially, 16S rDNA amplicon sequencing was performed for samples collected from both the bioanodes
and planktonic phases, collected from each enrichment generation. Isolation of genomic 16S rDNA was performed using the DNeasy
Power-Biofilm Kit (Qiagen) according to the manufacturer’s protocol. The sampling was performed in an anoxic chamber. For this, 2mL
of pelleted planktonic phase as well as a piece of electrode (~1.75 cm2) were prepared for each sampling point. The planktonic pellet was
used directly, while the piece of electrode was divided into smaller pieces before starting the protocol. The concentration and purity of the
isolated 16S rDNAwas determined using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) and stored at − 20◦C until further
use. The forward and reverse primers 341bf (ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTACGGGNGGCWGCAG) and Uni518r
(GACTGGAGTTCAGACGTGTGCTCTTCCGATCTWTTACCGCRGCTGCTGG) were used, respectively. Illumina NextSeq 550 platform and
high output Kit V 2.5 (150 cycles) were considered for sequencing, which was performed at the Institute of Biological Interfaces at
Karlsruhe Institute of Technology (KIT). The raw data processing of 16S rDNA amplicon sequencing was performed using the CLC ge-
nomics workbench (version 12.5, CLC bio, Aarhus, Denmark) using the Microbial Genomic Plugin (version 4.0, Qiagen, Hilden, Ger-
many). The analysis was performed according to a workflow implemented by the manufacturer (OTU Clustering CLC). Here, default
settings were used for the first three steps (adapter-trimming, reads-merging, and reads-trimming). The subsequent operational taxo-
nomic unit clustering (OTU-clustering) was performed assuming 97% relatedness. This involved grouping reads into so-called clusters,
where each read had to have a similarity of at least 97% to every other member of the cluster. The comparison of these clusters with silva
database (ver. 128) enabled the phylogenetic assignment of the OTUs. Identification and filtering out of so-called chimeras (artifacts of
PCR amplification) was performed in parallel. In the last step, OTU clusters with an abundance of less than 10 reads across all generations
were removed. In addition, to show the potential correlations between different bacteria and resulting CE among all samples (based on
spearman and p-value of <0.05), network diagrams were also included using Gephi 0.9.2.

2.3.2. Meta-genomic and -transcriptomic analyses
The DNA extraction for the metagenomic analysis was performed similarly as mentioned above only for samples from the 6th

generation of enriched butyrate oxidizers. In parallel, at the time of collecting samples, planktonic and anodic samples were mixed
with 1mL of RNA-protect and stored at − 80◦C until used for the meta-transcriptomic analysis. Isolation of RNA was performed using
RNeasy Power-Biofilm Kit (Qiagen) under RNAse free conditions. The concentration and purity of the isolated RNA was checked
photometrically. For further quality control of the RNA and to check for DNA residues, PCR was performed. For this purpose, 1 µL of
the isolated RNA was mixed with the primers Bacteria_27F (GAGTTTGATCCTGGCTCA) and Bacteria_1525R (AGAAAGGAGGT-
GATCCAGCC) (Rainey et al., 1994) in a 15 µL Mango-Mix batch. An E. coli K12 colony served as positive control and nuclease-free
water served as negative control. PCR reactions were then subjected to qualitative gel electrophoresis. If necessary, DNase I diges-
tion was repeated until no DNA could be detected in the RNA samples. The metagenome sequence libraries were generated using the
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NEBNext Ultra TM II FS DNA Library and Prep Kit (New England Biolabs, Frankfurt am Main, Germany). The analysis of the
meta-genome and -transcriptome datasets presented in this work were performed using the command line-based SqueezeMeta pipeline
(Tamames and Puente-Sánchez, 2019). The taxonomic classification of the processed metagenome data was performed by aligning the
coding regions with the Diamond database. All raw sequencing data can be accessed through NCBI via SRA accession PRJNA1025973.

2.4. Analytical methods

The organic compounds butyrate, acetate, and propionate were measured by using high-performance liquid chromatography (HPLC;
Thermo Fisher Scientific, Germany). The device was equipped with Aminex HPX-87H column (300 × 7.8mm, Bio-Rad, Munich), UV-
detector (at λ = 275 nm), and Chromeleon 11 software. The applied processing method includes a flow rate of 0.6mL/min, column
temperature of 45◦C, and 5mMH2SO4 as mobile phase. Inorganic constituents such as anions and cations were measured using Dionex
ICS-1100 (Thermo Fisher Scientific, Waltham, USA). The columns Ion-Pac™ AS9-HC and Ion-Pac™ SCS 1 with 9mM NaHCO3 and 3mM
CH3SO3H as eluents were used for the detection of anions and cations, respectively. The applied processing method, in both cases, in-
cludes a flow rate of 0.25mL/min and column temperature of 30◦C. The dissolved organic carbon (DOC) and inorganic carbon (IC) were
measured by using TOC analyzer TH600 (Analytic Jena, Jena). Before the abovementioned analyses of samples, they were filtered
through 0.2 µm syringe filters. For the calculation of CE, Eq. 1 was used where I (A) is the generated current over time t (sec), F is faraday’s
constant (96485), b is the number of theoretical moles of electrons released per mole of oxidized compound (i.e., 8 for acetate, 20 for
butyrate, and 4 for DOC), and Δ (M) is the reduced concentration of electron donor (e.g., butyrate and acetate) during the time period t.

CE(%) =

∫t

0

Idt

F× b×working volume(L) × Δ (M)
(1)

Fig. 1. The time course of current density, acetate, and butyrate in bioelectrochemical systems (BESs) inoculated with cow manure (a), hydrolysis
sludge (b), and sediment (c), and fed with butyrate-based medium. Additional butyrate was added when being depleted, as shown. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 2. The time course of current density, acetate, and butyrate in bioelectrochemical systems (BESs) inoculated with enriched bioanode (a),
planktonic cells (b), small piece of bioanode (c), and only 2 mL of planktonic cell (d). The used bioanode and planktonic cells were harvested from a
BES initially inoculated with sediment and run for ~50 days. All BESs were fed with sterile butyrate-based medium. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).
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3. Results and discussion

3.1. Response of inoculum from different origins

For the aim to seek butyrate-based exoelecrogenic microorganisms, inoculum form three different origins, i.e., cow manure, hy-
drolysis sludge, and anoxic sediment, were separately tested in identical BESs and compared according to the resulting profiles of
current density, butyrate, and acetate (Fig. 1). The figure shows that significant butyrate degradation was visible in all BESs within the
first 30 days. However, no significant current was generated in BESs inoculated with cow manure (Fig. 1a) or hydrolysis sludge
(Fig. 1b). The re-addition of butyrate to such two BESs further resulted in the same observation, which could be attributed to non-
exoelectrogenic side reactions, such as those towards methanogenesis. In contrast, in the BES inoculated with anoxic sediment

Fig. 3. The time course of current density, acetate, and butyrate in bioelectrochemical systems (BESs), where each one was inoculated with a piece
of bioanode attached to its fresh anode generating five consecutive generations (a-e), and the relevant coulombic efficiency (CE) (f). The CE of BESs
initially inoculated with sediment and 1st generation (used to examine the enrichment strategy) are also included. All BESs were fed with sterile
butyrate-based medium. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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(Fig. 1c), the current density started to develop from day 16 and reached the peak of 23 µA/cm2 at day 30. Such observed long lag-
phase can be attributed to the initial establishment of biofilm along with the competing side reactions from the diverse planktonic cells
existing in the system. The resulting CE of this initial run of BES inoculated with anoxic sediment was 7.42 %. This finding confirms the
presence of exoelectroactive microorganisms, particularly on the anodic surface, which can be further enriched to improve the
generated current and CE of the BES. Overall and given the results obtained from the three BESs, this experiment emphasizes the key
role of inoculum origin in operating the bioprocess of interest, particularly during the startup period.

3.2. Efficiency of proposed enrichment strategy

Examination of the most electroactive portion of the microbial community initially enriched from the anoxic sediment (Fig. 1c) was
performed by testing of four portions, i.e., initial bioanode (Fig. 2a), initial planktonic cells and fresh anode (Fig. 2b), a piece from
initial bioanode attached to a fresh one (Fig. 2c), and 2 mL of initial planktonic cells and fresh anode (Fig. 2d). This was to identify
which portion is more suitable for further enrichment to maximize the BES efficiency. The results obtained show clearly that inoc-
ulation with 2 mL of planktonic cells did not correlate with current generation; however, half of the butyrate content was consumed
(Fig. 2d). This indicates the high potential of having side reactions in case improper enrichment was employed. In contrast, current
generation was detected from the other three portions used for inoculation, where shorter lag-phases were determined in BESs started
with fresh anodes (Figs. 2a, 2b, and 2c). This can be potentially attributed to the higher available surface area, and less competition
with other physically attached microbes, for exoelectrogens to grow while performing EET. Although similar butyrate profiles were
observed among these three inoculations, the one inoculated with a piece of bioanode had much higher maximum current density of
17.5 µA/cm2 (Fig. 2c). Consistently, the corresponding CE slightly increased from 7.4 % to 9.4 % as compared with the initial inoc-
ulation with anoxic sediment. This can be explained by the selective enrichment of exoelectrogens existing on the anodic surface
resulting in more active biofilm composition, which leads to a higher BES efficiency, particularly at the startup period.
Accordingly, consecutive transfers of a piece of bioanode were additionally employed for the aim of enriching exoelectrogens that

particularly grow on the electrode surface. Maximizing the current density and CE was taken as an indicator, which resulted in six
generations in total (Fig. 3). The BESs of the different generations were operated until reaching maximum current density. Although
Figs. 3a and 3b show no increase in maximum current density of ~20 µA/cm2 between the 2nd and 3rd generations, CE improved
substantially from 12.3 % to 34.6 % indicating more efficient EET, however, with relatively slow kinetics. Afterwards, in the 4th to 6th

generations, the observed longer lag-phases were a result of the bioanode piece being stored at − 80◦C before being transferred.
However, the lag-phase, maximum current density, and CE substantially improved from the 4th to 6th generation (Figs. 3c and 3f). The
6th generation achieved maximum current density of 60 µA/cm2 at a corresponding high CE of 78.6 %. Given the thermodynamics
related to the potential anoxic butyrate oxidation pathway, it could be assumed that syntrophic interactions play a role in the process,
as shown in Eqs. 2–3 (Müller et al., 2010).

Butyrate + 2H2O → 2 Acetate + 2 H2 + H+ (ΔG0’= +48.3 kJ/mol) (2)

H2 + 2CO2 → Acetate + 2 H2O (ΔG0’= -101.4 kJ/mol) (3)

Fig. 4. Relative abundance of microorganisms, at genus level, for anodic (a) and planktonic samples (b), which were extracted from each generation
in the enrichment procedure. The “initial” samples were collected at end of the initial run of bioelectrochemical system (BES) when inoculated with
sediment. (c) Spearman-correlation network for the anodic microorganisms and associated coulombic efficiency (CE) at each generation; only
significant correlations (p<0.05) are shown; green and red edges represent positive and negative correlations, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

A. Elreedy et al. Environmental Technology & Innovation 36 (2024) 103871 

7 



Then, the question is how this relates to the observed anodic EET where two hypotheses can be considered, separately or in
combination. First, a multistep reaction where acetate would be provided, by a syntrophic candidate, to serve as a substrate for
exoelectrogens. Meanwhile, the acetate accumulation observed at 2nd and 3rd generations, along with similar butyrate profile, could be
explained by less efficient exoelectrogens, which was not the case from the 4th generation onwards. Second, a one-step reaction where
syntrophic and exoelectrogens would compete for the substrate (i.e., butyrate). For this, the microbial/molecular analyses below give
more insights into the potential mechanisms. In summary, employing physiological selection could lead to the successful displacement
of side reactions, thereby promoting the enrichment of exoelectrogens.

3.3. Microbial composition of the enriched cultures

Figs. 4a and 4b show the relative abundance of bacteria at genus level in samples collected from the planktonic phases and bio-
anodes at each of the developed generations during the enrichment, starting from the BES inoculated with anoxic sediment (i.e.,
initial). The figures show that genus Geobacter gradually dominated the anodic samples with an increasing abundance from 29 %
(initial) to 72 % (6th generation). Geobacter is the most characteristic genus among exoelectrogenic microorganisms and has been
widely found to dominate anodic enrichments (Bond and Lovley, 2003). This finding emphasizes that Geobacter is the key player
among the enriched microbes to perform EET. It is also interesting to note that abundance of genus Sporomusawas generally increasing
through generations in both anodic (6.6–16 %) and planktonic samples (1.1–21 %). Genus Sporomusa has been described as chemo-
lithotrophic microorganisms, with high capability of acetate assimilation via the reductive acetyl-CoA pathway (Wood-Ljundahl),
which was a basis for several microbial electrosynthesis (MES) applications (Breznak, 2006; Nevin et al., 2010; Thatikayala and Min,
2021). With the potential availability of H2 as by-product from the oxidation of butyrate to acetate (Eq. 2), presence of Sporomusamay
indicate a synergistic role alongside Geobacter. Mixotrophic H2 utilization with C1-compounds such as methanol and formate has also
been described, suggesting membership in fermentative communities (Breznak, 2006). Further, a similar syntrophic consortium
composed of Sporomusa andGeobacterwas reported in methanol-fed single-chamber MFCs, where methanol was converted into acetate
by Sporomusa (Kouzuma et al., 2018).
Concerning the planktonic community, dominant genera besides Sporomusa, particularly from the 3rd to 6th generations, were

Dechlorobacter (20–60 %) and Pseudomonas (4.6–14.3 %). These genera have been widely found in BESs with potentials for mediated
electron transfer (MET) as well as capabilities to deal with various organic compounds that might be existing, also in this experiment,
due to cell-lysis (Khan et al., 2021; Song et al., 2020; Wu et al., 2019). In addition, genus Hydrogenophaga showed high abundance in
the 6th generation (i.e., 30 %); given its function as H2-oxidizing bacteria, this can also support the abovementioned H2-availability for
Sporomusa.
To understand and visualize the potential correlations among microorganisms in anodic/planktonic samples also with the corre-

sponding CE, network analysis based on spearman-correlation (p<0.05) was conducted. Fig. 4c shows the network using only anodic
samples and corresponding CE where significant positive correlations between CE and Geobacter as well as Sporomusa could be noticed.
On the contrary, the network constructed using planktonic samples and CE did not result in any significant correlations between
bacteria and CE, which emphasizes the minor role of planktonic community on the BES efficiency (Fig. S2). Further, the constructed
network for microbes among anodic/planktonic samples did not show correlations with Geobacter (Fig. S3). These findings support the
key role of Geobacter in the electrons-uptake efficiency from butyrate oxidation, along with the lower dependency on microorganisms
existing in the planktonic phase. In addition, the indirect negative correlation found between Pseudomonas and CE (in anodic samples;
Fig. 4c), the direct negative correlations with Sporomusa, and the positive correlations with several other genera highlight its irrele-
vant/competing role in the process. Various biodiversity indices were estimated to highlight the impact of employed transferring on
both anodic and planktonic cultures, i.e., Shannon, Simpson, α-diversity, evenness, and Chao1 (Table 1). The results show that the
observed OTUs behaved differently starting from the 3rd generation, which is consistent with the corresponding change in compo-
sition. Indices dynamics also show that the biodiversity of anodic communities was affected substantially due to the successive

Table 1
Major biodiversity indices of the identified microbial communities (at genus level) from samples collected from anode and planktonic phase during
the enrichment process.

Indices Sample Enrichment generations

initial 1st 2nd 3rd 4th 5th 6th

Observed OTUs anodic 31427 38498 37729 34730 33630 40498 60771
planktonic 29396 32191 34571 22375 28194 29368 38055

Shannon anodic 2.218 1.878 1.633 1.864 1.371 1.686 0.924
planktonic 1.867 1.672 1.626 1.387 1.497 1.115 1.833

Simpson anodic 0.843 0.792 0.748 0.816 0.655 0.721 0.421
planktonic 0.768 0.750 0.747 0.652 0.679 0.551 0.810

α-diversity anodic 1.524 1.159 0.844 0.850 0.648 0.940 0.610
planktonic 1.193 0.858 0.852 0.677 0.763 0.554 0.740

evenness anodic 0.819 0.756 0.743 0.848 0.705 0.732 0.475
planktonic 0.751 0.761 0.740 0.713 0.720 0.622 0.881

Chao1 anodic 15 12 9 9 7 10 7
planktonic 12 9 9 7 8 6 8
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transfers compared to planktonic communities. This further confirms the minor role derived by the planktonic culture. The anodic
samples were less diverse over the generations, supporting the intended functional selection.

3.4. Metagenomic/transcriptomic data and potential metabolic pathway

To elucidate the key organisms significantly involved in the process and to dissect the functional physiological interactions,
metagenomic and transcriptomic analyses were performed only for the anodic biofilm of the 6th generation. Table S3 shows the main
assembly statistics obtained while analyzing the raw data of Illumina sequencing. Meanwhile, 94.8 % of the processed reads could be
assigned to the domains of bacteria, archaea, and eukaryota where bacteria were nearly the sole existing organisms (Table S4). Then,
with respect to the aimed metatranscriptomic analysis, the assembly of individual genomic bins was performed to be used as a
reference for mapping the RNA-sequencing reads. Processed by the Metabat and CheckM algorithms embedded in SqueezeMeta
pipeline, five genome bins were assembled covering 72.8 % of the metagenome reads (Table 2). The table also shows that the identified
genera are comparable with the dominant ones obtained from the 16S rDNA amplicon sequencing shown earlier in Fig. 4. To obtain
further information at the species level for Geobacter, the most abundant genus, the identified 16S rDNA segments were subjected to an
external search using the Nucleotide Basic Local Alignment Search Tool (BLAST) available at NCBI. This resulted in the identification
of the strains Geobacter bemidjiensis Bem (99.7 % identity) and Geobacter bremensis Dfr1 (98.2 % identity) (Table S5 and Fig. S4). As
reported earlier, these two species are capable of coupling the reduction of Fe3+ or Mn4+with the oxidation of butyrate and a variety of
other carbon compounds (Nevin et al., 2005). However, to date, evidence of electrode reduction for Geobacter bremensis Dfr1 (and not
for Geobacter bemidjiensis Bem) have been reported (Aklujkar et al., 2010; Nevin et al., 2005). In addition, the previous exclusion of
Geobacter bemidjiensis Bem in relation to the electrode was not fully justified, as it lacked supporting data at the gene level. Therefore,
further isolation studies are needed to confirm the responsible strain(s).
To use the transcriptions data to study the potential pathways involved in the bioanodic oxidation of butyrate, functional bio-

markers of butyrate oxidation, acetate metabolism, C1-metabolism and key anabolic enzymes were targeted (Figs. 5a and 5b). The
potential c-type cytochromes involved in EET were identified bioinformatically, using heme recognition sequences (CXXCH) of the
translated genes as markers. The genes expressions of the respective genomic bins, as TPM, are heat-mapped as shown in Fig. 5a (using
logarithmic color scale). First, when concerning the central butyrate oxidation route, high expression levels of 335, 154, and 385 TPM
were determined for the buk, ptb, and cs genes, respectively. As most of these expressions were assigned to Geobacter, this emphasizes
its functional role in the oxidative process. Further, with inclusion of the highly expressed multi-heme c-type cytochromes (>5550
TPM), as key proteins for EET, the anodic reduction can most likely be solely assigned to Geobacter. This could also be supported by the
lack of expressions found for common mediated electron transfer (MET) pathways, such as flavin or phenazine synthesis (Fig. 5a).
Second, for the claimed involvement of acetate assimilation fromH2 and CO2 by Sporomusa, followed by anodic oxidation of acetate

via other organisms, expressions of relevant genes were checked (Figs. 5a and 5b). Concerning the assimilation of acetate, the
hydrogenotrophic CO2 fixation is limited by the oxidation-sensitive carbon monoxide-dehydrogenase/acetly-CoA synthase complex
(acsA/B), which condenses the formedmethyl and carbonyl groups to acetyl-CoA (Breznak, 2006). Subsequent cleavage of high-energy
thioester binding and substrate chain phosphorylation is then catalyzed by phosphate acetyltransferase (pta) and acetate kinase (ack).
High expression levels for the complex acsA/B (16.5 TPM), pta (7.81 TPM), and ack (7.78 TPM) were associated with Sporomusa
(Fig. 5a). Moreover, the complex of heterodisulfide reductase (hdrA/B/C) was highly expressed by Sporomusa (46.4 TPM); such
complex is significantly involved in the reduction of CO2 by methanogens and acetogens (Mock et al., 2014). Further, for the carbonyl
branch of the Wood-Ljundahl (WL) pathway, the NADP-reducing hydrogenase complex (hndBCD) was expressed mainly by Sporomusa
(15.1 TPM), providing NADP for the reduction of CO2 (Figs. 5a and 5b) (Poehlein et al., 2012; Wong et al., 2018). Afterwards, con-
cerning the biomarkers of following acetate uptake, Geobacter unsurprisingly showed high expression levels for ack (1266 TPM), pta
(502 TPM), succinyl:acetate CoA transferase (ato-1; 311 TPM), and acetyl-CoA synthetase (acs; 1115 TPM). Moreover, high expression
of the two hydrogenases hyaA (49 TPM) and mvhD (6.4 TPM) were exclusively associated with Geobacter. The high expression of hya
was reported earlier to be attributed to excess metabolism in G. sulfurreducens (Coppi, 2005). In the meantime, the role of the other
organisms (i.e., Clostridium, Pseudomonas, and family Comamonadaceae) seems minor based on the selected biomarkers.
Overall, these findings provide a mechanistic insight into the physiological relationships within the obtained anodic butyrate

oxidation. In combination with the 16S rDNA results, Geobacter genus can be considered as the key player of the anodic butyrate
oxidation. Moreover, a beneficial syntrophic interaction between Geobacter and Sporomusa is suggested, where a postulated excess
metabolism byGeobacter could allow Sporomusa to coexist (Fig. 5c). Excess metabolism represents a physiological event in Eukaryotes/
prokaryotes, where incomplete substrate oxidation occurs despite the sufficient electron accepting capacity with acetyl-CoA catalyzed

Table 2
Classification and statistics of the taxonomic bins obtained from the metagenomic data analysis of the enriched anodic microbial community.

Bins Length (bp) Contigs contamination (%) Completeness (%) Binscontamination (%) Reads

number %

Family Comamonadaceae 3546,209 0.08 91.6 3.58 1730,018 5,17
Genus Sporomusa 4179,737 0.344 89.2 1.70 876,180 2,62
Genus Pseudomonas 7453,089 0.657 84.4 39.7 339,726 1,01
Genus Clostridium 1264,037 0 69.5 0.83 668,807 2,00
Genus Geobacter 2171,900 0 52.3 8.32 20,738,639 62,02
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to acetate and ATP molecule (Szenk et al., 2017); meanwhile, the intracellular acetyl-CoA accumulation, associated with repression of
the TCA cycle or limitations in electron transfer, could lead to such event (Majewski and Domach, 1990; Zhuang et al., 2011).
Accordingly, in this study, such intracellular imbalance could result in the formation of acetate and hydrogen, corresponding with a CE
decline (electrons loss due to H2 outgassing) only in case no efficient H2-recycling means exist, e.g., Sporomusa. Still, it cannot be
conclusively determined which type of interaction is involved, where IET based on H2, formate, and/or direct interspecies electron
transfer (DIET) can be established between the two genera.

3.5. Boosting efficiency via bio-augmentation using G. sulfurreducens

Given the above-mentioned hypothesis to have acetate and H2 as major intermediates during the anodic oxidation of butyrate, the
inclusion of G. sulfurreducens, which in addition to acetate also uses hydrogen to gain electrons, was examined. In addition, the
bioaugmentation using G. sulfurreducens proved earlier to also improve the respiratory capacity between microorganisms and elec-
trode (Schmidt et al., 2018). Therefore, two separate triplicates using the last generation of enrichment were run for a month, where
G. sulfurreducens was introduced (OD600 of 0.1) into the bulk liquid phase of one of them for comparison. As shown in Figs. 6a–6b, no
significant changes were found between both butyrate oxidation and acetate production/consumption kinetics in both cases. However,
31–41 % improvements in current density (maximum and mean) as well as CE were obtained due to adding G. sulfurreducens
(Figs. 6d–6e). Altogether, these findings indicate more efficient use of the intermediates of butyrate oxidation rather than improving
the butyrate elimination rate. Theoretically, the complete anodic oxidation of butyrate to CO2 (with 2 moles of acetate and 2 moles of
H2, as intermediates) yields 20 electrons of which 16 electrons (80 %) can be gained from acetate and 4 electrons (20 %) from H2.
Accordingly, and given the obtained CE values of ~80 % and ~100 % for the enriched culture without and with G. sulfurreducens,
respectively, it can be speculated that such improvement was due to a more efficient H2-recycling as an additional electron donor. This
may also indicate a higher affinity for H2 by G. sulfurreducens, in case acetate is also available, as compared to Sporomusa. Likewise, the
syntrophic interaction between G. sulfurreducens and the butyrate oxidizer Syntrophomonas wolfei in a BES was found to be more
efficient than that between S. wolfei and methanogens (Wang et al., 2023). Eventually, this experiment provides further evidence for
the hypothesized interaction between Geobacter and Sporomusa in the enriched butyrate-oxidizing culture; moreover, it emphasizes
that enhanced metabolic cooperation and overall physiological suitability for targeted BESs, can be obtained via including

Fig. 5. (a) A TPM-based heatmap for the potential key biomarkers involved in anodic butyrate oxidation; only results for the abundant organisms
obtained by metagenomic analysis are included; logarithmic color scale is used. The six functional pathways of interest (i.e., 1–6) were butyrate
oxidation, extracellular electron transfer, C1-metabolism, acetate oxidation, hydrogen/formate consumption, and hydrogen/formate production,
respectively. (b) Schematic diagram showing the representative genes and associated potential pathways. (c) Schematic diagram presenting the
proposed bioanodic reactions via Geobacter and Sporomusa. TPM, Transcripts per million kilobase; WL, “Wood-Ljungdahl” pathway; rTCA, reductive
tricarboxylic acid cycle; CBB, Calvin–Benson–Bassham cycle. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.).
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G. sulfurreducens.

3.6. BES efficiency when using butyrate-rich hydrolysate

Herein, the enriched butyrate-oxidizing community bioaugmented with G. sulfurreducens was examined, in a FP-BES, with real
fermentation hydrolysate to validate its efficiency for industrial applications. As shown in Fig. 7, first, a startup period of 14 days was
employed using the usual growth medium spiked with a mixture of butyrate, acetate, and propionate at a concentration of 10 mM
each. As expected, when G. sulfurreducens is a biocatalyst in BESs, rapid consumption of acetate was observed. Butyrate and propionate
were further consumed at a lower rate and the maximum obtained current density was ~130 µA/cm2, which was comparable with
values recorded for only butyrate as sole substrate. These findings highlight that (1) the enriched culture is able to oxidize propionate
in addition to butyrate and acetate, and (2) G. sulfurreducens showed robustness against initial load of propionate and butyrate
(10 mM), which is in agreement with our earlier study (Härrer et al., 2022). Second, the hydrolysate was gradually pumped into the
200 mL-reservoir attached to the FP-BES, until full replacement. The related results in Fig. 7 show that the culture rapidly reacted to
the hydrolysate with maximum current density of ~350 µA/cm2 indicating a significant robustness of the anodic culture. However, the
accumulation of organic acids (>15 mM) caused a gradual deterioration in current density until reaching 160 µA/cm2 where acetate,
butyrate, and propionate concentrations reached ~30 mM. At this point, the observed organic acids comprised ~50 % of the DOC
content; moreover, the DOC profile during the whole experiment indicates that organics other than acetate, butyrate, and propionate
are consumed (Fig. 7). This could be attributed to the still existence of various fermentative bacteria within the enriched culture that
can interact with the real hydrolysate matrix.

Fig. 6. The time course of current density, butyrate, and acetate in bioelectrochemical systems (BESs) fed with butyrate, as sole electron donor, and
inoculated with the enriched butyrate-oxidizing culture (BO) solely (a), and bioaugmented with G. sulfurreducens at OD600 of 0.1 (b); the associated
butyrate consumption rate (c), mean and maximum (faded) current density (d), and coulombic efficiency (CE) (e). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.).

A. Elreedy et al. Environmental Technology & Innovation 36 (2024) 103871 

11 



Afterwards, pumping the hydrolysate was stopped, and the FP-BES was switched into batch-mode operation. The development in
current generation (started at day 33), particularly when the organic acids concentrations went below 15 mM, further emphasizes the
stress conditions induced by the high and complex organic load. The maximum obtained current density was nearly the same as
observed during the hydrolysate pumping-phase. It can also be noticed that the increase in current density corresponded with lower
propionate kinetics compared to acetate and butyrate, which emphasizes the more efficient anodic electron uptake from butyrate and
acetate. Meanwhile, a high overall CE of 86.9 % (based on DOC) was obtained for the process during this experimental phase (day 17 to
day 59; Fig. 7). By looking at previous studies on the bioelectrochemical oxidation of butyrate, it was found that most of them were
under the configuration of MFC (Table 3). It can be noticed that mainly mixed cultures, especially from WWTPs were used, which

Fig. 7. The time course of current density, butyrate, acetate, propionate, and dissolved organic-carbon (DOC) in a bioelectrochemical system (BES)
inoculated with the enriched butyrate-oxidizing culture and fed with real fermentation hydrolysate. Negative X-axe values represent a startup period
when the BES was fed with synthetic medium composed of acetate, propionate, and butyrate. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.

Table 3
Previous results of bioelectrochemical systems (BESs) dealing with butyrate as sole electron donor.

Butyrate concentration Reactor / operational
conditions

Current density /
productivity

Coulombic
efficiency (%)

Inoculum Ref.

0.9 g/L(1 g-COD/L) Flat-plate MFC 270 mW/m2 50 Mixed culture (Min and
Logan, 2004)

1 g/L Single chamber membraneless
MFC1000 Ω

0.77 A/m2305 mW/
m2

5 Mixed culture (Liu et al.,
2005)

0.4 g/L FP-like MFC20–100 Ω 0.95 A/m2-
membrane

46–67 (COD)a Mixture from different
sources

(Freguia et al.,
2010)

0.6 g/L(7 mM) H-type MFC500 mV/1000 Ω - 19 Mixed culture
(anaerobic; WWTP)

(Zhang et al.,
2011)

0.45 g/L(0.5 g-COD/L) Air-cathode MFC80–100 Ω 836 mW/m2 56 Mixed culture(WWTP) (Yu et al., 2015)
1.5–3.5 g/L H-type MFC350 mV/1000 Ω 450 mV(output

voltage)
- S. wolfei with

G. sulfurreducens
(Wang et al.,
2023)

0.4 g/L(5 mM) H-type MEC100 mV (vs SHE) 0.16 A/m2 - Mixed culture (WWTP) (Torres et al.,
2007)

0.7 g/L(0.8 g-COD/L) FP-like MEC1000 mV/10 Ω
(initial acetate-feed)

1.25 A/m2 72 (COD)a Mixed culture froma
running MEC

(Yang et al.,
2015)

1 g/L Single chambermembraneless
MEC800 mV

0.27 A/m2 50 Mixed culture(acetate-
fed MEC)

(Varanasi and
Das, 2020)

2.3 g/L Single chambermembraneless
MEC500 mV

0.2 A/m2 - Mixed culture
(Anaerobic fermenter)

(Zhang et al.,
2022)

0.9 g/L(10 mM) C-BES (MEC)AP of 0 mV (vs SHE) 1.1–1.5 A/m2 >80 enriched BO w/o
G. sulfurreducens

This study

30+30+25 mM Bu/Pr/Ac
(real hydrolysate)

FP-BES (MEC)AP of 0 mV (vs
SHE)

3.5 A/m2 87 (DOC)a enriched BO with
G. sulfurreducens

This study

a Coulombic efficiency was calculated based on COD or DOC variations; C-BES, cylindrical bioelectrochemical system; Bu, butyrate; Pr, propionate;
Ac, acetate; MFC, microbial fuel cell, MEC, microbial electrolysis cell; BO, butyrate-oxidizers; AP, anode potential.
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stresses the potential role of other inoculum sources according to the targeted process. In addition, studies using the flat-plate
configuration showed high CEs, emphasizing the flow pattern impact on BESs. As compared to the present study, lower CEs of
5–72 % were previously reported, in which the maximum CE of 72 % (and corresponding current of 1.25 A/m2) was achieved at a
higher cell-voltage of 1 V (Yang et al., 2015).
Eventually, achieving such high CEs when using butyrate (as the sole electron donor) and then butyrate-rich hydrolysate highlights

the significance of the proposed approach, where efficient enrichment of exoelectrogens was a game changer. This approach,
meanwhile, opens up opportunities to advance the applicability of BESs as a means of energy recovery from waste. However, certain
limitations still require future investigation, such as testing the approach with other longer-chain fatty acids abundant in some hy-
drolysates (e.g., valerate and oleate), assessing the long-term stability of performance under continuous-mode operations using hy-
drolysates, and developing strategies for the periodic reactivation of the anodic biofilm while eliminating planktonic cells in operating
BESs.

4. Conclusions

Prior enrichment of exoelectrogens solely on butyrate proved to be a successful strategy to upgrade the performance of BESs dealing
with butyrate-rich effluents. Elimination of potential anode-competing reactions was achieved via consecutively transferring a piece
from the enriched bioanode to be attached to fresh electrodes, as active inoculum, until reaching maximum CE. Gene expression
analysis showed that EET from butyrate to the anode likely goes through acetate and H2, with Geobacter (most likely G. bemidjiensis
Bem and/or G. bremensis Dfr1) being responsible, in cooperation with Sporomusa consuming excess H2. Additionally introducing
G. sulfurreducens to the enriched culture further accelerated acetate oxidation, resulting in improved CE also when tested with real
hydrolysate as substrate. Overall, this approach provides guidance to address the applicability limitations that are to-date associated
with BESs.
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