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Microbial Fuel Cells (MFC) are an emerging biomass energy technology that harnesses the power of
electroactive bacteria living on a bacterial biofilm to convert biomass energy within waste materials into
usable electricity. A pivotal aspect of MFC research involves understanding the behavior and underlying
mechanisms of electroactive bacteria during extracellular electron transfer to the anode, which plays
a crucial role in energy conversion. In this paper, four MFCs were operated at external resistances of 500
and 1000 ohms, and the changes in the biofilm's electroactive bacterial composition due to altered
external resistances were indicated by the voltage and power differences. After stable power generation,
total DNA was extracted from the biofilm for sequencing, and metabolites were tested. The expression
trends of genes and the differences in final metabolites from the whole period indicate that electron

transfer gene families are associated with Shewanella, Pseudomonas, Trichococcus, and Enterococcus,
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while tyrosine and purine metabolism showed significant differences
accumulation among communities with varying energy output efficiency. Omics techniques revealed, to
DOI: 10.1039/d5ra01080b some extent, the coordination mechanisms and bacterial interactions within biofilms during microbial

rsc.li/rsc-advances community succession.

phenomenon of microbial electrochemistry was first observed
between 1908 and 1911, when Potter demonstrated voltage
generation during microbial metabolism using organic
substrates as electron donors.' In 1962, Davis and Yarbrough
conceptualized converting this phenomenon into a biological

1. Introduction

Microbial Fuel Cells (MFCs) are an energy technology that
harnesses renewable biomass to generate power, recovering
energy from biomass waste and industrial wastewater using

living microorganisms as electrode catalysts. Microorganisms
use the anode as an electron acceptor to oxidize and degrade
organic substrates, hence, MFCs are promising for energy-
efficient and cost-saving waste treatment processes. The

“Flavors and Fragrance Engineering & Technology Research Center of Henan Province,
College of Tobacco Science, Henan Agricultural University, Zhengzhou, Henan 450046,
P. R. China. E-mail: zhiyongwu@henau.edu.cn; Fax: +86-371-68555219; Tel: +86-151-
37111794

"Technology Center of China Tobacco Hebei Industrial Co., Ltd, Shijiazhuang, Hebei
050051, P. R. China. E-mail: zhaohuil014@126.com

School of Materials Science & Engineering, Beithang University, Beijing 102206, P. R.
China

T Electronic supplementary information (ESI) available: The table of original
microbiome of plant inoculants, the relative analysis of gene functional
contribution, score scatter plot of OPLS-DA model, permutation plot test of
OPLS-DA model, metabolites in heat map analysis, metabolic pathway
prediction analysis, the detected analysis related to the oxidative
phosphorylation pathway. See DOI: https://doi.org/10.1039/d5ra01080b

19582 | RSC Adv, 2025, 15, 19582-19597

fuel cell.> Since then, MFCs technology has been actively
developing. MFCs may become a future alternative “green”
energy technology because they produce sustainable electricity
from biodegradable organic compounds through microbial
metabolism. In MFCs, microorganisms degrade organic
compounds through anaerobic respiration and donate elec-
trons to an external circuit, coupling the removal of organic
matter with electricity generation. These systems have been
proven effective in laboratory-scale settings, and research on
scaling up designs for industrial and urban wastewater treat-
ment is ongoing.® Once integrated into waste treatment
processes, MFCs technology is expected to have advantages over
aerobic treatment systems due to lower biomass yield and
reduced energy consumption. Furthermore, unlike most
anaerobic digestion tanks that produce biogas, MFCs bioreac-
tors can operate at ambient temperature and do not require the
handling of final products produced within the cells.
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The expansion and development of MFCs have primarily
focused on optimizing reactor design and identifying cost-
effective materials, aimed at reducing costs and improving
efficiency to meet the requirements for large-scale treatment.*
However, it is necessary to have a deeper understanding of the
microbial composition and to maximize the range and rate of
degradation of complex substrates affected by biodegradation
to achieve optimal performance, which is highly dependent
on the metabolic capabilities of the resident microorganisms.
Therefore, it is essential to identify the active populations
within mixed microbial communities to design microbial
inoculants for large-scale MFCs.®* The most effective commu-
nities were expected to contain a large number of genes
involved in biodegradation and extracellular electron
transfer.

In the MFCs with natural microbial communities as anodes,
the detected bacterial populations exhibit significant diversity,
including members of the Proteobacteria, Firmicutes, and
Bacteroides phyla. These microbial populations were all active in
terms of the electricity generation capability of the MFCs.
However, the formation of specific symbiotic combinations
with characteristic power generation properties has still not
been observed. Although studies have reported on the qualita-
tive temporal changes in the structure of microbial communi-
ties in MFCs, the power output of mixed microbial community
MFCs has not shown a clear association with any specific
species richness. Rabaey et al.® obtained cultures from batch-fed
glucose mode MFCs that generated power using autocrine
mediators such as pyocyanin produced by Pseudomonas aeru-
ginosa. In this context, the increase in output rate of the mixed
community MFC over time is considered to be due to the
increase in abundance of these bacteria producing mediators,
as the same as the enhancement of their self-mediated
capabilities.

To date, these assumptions cannot be verified, as Aelterman
et al.” reported that the maximum power density of a contin-
uous-flow MFC fed with acetate increased threefold, which
was attributed to the shift from a community dominated by
Proteobacteria (with a small proportion of Firmicutes and
Actinobacteria) to one dominated by Brevibacillus sp., a member
of the Gram-negative bacteria. In a subsequent study, it was
demonstrated that metabolic products produced by Pseudo-
monas were capable of being produced by Brevibacillus.®
Therefore, the rate output of the mixed community MFC is once
again considered to be due to the derivative effects of the
community and metabolites. Previous analyses of MFCs have
primarily focused on wastewater treatment MFCs. At present,
integrated meta-genomics and metabolomics studies of mixed-
culture based microbial fuel cells were relatively rare.”'® Herein,
we report on the metagenome and metabolome analysis of
anodic communities from four MFCs based on plants as the
degradation source and stock culture, intended to serve as part
of a modular MFC system for demonstrating degradation
characterization. Examination of the biochemical repair
potential of the communities and their inocula revealed that
despite the MFC bioreactors differing in design, inocula, and
feedstock composition, they developed a shared core
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community. The MFC communities revealed changes in pop-
ulation structure that occurred during the operation of the
bioreactors under real-world conditions, based on their
respective inoculation scenarios.

2. Materials and methods
2.1 Microorganisms and culture media

Pandanus amaryllifolius Roxb. (obtained from Hainan Wanquan
River Tropical Botanical Agriculture Co., Ltd, China) was used
as the inoculum source for MFCs. The composition of the MFC
medium (per liter): NH,Cl, 0.25 g; CaCl,: 0.25 g; MgSO,: 0.50 g;
K,HPO,: 1.00 g; KH,PO,: 1.00 g; NaHCOj3: 8 g; NaCl: 2.00 g;
deionized water: 1000.00 mL; peptone: 1.00 g; yeast extract:
1.00 g; beef extract: 1.00 g; glucose: 1 g. All culture medium
formulations were sterilized under high pressure at 115 °C for
30 minutes, except for vitamins and minerals which were
filtered sterilized through a 0.2 pm pore size membrane (Nal-
gene SFCA membrane, USA).

2.2 MFC operation

The leaves of Pandanus amaryllifolius Roxb. were grounded into
powder and filtered through a 0.6 mm sieve (Endecotts Co., Ltd,
UK) to remove large particles, and then stored at 4 °C. The
powdered particles were then fed into a liquid medium at a 10%
volume ratio to initiate four replicate MFCs. During the initial
enrichment period (approximately a month), the MFCs were
operating in batch mode. During this period, the anodic slurry
was repeatedly replaced (3—-4 times) by mixing with fresh N,-
purging culture medium, and then the entire volume of the
anodic slurry was replaced with fresh culture medium to
continue operating the MFCs in batch mode until a reproduc-
ible voltage generation was observed. The MFCs was operating
at room temperature (21-22 °C) and samples were taken for
chemical and microbial community analysis.

2.3 MFC configuration

Four sets of dual-chamber MFCs were constructed, each
chamber with an effective working volume of 150 mL. The
MFCs were acclimated simultaneously with external resis-
tances of 500 and 1000 Q for 80 days. The dual-chamber MFCs
consist of an anodic chamber and a cover plate made of plex-
iglass, with platinum wire used as the external circuit wire
between the cathode and the anode, with additional resis-
tances (K1, K3) of 500 Q and (K2, K4) of 1000 Q. The anodic
electrode was a carbon fiber brush (PRF Composite Materials,
UK) placed inside the anodic chamber. The cathodic electrode
was a square piece of graphite, and the cation exchange
membrane (20 cm?, DuPont, USA) was pretreated by boiling
continuously for 1 hour in a solution of 6% w/v H,0,, H,O,
0.5 M H,SO,, and H,0, and then stored in deionized water in
the dark before assembly between the anodic and cathodic
chambers. There were six small holes above both the anode
and cathode chambers to facilitate anaerobic operations, with
argon gas aeration.
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2.4 MFC electrochemical measurement

The output voltage on the external resistor was recorded at five-
minute intervals by a battery monitoring system (Xinwei, China)
and subsequently processed by the data acquisition software.
The ohmic resistance of the MFC was measured using electro-
chemical impedance spectroscopy, polarization curves and
power density curves were obtained by varying the external
resistance through a variable resistance box (ZX21, Dongmao,
China). After adjusting the external resistance (1500-10 Q) and
stabilizing it for 20 minutes during the polarization process, the
output voltage was recorded after stabilizing it for 15 minutes
with a digital multimeter (UNI-T UT33D). The current and
power density were calculated according to Ohm's law.

2.5 Untargeted metabolomics analysis preparation and
extraction

The bacteria pellets (about 107 bacteria) were taken, mixed with
1000 pL of extraction solution (MeOH : ACN : H,0, 2:2:1 (V/v)),
the extraction solution contained deuterated internal stan-
dards, and the mixed solution were vortexed for 30 s. Add 2
homogenization beads and homogenize for 4 min (35 Hz), then
transferred to an ice-water bath to sonicate for 5 min (repeat 3
times). The samples were then allowed to thaw at room
temperature and vortexed for 30 s. This freeze-thaw cycle was
repeated three times, then the samples were sonicated for
10 min in 4 °C water bath, and incubated for 1 h at 40 °C to
precipitate proteins. The samples were centrifuged at 12
000 rpm (RCF = 13 800 (xg), R = 8.6 cm) for 15 min at 4 °C. The
supernatant was transferred to a fresh glass vial for analysis.
The quality control (QC) sample was prepared by mixing an
equal aliquot of the supernatant of samples.

2.6 UPLC conditions

For polar metabolites, LC-MS/MS analyses were performed
using an UHPLC system (Vanquish, Thermo Fisher Scientific)
with a Waters ACQUITY UPLC BEH Amide (2.1 mm X 50 mm,
1.7 um) coupled with Orbitrap Exploris 120 mass spectrometer
(Orbitrap MS, Thermo). The mobile phase consisted of 25 mmol
L~' ammonium acetate and 25 ammonia hydroxide in water
(pH = 9.75) (A) and acetonitrile (B). The auto-sampler temper-
ature was 4 °C, and the injection volume was 2 pL. The Orbitrap
Exploris 120 mass spectrometer was used with its ability to
acquire MS/MS spectra on information-dependent acquisition
(IDA) mode in the control of the acquisition software (Xcalibur,
Thermo). In this mode, the acquisition software continuously
evaluated the full-scan MS spectrum. The ESI source conditions
were set as following: sheath gas flow rate as 50Arb, Aux gas flow
rate as 15 Arb, capillary temperature 320 °C, full MS resolution
as 60 000, MS/MS resolution as 15 000, collision energy: SNCE
20/30/40, spray voltage as 3.8 kV (positive) or —3.4 kV (negative),
respectively.

2.7 Metagenomics analysis

Following the method of Cai et al.,"* metagenomic analysis was
conducted on the entire microbial community DNA of the
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electrochemically active biofilms (ECABs) to further study the
impact of charge transfer resistance (CTR) on the metabolic
pathways at the molecular level. Two ECAB samples (0.5 x 1
em?) were collected from each reactor using aseptic scissors.
According to the manufacturer's instruction, 0.2 g of sample
was used to extract total genomic DNA with the he E.Z.N.A.®
soil DNA Kit (Omega Bio-tek, Norcross, GA, USA). Concentration
and purity of extracted DNA was determined with SynergyHTX
and NanoDrop2000, respectively. DNA quality was checked on
1% agarose gel. DNA extract was fragmented to an average size
of about 350 bp using Covaris M220 (Gene Company Limited,
China) for paired-end library construction. Paired-end library
was constructed using NEXTFLEX Rapid DNA-Seq (Bioo Scien-
tific, Austin, TX, USA). Paired-end sequencing was performed on
Ilumina NovaSeq X Plus (Illumina Inc., San Diego, CA, USA) at
Majorbio Bio-Pharm Technology Co., Ltd (Shanghai, China).

2.8 Data processing and statistical analysis

The raw data of metagenomics were maintained using Micro-
soft Excel 2019, and figures were drawn using OriginPro
(version 2022, OriginLab, USA), SIMCA (version 14.1, Umetrics,
Sweden), and TBtools (version 1.1, China). The raw data of
untargeted metabolomics were converted to the mzXML format
using ProteoWizard and processed with an in-house program,
which was developed using R package and XCMS, for peak
detection, extraction, alignment, and integration. The R
package and the BiotreeDB (version 3.0) were applied in
metabolite identification.

3. Results

3.1 Electronic performance

In typical microbial metabolism classification, whether the
energy obtained by microorganisms came from photosynthesis
or the chemical reactions of substances, oxidation-reduction
was a core process.” In the process of microorganisms obtain-
ing energy, it can be divided into three forms according to the
different final electron acceptors: fermentation, anaerobic
respiration, and aerobic respiration.** Based on this theory, we
explain the electric energy function in the process of microor-
ganisms attaching to the anode of an MFC and carrying out
oxidation-reduction reactions by the electronic performance
displayed during the electron transfer between microorganisms
and extracellular electron acceptors or donors.

As expected, the fresh culture medium act with a light green
color, while after electricity production transformation, the
entire anode turned yellow-green and eventually evolved into
a dark green. During the microbial enrichment and domesti-
cation process in the fuel cell, the initial pH of the anode culture
medium was 6.46, then began to decline to 6.28 after 15 days,
stabilized at 6.20 after 30 days, and reached 6.24 after 45 days.
To better study the dynamic changes of the MFCs, the voltage
performance of the fuel cell at days 0, 15, 30, and 45 was
analyzed. After approximately four weeks (3-4 cycles) of bio-
logical anode enrichment, a stable output voltage was obtained
from the MFCs with external resistances of 500 © and 1000 Q.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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After the inoculation source entered the two-chamber anode
MFCs, the MFCs experienced a lag phase (stage I). Then, the
voltage increased (Fig. 1). After four batches of cyclic periods,
the voltage output began stable and reached 0.4 + 0.1 V when
the battery was operated under conditions of 500 Q and 1000 ©
external resistance, and it can be found that the power gener-
ation time was about 100 hours. When the output voltage was
stable, polarization curves were obtained by changing the
external resistance between 100 and 1500 Q (Fig. 2). The results
demonstrated that the open-circuit voltages were 0.48 V (K2),
0.53 V (K3), and 0.65 V (K4) for the respective MFC configura-
tions. The maximum power densities were 69.34 mW m ™2 (K1),
164.33 mW m > (K2), 82.16 mW m™ > (K3), 199.44 mW m "> (K4),
respectively, and the voltage variation tended to decrease line-
arly, which was a typical ohmic polarization stage. The MFC
mass transfer resistance will finally become the primary resis-
tance to electron transfer, resulting in a significant decline in
power density. Previous studies showed that external resistance
may affect the thickness of the biofilm.™ The reduction of
external resistance led to a greater difference between the
anodic potential and the redox potential of the electron
acceptor, resulting in the transfer of energy from microbial
growth to extracellular polymer formation," thereby extending
the domestication period. K1-K4 showed lower maximum
voltage values after the initial two cycles, except for K2. The
secondary metabolism after microbial activity and electron
transfer often leads to changes in metabolites, which were
considered to be the cause of changes in physicochemical
parameters.'®"” The results of the assembled MFCs indicated
that the microbial community culture of the MFCs can be
divided into four stages (0 days, 15 days, 30 days, 45 days).
Therefore, the structure and function of the microbial
communities during these periods, as well as the succession of
metabolites and functional genes were further explored to
reveal the relationship between the microbial community and
the electrochemical function of the MFCs.
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Fig. 1 The curve of voltage variation over time in this experiment.
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Fig. 2 The polarization curve and power density curve in this

experiment.

3.2 Microbial anodic community dynamics in MFC

The metagenomic sequences were compared with the NCBI NR
database to determine the dominant assumed taxa at each time
point, and the initial community was classified by abundance, as
shown in Table S1.7 The community composition at the phyla
and genus levels between different time points were shown in
Fig. 3 and 4, respectively. Throughout the dynamic changes of
the MFC microbial community, Proteobacteria, Firmicutes, and
Bacteroidetes were the dominant phyla in the dynamic changes of
the entire samples. Proteobacteria, Firmicutes, and Bacteroidetes
were often reported to be found in the electrochemical functional
microbiota of two-chamber MFCs.'"®

During the initial stage of culture (0-15 days, stage I), the
experimental treatment primarily involved strains of Escherichia
coli, Enterococcus, and Acinetobacter. Escherichia coli, a member
of the Enterobacteriaceae family and a facultative anaerobic
fermentative Gram-negative bacterium, has been reported to
generate electricity in microbial fuel cells (MFCs) by using
oxidizable metabolic products such as H, and H,S as redox
mediators to transfer electrons. However, the limited electron
transfer capacities of these metabolic products often resulted in
lower electrical power output of the MFC. Acinetobacter,
a non-fermentative Gram-negative bacterium also belonging to
the Proteobacteria phylum, and Enterococcus, a facultative
Gram-positive bacterium belonging to the Firmicutes phylum,
coexist with the electroactive microorganisms in the MFCs
system. These microorganisms metabolize organic matter and
release electrons to the anode, which is the principle of MFCs.
Some studies have shown that feeding Enterococcus can reduce
the relative abundance of air-conditioned pathogenic bacteria
Acinetobacter and Escherichia coli,>® which was consistent with
the characteristics of the microbial community in the early
stage of the electrochemical “domestication” process of MFCs.
During the metabolism of Escherichia coli, succinate was an
intermediate product in the tricarboxylic acid (TCA) cycle, and
its accumulation was relatively low. Therefore, most studies

RSC Adv, 2025, 15, 19582-19597 | 19585
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different trends over time.

adopted a two-stage fermentation model involving aerobic
cultivation and anaerobic acid production. This means that the
aerobic environment increases the concentration of bacteria,
while the anaerobic stage produces succinate.”* Scientists have
enabled these bacteria to generate electricity through the
extracellular electron transfer (EET) process. During the
dynamic equilibrium of the substrate biological oxidation
process in the early stage, the electrons produced by microor-
ganisms were difficult to pass through the cell membrane.
However, under artificial intervention, the addition of electron
mediators can facilitate the oxidation metabolism of some
bacterial genera. The goal of this stage was to decompose and
metabolize substrates in the entire MFCs, breaking down
macromolecular nutrients such as proteins, polysaccharides,
and lipids into small molecules like amino acids, mono-
saccharides, and fatty acids.

19586 | RSC Adv, 2025, 15, 19582-19597

(a) The annotation diagrams of the top ten abundant MFC phylums in each treatment. (b) The overall phylums of MFC distinguished by

During the intermediate stage of an MFC (15-30 days, stage
1), genera such as Citrobacter and Trichococcus began to thrive
rapidly, accounting for 4.03-67.40% of the total MFC microbial
population. Their relative abundance gradually declined in the
later stage. It is speculated that Citrobacter transferred electrons
through its self-secreted redox-active compounds during power
generation,”* while Trichococcus has been confirmed to
produce lactic acid, acetate, and ethanol from glucose.
However, it is still unclear whether this Trichococcus genus
possesses EET capabilities. Interestingly, previous studies
speculated that Trichococcus might serve as a potential electric-
syntrophy partner to other genuses.*

Similar to the microbiome characteristics of other reported
MFCs, in the final stage of MFC domestication (30-45 days,
stage 1II), as microbial and metabolite enrichment changed, we
found that the Proteobacteria and Firmicutes gradually

© 2025 The Author(s). Published by the Royal Society of Chemistry
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accounted for 90-100% of the entire bacterial community
composition. This transition was also commonly observed in
macroalgal biomass* and domestic wastewater® during the
microbial community structure development process of MFCs.
Previous studies demonstrated that the Proteobacteria and
Firmicutes were defined as the EAB in MFCs reactors.”” The
most commonly observed prokaryotic phylum and specie in
each sample were Shewanella and Pseudomonas under Proteo-
bacteria, and Trichococcus under Firmicutes (Fig. 4a and b).
Shewanella was discovered in 1988 and can exist in various
sedimentary water bodies, or in lactic acid environments, Fe(ir)
and Mn(v) reduction environments, and sulfate environments.
It has been confirmed to have a variety of extracellular electron
transfer forms and possesses electrochemical functional char-
acteristics. Shewanella has a complete set of extracellular elec-
tron transfer chains,”®* which were mediated by direct electron
transfer (DET) between cells and electrodes through the

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) The annotation diagrams of the top ten abundant MFC genuses in each treatment. (b) The overall genuses of MFC distinguished by

electron transfer channels formed by outer membrane cyto-
chromes (Mtr and CymA systems), the other was mediated
electron transfer (MET), which was enabled via redox-active
molecules such as flavins secreted by Shewanella spp. Simi-
larly, Pseudomonas species have been identified as utilizing MET
signaling for transmission, which secreted different electronic
mediators like phenazines as molecule-mediated transfer,”®*°
and it seemed that the electrochemical activity was mainly acted
upon and affected at different times in this experiment (Fig. 4a).

3.3 Gene classification analysis of MFC microbial activity

To explore the metabolic potential of the microbiome, gene
annotation and classification were performed using the KEGG
database. Fig. 5 illustrated the biochemical pathways of func-
tional genes, including metabolism (67.66%), environmental
information processing (11.14%), cellular processes (7.41%),

RSC Adv, 2025, 15, 19582-19597 | 19587
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Fig. 5 Overall functional genes of KEGG classification in biological metabolic pathways.

genetic information processing (6.45%), human diseases
(5.19%), and organismal systems (2.15%). As each category can
be further divided into subcategories, a total of 47 subtypes were
presented in the figure, with Global and overview maps,
carbohydrate metabolism, and amino acid metabolism domi-
nating (relative abundance >7%), followed by metabolism of
cofactors and vitamins, energy metabolism, membrane trans-
port, signal transduction, and cellular community -prokaryotes
(relative abundance >4%).

Carbohydrates is a major component of cell structures and
energy supply, playing a key role in regulating microbial
activity.* We found that carbohydrate metabolism accounted for

19588 | RSC Adv, 2025, 15, 19582-19597

the largest proportion of microbial functional genes. In addi-
tion to carbohydrate metabolism, amino acid metabolism,
membrane transport, and signal transduction are often used as
signature pathways in MFC metabolism groups.*® As small
molecular organic compounds, vitamins typically participate in
metabolism in the form of cofactors. Moreover, cofactors
provide redox carriers for biosynthetic and catabolic reactions
and are crucial for the intracellular transfer of microbial energy,
therefore, the regulation of cofactor abundance may be bene-
ficial for the efficient production of target metabolites.**

The metabolism of amino acids is related to higher gene
abundance in energy metabolism, nucleotide metabolism, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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other biosynthetic pathways such as amino sugars. These genes
affect the synthesis of polysaccharides (PS) and further impact
the synthesis of extracellular polymeric substances (EPS).**
Further annotation analysis through the KEGG database indi-
cates that these metagenomic genes are associated with many
secondary metabolism pathways (Fig. 6 & 7). To analyze the key
genes in the anaerobic respiratory pathway within the electro-
chemical pathway, we conducted a screening of gene clusters
that have been reported.” This was based on the functional
abundance of species and electron transfer (c-Cyts, riboflavin,
and conductive pili) in the samples. The results (Fig. S1t)
corroborated that function 1 (riboflavin synthase, ribE, RIB5,
K00793), function 2 (electron transfer flavoprotein beta subunit,
fixA, etfB; K03521), function 3 (riboflavin kinase/FMN adeny-
lyltransferase, ribF, K11753), function 4 (flagellin, fliC, K02406),
function 5 (type IV pilus assembly protein PilA, PilA, K02650),
function 6 (c-Cyts, torC, K03532), and function 7 (electron-
transferring-flavoprotein  dehydrogenase, ETFDH, K00311)
were particularly enriched in the genera Shewanella and Pseu-
domonas. These gene families may play a crucial role in both
direct and mediated EET processes, thereby inducing faster
electron transfer rates and higher bioelectrochemical catalytic
activity in MFCs.
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3.4 Metabolic differences of microbial activity analysis in
MFC

3.4.1 Overview of the metabolites. In the entire metab-
olome, a total of 18 230 peaks were detected in both positive and
negative ion modes. After removing data with missing values
greater than 20% and QC-verified RSD values less than 30%, 12
954 peaks were retained. Among them, 1098 metabolites were
annotated by the KEGG and HMDB databases. The KEGG
database annotated a total of 211 metabolites, mainly belonging
to categories such as alkaloids (30 types), fatty acids (29 types),
shikimate and phenylpropanoids (24 types), organo-
heterocyclics (20 types), amino acids and peptides (17 types), as
shown in Fig. 8. The HMDB database annotated a total of 387
metabolites, including organic heterocyclic compounds (99
types), organic acids and derivatives (48 types), benzene
compounds (47 types), lipids and similar lipid molecules (27
types), and alkaloids (21 types). As shown in the figure, the
organic heterocyclic compounds in the anodic solution were
mainly purines, pyrazoles, and pyridine derivatives, while the
organic acids and derivatives mainly include amino acids,
peptides, and analogues such as biological amino acids,
peptides, and analogues.
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Fig. 6 KEGG functional classification of microbial communities in different MFC stages, relative abundance of KEGG orthologous functions

annotated at level 2.
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Fig. 7 Heatmap predictions of the top 50 most abundant KEGG orthologous functions in the communities at different stages.

3.4.2 Differential metabolite analysis. OPLS-DA was used to
obtain VIP values and p-value tests, following 200 permutation
tests as shown in Fig. S2. Metabolites with VIP values >1 and p
< 0.05 were considered differentially expressed. Among them,
4572 were significantly different between K1 and K2, 7566
between K1 and K3, and 6311 between K1 and K4. Metabolites
related to the anodic solution (including organic acids, amino
acids, carbohydrates, and fatty acids) were screened. The 50
most abundant metabolites were selected to prepare cluster
plots as shown in Fig. S3.f The results indicated that

19590 | RSC Adv, 2025, 15, 19582-19597

metabolites between K1 and K3, and K2 and K4 were more
similar, with many showing significant differences. A search for
related metabolites was conducted in the KEGG database and
enrichment was analyzed in KEGG pathways, as shown in
Fig. S4.7 The experimental group was highly enriched in five
metabolic pathways, including tyrosine metabolism, purine
metabolism, biosynthesis of pantothenate and CoA, tryptophan
metabolism, and arginine and proline metabolism. Interest-
ingly, the “metabolism of nucleotides,” “metabolism of cofac-
tors and vitamins,” and “metabolism of amino acids”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Donut plot of metabolite classification and proportion.

mentioned in the obtained metagenomic data correspond to
“purine metabolism,” “biosynthesis of pantothenate and CoA,”
and “tyrosine metabolism” in the metabonomic data, respec-
tively. The high match between the data results not only
demonstrated the feasibility of the method but also verified the
metabolic pathway of the anodic solution. ChemDraw software
(Version 20.0) was used to draw the Tyrosine and Purine
metabolic pathway diagrams to further analyze the related
upstream and downstream metabolites.
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As shown in Fig. 9, the annotated metabolites in the tyrosine
pathway included tyrosine, 4-hydroxyphenylpyruvic acid,
homogentisate, gentisate, and fumarate. When compared with
K1 as the control treatment, fumarate was significantly upre-
gulated in K2 and K4, whereas gentisate was significantly
upregulated in K3 compared to K2 and K4. The analysis of the
results indicated that the different degradation transformations
of homogentisate in this pathway led to the final differences in
metabolite levels. The precursor substance tyrosine in this
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Fig. 9 Metabolic pathways with dots representing the differentially expressed compounds.
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pathway is involved in amino acid metabolism, undergoing
deamination, hydration, and decarboxylation to produce the
intermediate homogentisate, which is then further processed
through oxidation-reduction and isomerohydrolysis to yield
fumarate.**

Fumarate is a short-chain fatty acid that can be reduced by
fumarate dehydrogenase using NADH as a cofactor in an MFC.
The electrons pass through the anodic chamber to the cation
exchange membrane, making the cathodic electrode an elec-
tron acceptor, ultimately affecting the levels of metabolism in
the TCA cycle.”® Additionally, gentisate, which is synthesized
through a two-step enzymatic reaction via a selective pathway, is
mainly reported to affect the degradation of aromatic hydro-
carbons, especially the benzoate or naphthalene pathway.* This
may explain the differences in the enrichment of terephthalic
acid in K2 and K4. The results suggest that these two substances
may act as intermediaries in the main metabolic difference
pathways.

Metabolites annotated in the purine metabolism pathway
included four parent metabolites: guanosine 5'-triphosphate
(GTP), guanosine 5'-(tetrahydrogen triphosphate) (GMP), xan-
thosine-5"-monophosphate (XMP), and inosinemonophosphate
(IMP), as well as two respective daughter metabolites. This
pathway is part of the nucleotide metabolism, and by
combining the enzyme and substance annotations we detected,
we found that xanthine was significantly upregulated in K1 and
K3. In the nucleotide reactions involving GMP and IMP, the
phosphorylase activity led to a significant downregulation of the
substances in K1 and K3, which is somewhat related to the
ultimate fate of the substances as xanthine. Since the reverse
catalytic enzymes of the substances were detected but the
parent metabolites did not show significant differences, the
results of the metabolic pathways indicate that the electron
transport via mixed colonies involves multiple stages of
metabolism, and in communities with large differences in
energy output efficiency, there is effective accumulation of
different metabolites. This is often associated with nucleotide,
energy, amino acid, and carbon metabolism.

3.5 Discussion

The results of the detection of the oxidative phosphorylation
pathway in this experiment (Fig. S51) has shown that electrons
are not simply transferred with the potential gradient between
the electrode and the battery, nor are they transferred through
the intracellular electron transport chain in the biochemical
system. The presence of electron carriers is not only for trans-
ferring electrons from the electrode to the cell in a simple
manner. The capture of electrons is usually accompanied by the
co-transport of protons or cations*** which can be released and
participate in intracellular reduction and energy metabolism.
Some dehydrogenases route electrons into the quinone pool,
whereas other types act as pumps of protons. Majority of
dehydrogenases are only produced when required suggests that
bacteria choose which enzymes from their DNA library to
generate depending on the circumstances of their surround-
ings.*® Additionally, reducing agents such as NADH and FADH,,
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along with ATP, are vital for intracellular redox balance, the
production and movement of metabolites, cellular response to
stress, and the regulation of gene expression.*® Disturbances in
intracellular ATP and NADH levels affect the entire cellular
metabolism and redirect metabolic fluxes.** For example, when
Shewanella is inoculated into an MFC system, they can contin-
uously obtain energy by degrading organic acids, thereby
promoting cell growth and metabolism. And by releasing elec-
trons to the anode to maintain redox balance, the anode
replaces the insoluble metal as the final electron acceptor. For
some electrochemically inactive bacteria in the system, most
can interact with the electrode under the presence of electron
shuttles, such as flavin, coenzyme Q, or its analogs, which can
be directly integrated into the intrinsic electron transfer chain
through membrane transport proteins or diffusion, and then
participate in intracellular reduction and energy metabolism.*

3.5.1 The coordination and interaction mechanism of
bacteria in the biofilm. The bacterial biofilm (BF) is defined as
a membranous biological community formed by bacterial cells
encapsulated within a matrix of EPS secreted by the bacteria. It
is recognized as a protective mode formed by bacterial adapta-
tion to adverse environments. Depending on microbial species,
local shear stress, nutrient availability, substrate utilization,
and host environments, the composition and structure of the
EPS matrix in biofilms vary significantly.**** Differences also
exist in EPS secretion and spatial organization between single-
species and multi-species bacterial communities. Under MFC
conditions, bacteria receive external stimuli and adapt to the
environment.** Through mutual interactions between microbial
colonies and biofilms, coordinated mechanisms and bacterial
interactions within biofilms are established. For bacterial
colonies, this represents a process of adaptive survival and
selective evolution.** In co-culture environments, biofilm-
forming bacteria can bridge non-biofilm-forming strains
through co-aggregation, thereby enhancing the biofilm-forming
capacity of symbiotic mixed communities.*” For biofilms, their
development follows stages of initial bacterial colonization,
biofilm development, maturation, and finalization. The EPS
matrix of biofilms is composed of diverse functional biomole-
cules produced autonomously by bacteria, including poly-
saccharides, proteins, lipids, extracellular DNA (eDNA), and
biosurfactants.*®

EPS components influence the structural and functional
properties of biofilms. During biofilm development, EPS facili-
tates cell-cell recognition/co-adhesion and microbial aggrega-
tion, primarily mediated by mechanical sensing or specific
adhesin  (protein)-receptor (polysaccharide) interactions
between species.*>* EPS components can be categorized into
two types:** I. Cell surface-associated matrix proteins, primarily
including surface appendages such as flagella, type IV pilus
assembly protein PilA, and functional amyloid proteins. These
appendages regulate bacterial adhesion, mechanical stability,
and quorum sensing by influencing bacterial motility and
attachment to solid surfaces. II. Extracellular components,
including secreted polysaccharides, proteins, eDNA, and extra-
cellular RNA (eRNA), which contribute to matrix scaffolding and
functionality. In summary, the EPS matrix not only acts as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a physical barrier against external substances but also modulate
the diffusion of various molecules within the biofilm. This
creates gradient distributions of nutrients and chemical
components—such as oxygen, pH, signaling molecules, inor-
ganic ions, and metabolites across the biofilm's spatial
structure.

The formation of biofilms (BF) has been demonstrated to be
regulated by multiple signaling molecules. BF-associated
signaling molecules enable bacteria to sense the presence of
neighboring bacteria and adjust their biological activities
accordingly.”®> These signaling molecules are metabolic
byproducts autonomously produced during bacterial metabo-
lism. They are not only regulate intracellular activities of indi-
vidual bacteria, but also secret extracellular to coordinate
intercellular behaviors. Depending on the regulatory modes of
different signaling molecules® (interspecies, intraspecies, or
intra-/extracellular interactions), biofilm formation is primarily
co-regulated by three key mechanisms: quorum sensing (QS), c-
di-GMP signaling,* and two-component systems.*® Quorum
Sensing (QS) is defined as a process through which bacteria
communicate and coordinate group behaviors using self-
produced signaling molecules. This system encompasses
a broad range of regulatory pathways. c-di-GMP Signaling
regulates transitions in bacterial lifestyles via intracellular
concentration gradients: Low c-di-GMP levels: Promote the
expression of motility-related genes. High c-di-GMP levels:
Enhance the production of adhesion factors and extracellular
matrix components, facilitating bacterial attachment to cellular
or biomaterial surfaces and promoting BF formation. The crit-
ical role of c-di-GMP in BF formation is achieved by regulating
biofilm-associated factors such as Psl, Pel, alginate poly-
saccharides, the surface adhesin CdrA, and type IV pili
synthesis. For example, In Pseudomonas aeruginosa, c-di-GMP
promotes the production of multiple adhesins. The synthesis
of type IV pilus depends on the regulation of c-di-GMP-binding
domain proteins PilZ and FimX.

Two-Component systems, composed of a kinase receptor
and a cytoplasmic response regulator: The sensor kinase detects
external stimuli and wundergoes autophosphorylation at
a conserved histidine residue. The phosphoryl group is trans-
ferred to the response regulator, activating its ability to bind to
gene promoters and modulate gene expression.*® Taking the
GAC system as an example, this regulatory network is a complex
multi kinase network that plays a major role in regulating
bacterial planktonic growth mode and biofilm growth mode.
The GAC system consists of the transmembrane sensor kinase
GacS and its coupling regulator GacA.”” GasS has an auto-
phosphorylated conserved histidine residue, and the activated
phosphate group can be transferred to its coupling regulator
GacA, affecting the transcription of two sRNAs, RsmZ and
RsmY.*® In addition to regulating QS to affect the formation of
BF, in vitro studies have found that it also participates in the
transition between bacterial planktonic state and BF growth
mode by regulating extracellular polysaccharides Pel, Psl, and
type IV pilus.*®

3.5.2 Functional genes mediating electron conductance.
The results of metagenomics first targeted the metabolic
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potential of functional genes, and many genes ultimately affect
the generation of two types of EPS components. Through the
expression of functional genes (function 4-5, flagellin, type IV
pilus), synthesis of polysaccharides (PS) affects BF, which
improves the functional potential of electron conductivity.®® The
correlation prediction results between the abundance of
species’ functions and the functions of electron transfer in the
sample (functions 1, 3, 7, riboflavin metabolism pathway,
function 2 energy metabolism, function 6, c-Cyts) showed
a significant association with the genus of Shewanella and
Pseudomonas, indicating that these two genera are also related
to the electron transfer mechanisms involved in the three
metabolic processes mentioned above.

The two primary electron transfer mechanisms exhibited by
Shewanella and Pseudomonas in MFCs were direct electron
transfer (DET) and mediated electron transfer (MET).** The
efficiency of extracellular electron transfer (EET) mainly influ-
enced by the transfer between cells and electrodes in DET,
including interactions between organisms and electrodes, as
well as the effects of electrode reactor materials. For MET,
taking Shewanella as an example, Zang et al. reported four
strategies to enhance the EET performance of Shewanella:
increase in riboflavin, enhancement in intracellular reducing
force, promotion of biofilm formation and expansion of the
substrate spectrum.®

3.5.3 Increase in riboflavin. First, increase in riboflavin
could promote the efficiency of extracellular electron transfer.
The correlation prediction results have explained between the
abundance of species’ functions and electron transfer functions
in the sample (functions 1, 3 in the riboflavin metabolism
pathway Map00740, KEGG). Map00740 described the core
riboflavin synthesis pathways of purine metabolism (from GTP
to riboflavin) and the pentose phosphate pathway (from ribu-
lose 5-phosphate to riboflavin). Function 1 represented the key
gene required for the reaction from 6,7-dimethyl-8-
ribityllumazine to riboflavin, while function 3 represents the
genes for exergonic metabolic reactions where riboflavin flowed
to FMN and then to FAD, it may explained that after riboflavin
synthesis, riboflavin fluxed toward FAD led to enrichment of
gene expression in this pathway without obvious metabolite
expression. FAD subsequently participated in the oxidative
dehydrogenation of organic compounds, such as fatty acids.
Min et al. inserted both a riboflavin biosynthesis gene cluster
and a metal reducing conduit biosynthesis gene cluster into S.
oneidensis MR-1. After gene insertion, riboflavin secretion
increased by 2-fold, leading to a 110% increase in the maximum
current density.® This indicated that regulating riboflavin
production through gene manipulation could ultimately
enhance the efficiency of EET.

3.5.4 Enhancement in intracellular reducing force.
Regarding the principle that intracellular reducing force was
mainly embodied in NADH, and a higher NADH/NAD + ratio
promoted intracellular electron flux,** thereby increasing
outward EET, function 7 in this study was identified as electron-
transferring-flavoprotein dehydrogenase, which acted on the
CH-NH group of donors and used a quinone or similar
compound as an acceptor. The high expression level of this gene
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was closely associated with the current electron transfer
mechanism of Shewanella.

3.5.5 Promotion of biofilm formation. The metagenomics
results first targeted the metabolic potential of functional
genes, and many genes ultimately affect the generation of two
types of extracellular polymeric substances (EPS). Through the
expression of functional genes (function 4-5, flagellin, type IV
pilus), the synthesis of polysaccharides (PS) affects biofilm (BF),
which enhances the functional potential of electron
conductivity.

3.5.6 Expansion of the substrate spectrum. The substrate
availability for Shewanella is relatively limited. Wild-type She-
wanella can only utilize certain low-molecular-weight organic
materials,” such as lactate, pyruvate, and acetate. Monitoring
these small-molecule metabolites served as a valuable refer-
ence. However, since this study focuses on overall character-
ization and Pseudomonas has not been sufficiently reported,
current research on mixed microbial communities based on
molecular metabolite transfer reactions still needed to be
grounded in pure culture experiments. This will be our next
research step, which will be more helpful for mechanistic
validation.

3.5.7 The effect of Proteobacteria and Bacteroides on
MFCs. The phenomenon of abundance expansion of Proteo-
bacteria and Bacteroidetes is commonly observed in the micro-
bial community dynamics of MFCs (Microbial Fuel Cells) across
multiple fields.***® Through summarizing commonalities, it is
known that Proteobacteria is the largest and most diverse
phylum in bacteria, with all members being Gram-negative
bacteria. Their outer membrane is primarily composed of
lipopolysaccharides, encompassing various metabolic types.
Most bacteria in this phylum survive as facultative or obligate
anaerobes.®® As first-line responders, they are extremely sensi-
tive to environmental factors, exhibiting unstable and rapidly
changing microbial community characteristics that precisely
align with the MFC environment's extremely low oxygen content
and transitional conditions for selective domestication. For
Bacteroidetes, most members are obligate anaerobes that rely on
hydrolyzing polysaccharides for energy. The mechanism by
which these two phyla gradually infiltrate the MFC substrate
can be modeled after the “metabolic infection model”:"*"* in
the initial stage, aerobic bacteria such as Escherichia coli grad-
ually reduce the redox potential for aerobic microbes, after
which the environment becomes suitable for the growth of
anaerobic Bacteroidetes, which then replicate and dominate the
community.

In an MFC, the anode serves as the final electron acceptor in
the metabolic chain of bacteria. The electron transfer between
the bacterial cell and the anode has two effects: on the one
hand, the anode produces current by collecting electrons from
the bacterial cell; on the other hand, for a complete bacterial
respiratory process, electrons must be transferred to the
anode. In the absence of any other electron acceptors, if the
electrons produced by metabolism cannot be smoothly trans-
ferred to the anode, the growth of bacterial cells will be sup-
pressed. Therefore, it can be inferred that the bacteria that
remain active after the discharge of the fuel cell are those that
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can adapt to the fuel cell environment and are easy to transfer
electrons to the electrode. The next generation of bacteria
cultivated using these bacteria for inoculation should have
similar properties, enabling them to better utilize the electro-
chemical electrode as the final electron acceptor in the respi-
ratory chain. This electrochemical activation process of the
bacteria is analogous to the natural selection principle in
Darwin's theory of evolution.”

4. Conclusion

We conducted a comprehensive study for the first time on the
biofilm in a mixed-culture microbial fuel cell (MFC) under
various stages of development, focusing on its formation,
electroactivity, and the expression of genes related to catabolic
pathways and anaerobic respiration. The results from the
metagenomics and metabolomics studies indicate that: (i) K2-
1000 exhibited mature and high-power output at stage I, and
through the study of microbial dynamics, genera such as
Pseudomonas and Trichococcus were associated with electro-
chemical phenomena; (ii) dynamic analysis of the main cate-
gories of 10 microorganisms on the biocathode was
conducted, and gene and metabolic function tracking was
performed for four treatments; (iii) seven electron transport
gene functions have suggested an association with the main
genera at three periods.

In this work, community and metabolic substances of MFC
were studied using omics methods, which to some extent can
reveal the basic characteristics of coordination and interaction
among bacteria in the biofilm. We observed that external
resistance is an important reference factor to study the impact
of microbial community succession. Through electrochemical
domestication, samples were taken at three time points during
the stable period, and the dynamics of microorganisms and
representative genera were analyzed. The study found that as
domestication enters the stable phase, the functional expres-
sion of the main microbial communities is closely related to
electrochemical phenomena. By studying functional genes, it
was found that electron conductance gene families show
correlation with genera such as Shewanella, Pseudomonas, Tri-
chococcus, Enterococcus, and even Psychrobacter (K3, stage II).
Metabolically, by studying the differences in KEGG metabolic
pathways, tyrosine and purine metabolism showed the highest
enrichment. In communities with significant differences in
output energy efficiency, effective accumulation of different
metabolites was observed.
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