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Pseudomonas aeruginosa promoted
microbial fuel cells for cytidine acid
production wastewater treatment

XiafeiYinl**?, Feifei Wang"*, Mingmin Ge?, Feng Zhang? & Guobin Liang?

Microbial fuel cell (MFC) can convert the chemical energy of organic matter in wastewater into
electrical energy with high degradation efficiency. In this study, a type of specialized microorganism,
Pseudomonas aeruginosa, was screened and added to an MFC to promote the degradation of
wastewater generated during the production of cytidine acid while improving the performance of
the MFC. The MFC achieved a maximum voltage of 57.7 + 4.4 mV and a maximum power density of
1.9:0.1 mW/m? moreover, the degradation efficiencies of chemical oxygen demand (COD), total
phosphorus (TP), and phosphate reached 76.3 +2.8%, 80.3 +3.3%, and 85.3 +3.5%, respectively. Gas
chromatography-mass spectrometry (GC-MS) and metabolomics analysis revealed that Pseudomonas
aeruginosa could effectively degrade organic matter in wastewater. Additionally, the metabolic
pathways involved may have been pyrimidine metabolism, arginine and proline metabolism, and
taurine and hypotaurine metabolism.

Keywords Microbial fuel cell, Pseudomonas aeruginosa, Wastewater treatment, Power density, Metabolic
pathways

Cytidylic acid is extensively used in various applications within the food and pharmaceutical industries'. The
production of cytidylic acid involves a biological fermentation or chemical synthesis step®. This generates a large
amount of organic substances, including incompletely reacted raw materials, intermediates, by-products, and
microbial cytoplasm, which increase the chemical oxygen demand (COD) of the wastewater. In the process
of producing cytidine acid, the use of phosphorus containing compounds as raw materials or catalysts will
produce organic phosphorus intermediates and other substances, resulting in a much higher phosphorus
concentration in the wastewater than normal wastewater’. Thus, the weakly acidic (pH 6.0-6.5) wastewater
generated also contains a large amount of phosphorus, especially in the form of organic phosphorus. High
content of COD and phosphorus complicate the wastewater treatment process’. Furthermore, these substances
cause the eutrophication of water bodies and damage the ecological environment when directly discharged
without treatment®. Currently, the commonly used treatment methods for this type of wastewater with high
phosphorus content and COD are physical, chemical, and biological methods. Acelas et al.® utilized porous
anion exchange resins in a study to selectively absorb and remove phosphate ions from phosphorus-containing
wastewater with a degradation efficiency of 86% for phosphate. The selective removal ability of this method is,
however, limited under the environment of multiple ion coexistence and may increase the salinity of wastewater,
producing secondary pollution and consequently affecting the safety of discharge and the environment. In a
study by Nayeem et al.”, roasted shellac was used as an adsorbent to degrade phosphorus-containing wastewater,
achieving a phosphate degradation efficiency of 62.37%. However, this method has several limitations, including
a restricted adsorption capacity, a high dependence on pH for treatment efficiency, and the potential release of
pollutants during the roasting process'® degraded triethyl phosphate (TEP) using a UV/O, digestion system
with a degradation efficiency of 98.3%. However, the UV/O, design process is complicated and requires large
monetary investment and high energy consumption, which are not suitable for engineering applications.
Pan et al.'! employed the Os/CaO, advanced oxidation process to degrade sulfate in wastewater, achieving
a degradation rate of 90.5%. However, the direct oxidation of phosphate by Os/CaO; is limited, the reaction
conditions are harsh, and the process is costly. The biological treatment of phosphorus and COD in wastewater
is commonly used in anaerobic-anoxic-oxic (AAO) processes. There are many species of denitrifying bacteria in
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the denitrification stage of the AAO process, with the largest number of species capable of denitrification found
within the genus Pseudomonas, such as Pseudomonas aeruginosa, Pseudomonas fluorescens, Pseudomonas stutzeri,
and Pseudomonas mendocina'?. The AAO process can efficiently remove COD and phosphorus from water and
is more energy-efficient and environmentally friendly compared to physical or chemical treatment methods
as it reduces the use of chemicals. The technology of the process is mature, and the operation method of the
equipment is reliable as it is simple and easy to manage and maintain'®. However, the activity of microorganisms
decreases over time, which reduces the efficiency of treating wastewater.

The addition of an applied electric field stimulates the action of microorganisms, which thus increases their
activity. In a study by Hu et al., the relative abundance of bacteria increased by 4.63% at 1.5 V compared with that
without applied voltage!*. However, additional applied voltage will increase costs. Microbial fuel cells (MFCs)
can produce electricity spontaneously by degrading organic matter's, forming an electric field. Some researches
have suggested that the electric field generated by MFC can increase the activity and abundance of microbial
communities by stimulating cell dehydrogenase activity, increasing the relative permeability of cell membranes,
promoting the production of highly conductive and rigid cytochrome OmcZ nanowires in biofilms, enhancing
electron transfer, and other methods!®'7, thereby improving the treatment efficiency of wastewater and reducing
the cost of treating wastewater. Zhang et al.!® used MFC to degrade the backflow water generated during shale
gas extraction, the closed-circuit MFC had a COD degradation efficiency of 72%, while the open-circuit MFC
had a COD degradation efficiency of only 64%. Al-Ansari et al."’ utilized an MFC to degrade antibiotics in
wastewater; the total phosphorus (TP) removal was 89.9 £2.8% and the highest COD removal was 91.9+2.3%
after treatment with the MFC system. However, MFCs use conventional activated sludge, resulting in a slow
degradation efficiency.

In this study, the specialized microorganism was first screened to assess its effectiveness in degrading
phosphorus and COD in wastewater generated during cytidine acid production. The selected microorganism
was then injected into the MFC to evaluate the treatment performance of the bacteria-supplemented MFC on
the wastewater. Subsequently, metabolomics analysis was performed to identify the degradation pathway of
phosphorus in the wastewater. The Venn network was used to visualize differences in microbial community
composition, which manifested in the form of operational taxonomic unit (OTU). This study expands the
application potential of MFC technology and provides scientific and technical support for addressing current
challenges in industrial wastewater treatment.

Materials and methods

Materials

The wastewater generated during the production of cytidine acid used in this experiment was collected from a
chemical company in Jiangsu, China, with a COD content of 55,600 + 320 mg/L, a TP content of 5530 + 122 mg/L,
and a phosphate content of 1173 +88 mg/L.

Luria-Bertani (LB) medium, agar powder, H,SO,, HCl, and NaOH were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All reagents utilized were of analytical grade.

Isolation of a denitrifying bacterium from activated sludge of a wastewater treatment plant using gradient
dilution and plate scribing method®®. The 16S rDNA gene was amplified by polymerase chain reaction
(PCR) using universal primers F27 and R1492, and sequenced by Shanghai Sangon Company. The sequence
alignment was conducted in GenBank by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). A neighbor-joining
phylogenetic tree was constructed using Molecular Evolutionary Genetics Analysis (MEGA) 11.0 software. The
phylogenetic tree of the strain is shown in Fig. S1, indicating that the obtained strain is Pseudomonas aeruginosa.

The activated sludge was collected from the laboratory’s conventional MFC. The concentrations of total
suspended sludge (TSS) was 3.3+0.2 g/L, and the volatile suspended solid (VSS) concentrations were around
2.840.3 g/L.

Experimental methodology

Degradation of wastewater by Pseudomonas aeruginosa

The Pseudomonas aeruginosa was inoculated at 2% v/v into 100 mL of LB medium and cultured to a logarithmic
phase of growth. The strain was centrifuged and added to 100 mL of wastewater generated during the production
of cytidylic acid and incubated for 72 h.

Construction and operation of single-chamber MFC

In this study, an air cathode single-chamber MFC reactor with an working volume of 700 mL was used,
with a non-watertight carbon cloth (HCP 330N, Shanghai Hesen Electric Co., Ltd.) as the anode. The air
cathode was prepared according to the method of Huang et al.?},it was made by applying four diffusion layers
(polytetrafluoroethylene, PTFE) on 30 wt% watertight carbon cloth (HCP 330P, Shanghai Hesen Electric Co.,
Ltd.). The cathode and anode were the same size (50 mm x40 mm x 2.0 mm). The two electrodes were parallel to
each other at a distance of 4 cm. In a closed loop, the anode and cathode electrodes were connected to an external
resistor (100 Q) through a titanium wire. The reactor was filled with 500 mL of wastewater and 200 mL of
activated sludge. All MFC reactors were operated in an intermittent mode and the temperature was maintained
at 30+3°C. A complete cycle ended when the output voltage dropped below 30 mV?? (Fig. 1).

Four MFCs were constructed: MFC-1, MFC-2, MFC-3, and MFC-4. MFC-1 and MFC-2 were open-circuit,
with no strain added to MFC-1. Pseudomonas aeruginosa (60 mL) was added to MFC-2 as a control. MFC-3 and
MFC-4 were closed-circuit with the cathode and anode connected to a resistor (100 ) using titanium wires.
No strain was added to MFC-3, and Pseudomonas aeruginosa (60 mL) was added to MFC-4 as a comparison.
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Fig. 1. The experimental setup schematic diagram.

Analytical methods

The changes in the concentrations of COD, TP, and phosphate were measured according to the Chinese State
Environment Protection Agency (SEPA) standard methods?. Gaschromatography-mass spectrometry (GC-
MS, 5977C, Agilent Technologies Inc, USA) was used to analyze the composition of pollutants in wastewater.
A data collector (34972A, Agilent Technologies Inc, USA) was used to record the voltage of the MFC system.
The steady-state discharge method was used to measure the power density curve of the system. The coulombic
efficiency (Cp) was used to characterize energy recovery. The C; defined as the fraction of electrons extracted for
conversion into electricity versus that in the starting organic material, was calculated by estimating the substrate
removal efficiency using the COD. The formula for C is given below:

O — M) I(A)t(s)
E= FxbxvxACOD

M is the relative molecular mass of oxygen, 32 g/mol; I is the current, A; t is the time, s; F is Faraday’s constant,
96.485 C/mol; b is the number of electrons transferred by reduction per mole of oxygen, 4 e~ mol/mol; v is the
effective volume of the substrate, L; and A COD is the difference in COD concentration between the inlet and
outlet anolyte, mg/L.

An electrochemical workstation (CHI660D, Shanghai Chenhua Instrument Co., Ltd., China) was used to
measure the cyclic voltammetry (CV) curve. Scanning electron microscopy (SEM, SIGMA300, Zeiss, Germany)
was employed to illustrate the physical characteristics and morphology of the bacteria on the electrode surface.
High-throughput sequencing was used for the measurement of the microbial community. The OTU was
identified using Usearch software with a 97% sequence identity cutoff value. Alpha diversity can reflect the
abundance [represented by Chao 1, abundance-based coverage estimator (ACE)], evenness (represented by
Shannoneven) and diversity (represented by Shannon) of microbial communities. Beta diversity can reflect the
similarity [represented by principal coordinates analysis (PCoA)] of microbial communities. The metabolomics
were used to analyze the metabolites in the biodegradation process.

Results and discussion
Degradation of wastewater by Pseudomonas aeruginosa
The degradation effect of Pseudomonas aeruginosa on COD, TP, and phosphate in wastewater is shown in Fig. 2.
It can be observed in Fig. 2 that the degradation efficiencies of COD, TP, and phosphate all increase with
reaction time. In Fig. 2a, there is a significant increase in COD degradation efficiency over time. During the
initial phase, microorganisms are exposed to a higher concentration of organic matter, which promotes COD
breakdown. As the reaction time extends to 48-72 h, the COD degradation efficiency levels off, likely due to
the depletion of organic matter, which limits substrate availability for microbial metabolism?*. As the dosage
of Pseudomonas aeruginosa increases from 20 to 60 mL, COD degradation efficiency increases significantly,
reaching 50.88+1.82%. This improvement is likely due to the larger microbial population, which can more
effectively utilize available carbon sources, thereby accelerating COD degradation. This may be attributed to the
fact that when the strain dosage was low, an appropriate increase in the strain dosage could more fully utilize the
carbon source in the MFC, thus accelerating the growth and reproduction of the microorganisms®. However,
when the dosage is further increased to 100 mL, COD degradation efficiency decreases. This could be due to an
excess of microorganisms, which leads to rapid consumption of available carbon, ultimately limiting microbial
growth and metabolism?®. In Fig. 2b, the TP degradation efficiency follows a trend similar to that of COD,
increasing over time and stabilizing between 48 and 72 h. TP degradation efficiency also rises with increasing
Pseudomonas aeruginosa dosage, peaking at 45.12 +3.0% at a 60 mL dosage. However, similar to COD, when the
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Fig. 2. Degradation efficiency of (a) COD, (b) TP and (c) phosphate in wastewater with different dosages of
Pseudomonas aeruginosa.

dosage exceeds 60 mL, TP degradation efficiency begins to decline, likely due to the rapid consumption of carbon
sources, which limits microbial metabolic activity. The metabolic efficiency of the microorganisms slowed down,
leading to a decrease in degradation efficiency?’. This result suggests that TP degradation follows a pattern
closely resembling that of COD, both showing similar dependencies on microbial dosage. In Fig. 2¢c, phosphate
degradation efficiency shows a similar trend to that of TP, gradually increasing over time and stabilizing between
48 and 72 h, reaching 60.52+1.6%. As with the other pollutants, phosphate degradation efficiency increases
with the dosage of Pseudomonas aeruginosa. At a 60 mL dosage, phosphate degradation efficiency peaks at
60.52£1.6%. Differently from COD and TP, phosphate degradation efficiency remains stable even at higher
dosages. This may be due to the sufficient reaction time, along with the high COD concentration, which provides
continuous carbon sources for microbial activity, thus maintaining high phosphate removal efficiency?.

As shown in Table 1, compared to the study of Li et al.2, the removal efficiencies of COD and TP in this
study are relatively low. Comparing with the study of’, the phosphate degradation efficiency in this study is
relatively high. Yang et al.* found that as the concentration of phosphate increased, the degradation efficiency
decreased, probably because of the shortage of reaction time and carbon source during the incubation. However,
the degradation efficiency of this study remained stable at 60.52+1.6% under high phosphate concentration,
which may be attributed to the longer reaction time and higher COD content of this study.

Notably, Pseudomonas was responsible for degrading wastewater generated during the production of cytidine
acid, but it is difficult to have a comparative assessment since the initial pollutant concentration and degradation
conditions varied across the studies.

In order to further analyze the degradation changes of the substances in the wastewater, we measured the
wastewater before and after the degradation process via GC-MS (Tables S1-S2). Table S1 presents the original
wastewater, and Table S2 presents the wastewater after treatment with 60 mL of bacterial solution dosage. As
can be seen from Table S1, the raw wastewater contained 96 substances, of which the highest levels of several
substances were 3,4-dimethylbenzaldehyde, tricyclopentadeca-3,7-dien[8.4.0.1(11,14)], a-patchoulene, triethyl
phosphate, ethyl hexadecanoate, and 2,4-di-tert-butylphenol, among others. The degraded wastewater contained
90 substances, of which the most abundant were (sec-butylsulfanyl)cyclohexane2,4-di-tert-butylphenol, triethyl
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Degradation Temperature
Bacteria Initial wastewater time (h) rpm | (°C) Degradation efficiency References
Pseudomonas mendocina | Salinity of 10% and 15%, PO,*~P concentration 48 160 |30 PO, -P removal efficiency of 30
A4 of 18.84 mg/L approximately 40%
Pseudomonas aeruginosa COD concentration of 138.5+15.25 mg/L, TP 2% 150 |28 COD and TP removal efficiencies of 2
8 concentration of 2.07 +0.18 mg/L 68.23% and 51.21%
isle)tlt;il(ly;nanas stutzeri PO,*"-P concentration of 20 mg/L 36 150 |30 PO,*"-P removal efficiency of 52.2% 7
Pseudomonas putida PO,*"-P concentration of 20, 50 and 100 mg/L, 48 160 |30 PO,*"-P removal efficiencies of 89.61%, 4
strain NP5 respectively 46.09% and 25.67%, respectively
COD, TP and PO *"-P concentration of COD, TP and PO *"-P removal efficiencies
Pseudomonas aeruginosa | 55,600 +320 mg/L, 5,530+ 122 mg/L and 72 140 | 40 of 50.88+1.82%, 45.12+3.0%, and This study
1,173 +88 mg/L, respectively 60.52 + 1.6%, respectively
Table 1. Efficiency of phosphorus-containing wastewater degradation by different Pseudomonas spp.
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Fig. 3. Degradation of wastewater by Pseudomonas aeruginosa alone (a) volcano diagram, (b) heatmap. DS:
wastewater degraded by Pseudomonas aeruginosa alone, YS: raw wastewater).

phosphate, tetradecamethylcycloheptasiloxane, and 1-undecanol, among others. By comparing Table S1 and Table
S2,itis evident that 3,4-dimethylbenzaldehyde, a-patchoulene, 4-hydroxyneoisomenthol, tricyclopentadeca-3,7-
dien[8.4.0.1(11,14)], 3,5,5- trimethylhexyl methylphosphonofluoridate, dichloroacetic acid, 2-(1-adamantyl)
ethyl ester, and triethyl ethyl ester were present in the raw wastewater, but these substances disappeared after
the degradation process. The contents of 3,5,5-Trimethylhexyl methylphosphonofluoridate, dichloroacetic acid,
2-(1-adamantyl)ethyl ester, and triethyl phosphate decreased. This indicates that Pseudomonas aeruginosa can
effectively degrade organic matter in wastewater, including phosphorus-containing compounds.

It was evident through metabolomics that, after the degradation of wastewater by Pseudomonas aeruginosa,
uracil, pantothenic acid, thymine, nicotinic acid, acetylcholine chloride, creatinine, and other metabolites were
up-regulated, while cytidine monophosphate (CMP), citric acid, cytosine, taurine, pelargonic acid, and other
metabolites were down-regulated (Fig. 3). Nicotinic acid increased during metabolism, which is produced by
the metabolism of nicotinic acid salts and nicotinamide. Nicotinic acid promoted cellular metabolism, enhanced
microbial activity, thus improving the degradation of wastewater’!. The down-regulation of CMP indicates that
phosphorus-containing substances in the wastewater were degraded by the microorganisms, which led to a
decrease in the TP content of the wastewater.

In the Kyoto Encyclopedia of Genes and Genomes (KEGG) repository, all the differential metabolites of the
different control groups were matched with the KEGG repository to obtain information on the pathways in
which the metabolites were involved. As shown in Fig. 4, during the degradation of wastewater by Pseudomonas
aeruginosa, nicotinate and nicotinamide metabolism, citric acid cycle, and taurine metabolism are the main
metabolism processes of organic matter. sample (Fig. 3) is consistent with the metabolism of nicotinic acid
and nicotinamide to generate products, which suggests that nicotinic acid is produced during the degradation
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Fig. 4. Metabolic pathway of nicotinate and nicotinamide metabolism, citric acid cycle, taurine metabolic
during degradation.

process. Nicotinic acid was obtained from upstream nicotinamide under the metabolism of nicotinic acid salt
and nicotinamide, and nicotinic acid can promote cell metabolism, increase microbial activity”. Under the
metabolism of nicotinate and nicotinamide, nicotinic acid is obtained from upstream nicotinamide, which
promotes cellular metabolism and increases microbial activity, thereby accelerating COD and phosphate
degradation. The tricarboxylic acid (TCA) cycle is the central metabolic network of organisms, closely associated
with the metabolic process of sugar, lipids, and proteins and it provided precursors for energy metabolism®*. The
energy produced by the TCA cycle supports the growth and metabolic activities of Pseudomonas aeruginosa,
especially involved in the conversion of phosphate into components of the organisms or the precipitation
of phosphate minerals, and the TCA cycle is directly involved in the mineralization of organic matter in the
wastewater, which breaks down the complex organisms into carbon dioxide and water, resulting in a significant
reduction of COD. During taurine metabolism, Pseudomonas aeruginosa is able to utilize taurine as a carbon
source and energy source to reduce the total organic carbon concentration in wastewater®®, thereby reducing
COD.

Degradation of wastewater by MFC containing Pseudomonas aeruginosa
Figure 5 shows the effect of the MFC enhancing the degradation of high-phosphorus-containing wastewater
after one full cycle of an operation of a single-chamber MFC.

As can be seen in Fig. 5, compared to the degradation of wastewater by Pseudomonas aeruginosa alone
(Fig. 2), the addition of the bacterial solution to the MFC resulted in higher degradation efficiency. This may be
attributed to the abundant microbial community in the activated sludge of MFC, which promotes the degradation
of wastewater®. Additionally, higher voltage contributes to increased microbial activity, which further supports
degradation. Elevated voltage enhances the surface hydrophobicity of microorganisms, promotes the migration
of negatively charged sludge, facilitates contact between sludge and substrates, improves the ability of bacteria to
extract nutrients from wastewater, and provides more energy for bacterial growth and reproduction. This in turn
promotes metabolic activity and degradation efficiency (*’). It was obvious that MFC with added Pseudomonas
aeruginosa had higher removal efficiencies for COD, TP, and phosphate than MFC without added Pseudomonas
aeruginosa, regardless of whether it operates in open or closed circuit. Moreover, closed-circuit operation MFC
had higher removal efficiencies than open-circuit operation, regardless of whether Pseudomonas aeruginosa
was added or not. The high removal efficiency in the closed-circuit operation was due to the higher species
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abundance, which had a positive effect on degradation®®. A total of 1,153,287 high-quality sequences were
acquired from the sludge, anode and cathode of the four MFCs. In the sludge of MFC-1 and MFC-2, 356 (Cluster
1) and 327 (Cluster 3) OTUs were unique (Fig. 6a), while 258 (Cluster 1) and 235 (Cluster 3) OTUs were unique
to the anode (Fig. 6b), and 26 (Cluster 1) and 221 (Cluster 3) OTUs were unique to the cathode (Fig. 6¢). In
MEFC-3 and MFC-4, 408 (Cluster 13) and 283 (Cluster 15) OTUs were unique to the sludge (Fig. 6a), 224 (Cluster
11) and 226 (Cluster 15) OTUs were unique to the anode (Fig. 6b), and 651 (Cluster 13) and 531 (Cluster 15)
OTUs were unique to the cathode (Fig. 6¢). These findings indicate that the sludge, anode, and cathode in both
open- and closed-circuit MFCs exhibit distinct microbiota compositions. Community diversity showed a high
degree of consistency across samples for each tested condition. The species abundance (Chao 1 and ACE, as
shown in Table S3) in the sludge, anode and cathode of the closed-circuit MFC was higher than that of the
open-circuit MFC. A PCoA (Fig. S2) also exhibited distinctions between the in the sludge, anode and cathode
of open-circuit MFC and closed-circuit MFC. And it can be seen that there is a marked separation between the
MFCs with added Pseudomonas aeruginosa and the MFC without Pseudomonas aeruginosa.

Cai et al.* also pointed out that electrical current in MFCs shaped microbiomes, especially biofilms, and
thus improved pollutant removal efficiency. MFCs were dominated by the phyla Proteobacteria, Firmicutes,
Actinobacteriota and Bacteroidetes (Fig. 7). The majority of phyla in anode belonged to Proteobacteria (41.47-
93.81% relative abundance) in closed-circuit MFCs and Firmicutes (11.54-54.47%) in open-circuit MFCs.
Moreover, as can be seen in Fig. 7, in the classification level of the genus bacteria, there are differences in the
dominant populations between the closed-circuit MFCs and open-circuit MFCs. In the cathode of closed-circuit
MECs, Pseudomonas showed a higher relative abundance than in open-circuit MFCs, with relative abundances
ranging from 3.37% to 9.54%. Additionally, in the anode of closed-circuit MFCs, Enterobacter showed a higher
relative abundance than in open-circuit MFCs.

In MFC-4, the removal efficiencies of COD, TP and phosphate are the highest, reaching 76.3+2.8%,
80.3+3.3%, and 85.3 +3.5%, respectively. It is clear that the addition of Pseudomonas aeruginosa and the device
state of a closed-circuit are the best conditions for the degradation of wastewater. MFC-4 was injected with
Pseudomonas aeruginosa, which, on the one hand, can promote the degradation of wastewater to produce
electrons, and, on the other hand, can cause a stable cycle of power production as the bacterium has been shown
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Fig. 6. Venn network of microbiomes. (a) Venn network of microbiomes in sludge of MFCs, Nodes A, B,

C and D represent the sludge of MFC-1, MFC-2, MFC-3 and MFC-4, respectively. (b) Venn network of
microbiomes in anode of MFCs, Nodes A, B, C and D represent the anode of MFC-1, MFC-2, MFC-3 and
MFC-4, respectively. (c) Venn network of microbiomes in cathode of MFCs, Nodes A, B, C and D represent the
cathode of MFC-1, MFC-2, MFC-3 and MFC-4, respectively.
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Fig. 7. The composition and relative abundance of microbiomes. (a) Composition and abundance of
microbiomes at phyla level (a, b and c represent the sludge, anode, cathode, respectively). (b) Composition and
abundance of microbiomes at classification level (a, b and ¢ represent the sludge, anode, cathode, respectively).

to transfer electrons by contacting the electrodes directly or by secreting electronic intermediates*®*!. As shown
in Figs. $3 and $4, the maximum output voltage (57.7 4.4 mV) and power density (1.9 +0.1 mW/m?) of MFC-4
are 15.3% and 90.2% higher than those of MFC-3, respectively. The internal resistance of MFC-4 (360 Q) has
decreased by 86.32% compared to MFC-3 (Fig. S5). This may be due to the addition of Pseudomonas aeruginosa
improving the power generation performance of MFC.
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As is known, Pseudomonas aeruginosa is a type of electrogenic bacterium*>~** that is present on the activated
sludge, anode, and cathode of MFC-4 (Fig. 7). The relative abundance (9.54%) of Pseudomonas aeruginosa in
MFC-4 was higher than that of the other MFCs. Arkatkar et al.*> demonstrated the ability of Pseudomonas
aeruginosa to increase the voltage of an MFC by inoculating anaerobic sludge with Pseudomonas aeruginosa
to enhance the power production of the MFC. It is thus proven that the addition of specific enriched and
domesticated bacterial strains is able to increase the power generation of MFCs. These added strains exhibit
an ecological advantage within the microbial cell*®, enabling them to adhere more densely to the surfaces of
the cathode and anode electrodes (as shown in Fig. S6) as well as facilitating metabolic activity, thus enhancing
the MFC’s ability to produce electricity. Therefore, with the addition of bacterial strains, which can effectively
promote the growth of microbial communities. It is worth noting that the species abundance (Chao 1 and ACE)
of MFC-3 is greater than that of MFC-4, which may be due to the fact that the natural microbial community has
higher functional redundancy and ecological niche differentiation, as well as greater resilience and adaptability.
The introduction of specific strains may disrupt the original ecological balance and lead to competitive
disadvantages for certain microorganisms, thus reducing species abundance®’. However, the microbial diversity
(Shannon) and evenness (Shannoneven) of the sludge and anode in MFC-4 were higher than those in MFC-3,
indicating that the addition of Pseudomonas aeruginosa increased the stability of the microbial community in
MFC-4. Therefore, MFC-4 has higher electricity generation and wastewater degradation efficiency.

As shown in Table 2, although the output voltage and power density of MFC-4 were lower than those
reported by Taskan et al.*® and Hu et al.*’, the degradation efficiencies of COD, TP and PO,>"-P in this study were
relatively high. These results highlight the potential of using MFCs injected with specific bacteria for wastewater
treatment, even under suboptimal conditions for power generation. These findings underscore the effectiveness
of Pseudomonas aeruginosa in enhancing the degradation efficiency of the MFC.

To further contextualize these results, we compared them with previous studies. As shown in Table 2, a
notable limitation of this study is the relatively low C of the MFC-4, which was only 4.40+0.16%. This value
is significantly lower than the C; of 12.8% and 13% achieved for cottonseed effluent and municipal sludge,
respectively, as reported by Tagkan et al.**). The low C;, of the MFC constructed in this study can be attributed
to several factors. Firstly, the air cathode may allow oxygen to infiltrate, disrupting the anaerobic environment
and reducing the activity of electroproducing microorganisms, thereby lowering electroproduction efficiency.
Secondly, electrons generated by anaerobic microorganisms during organic matter degradation are directly
consumed by oxygen, decreasing the number of electrons transferred to the cathode®!. Thirdly, oxygen oxidizes
part of the organic matter that should have been oxidized by microorganisms, resulting in material loss and
reduced efficiency®. Finally, the presence of non-electroproducing microorganisms (e.g., methanogens) in the
MEFC, which do not generate electrical energy during COD degradation, further contributing to the low C; and
power density>>. Despite this limitation, the MFC-4 demonstrated high removal efficiencies for COD, TP and
PO,*>-P, which are comparable to or exceed those reported in previous studies.

Analysis of degradation mechanisms

To further investigate the mechanism of wastewater degradation by closed-circuit MFC with Pseudomonas
aeruginosa, the main differential metabolites before and after degradation were selected for analysis. As shown
in Fig. 8, the percentage of nicotinic acid increased in the sample, which is consistent with the metabolism
of nicotinic acid and nicotinamide to generate products, indicating that nicotinic acid was produced in the
course of the experiment. Nicotinic acid was obtained from upstream nicotinamide under the metabolism of
nicotinic acid salt and nicotinamide; it promotes cellular metabolism, increases microbial activity, and allows
microorganisms to attach more tightly to the carbon plate of the single-chamber MFC electrode, which promotes
the degradation of cytidylic acid.

The analysis of the metabolic pathways (Fig. 9) allowed us to derive a mechanism of action for the addition
of Pseudomonas aeruginosa to the single-chamber MFC for the treatment of wastewater generated during the
production of cytidylic acid, particularly their capacity in the decomposition and transformation of organic
matter, including the effect on hydroxyl-containing, carbonyl-containing, and phosphorus-containing
compounds. These changes may reflect the ability of Pseudomonas aeruginosa to degrade, transform, or
synthesize new compounds of specific organics in wastewater. For phosphorus in wastewater, the following
metabolic actions occur primarily in the degradation of CMP, one of the phosphorus-containing pollutants.
For example, in the pyrimidine metabolic pathway, CMP is converted to uridylic acid (UMP) by the action
of cytidylic acid deaminase, and UMP is hydrolyzed to uridine (Urd) and inorganic phosphoric acid (Pi) by

Power
density
Voltage | (mW/
‘Wastewater (mV) m?) Cg Degradation efficiency References
Cottonseed effluent 193 187 12.8% COD removal efficiency of 66.6% 8
Aquaculture wastewater 32.94 102.38 - COD, and TP removal efficiencies were 80.30 +3.4%, and 54.44 +4.5%, respectively |+
- The percentage of total chemical oxygen demand (TCOD), TN and TP were reduced | s,
Municipal sludge and wastewater | - 160 13% by 67% (4100 mg/L), 45% (30,280 mg/kg) and 52% (7620 mg/kg), respectively
Wastewater generated during the COD, TP and PO *> -P removal efficiencies of 76.3 +2.8%, 80.3 +3.3% and MFC-4 in
production of cytidine acid 57.7+44 |19 440£0.16% 85.3+3.5%, respeétively this study

Table 2. The performance of different MFCs.

Scientific Reports | (2025) 15:8247 | https://doi.org/10.1038/s41598-025-90361-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Volcano plot

(b)

[ Acetylcholine chloride
54 1 .
L
{ER ]
114
L)
[
44 [
N-Methyl-D-aspartic acid 1
o [
irha-Ketoisovaleric acid
—_ (2L & g .
% 34 1 Niacinamige  Creatinine Group
1
: Chavicql - *  Down-regulated
L .. L) ®
S . 1 not-significant
£ 1-palmitoylglycerophosphocholing (@
2 24 . s° *  Up-regulated
|7 shikimic acia B 5 = 7
Wy . .
L
14
0- w
3 T Ayl T T
8 -4 0 4 8
log>(Fold Change)

Aldosterone
Nicotinic acid
Myristic acid
Cholesterol sulfate
Rutin
Valeric acid
Niacinamide
Creatinine
alpha-Ketoisovaleric acid
Indican

Acetylcholine chloride
- Ribose 1,5-bisphosphate

Gamma-Linolenic acid
L-Histidinol

2-Ketobutyric acid

Pipecolic acid

Shikimic acid

CMP

I Chavicol

N-Methyl-D-aspartic acid
Cytosine

| D-Arabitol

Methyl jasmonate
1-palmitoylglycerophosphocholine
I Citric acid
3,4-Methylenedioxyamphetamine
" Linoleic acid

17a-Estradiol

- Triethanolamine
Histamine

- Sodium deoxycholate
| Dibutyl phthalate

BJS1 BJS2 YS1 YS2

Fig. 8. Degradation of wastewater by MFC-4 (a) volcano diagram, (b) heatmap. BJ: wastewater degraded by

MEFC-4, YS: raw wastewater.

.:*.‘:.

3223 s
Urncllﬁ‘lTUridine

2422 27048

2423
139 umMPpP
41123
Orotidine-5P

24210

d P;imidine - \
. metabolism

Orotate

Fig. 9.

( Arginine and prolim‘e'metabblism 1 )

4321

2141

N«Acetyklrci'rullhe 2-Oxoglutarate

» Arginine «
Y

3.53.6
1.14.13.39 L1447

353.1
35116

2139 1412
Carbamoyl-l «S$355 1 Glutamate
2132

N-Carbamoyl-
L-asp: rrtate

Tauri:
A

1-Pyrri
18.1- cl:yrbo‘

Hypotaurine

1512

~ Taurine and
hypotaurine
metabolism

v N
roorotate Proli

hypotaurine metabolism during degradation.

35327
Ornithine
26113
L-Glutamate v
S-semialdehyde  Creatine-P

oline-5- v
3 iylate

Guanidinoacetate
2112
)

atine «——
2732

35210

.
£ spontaneous

y
Creatinine «——
1582

Metabolic pathway of pyrimidine metabolism, arginine and proline metabolism, Taurine and

Scientific Reports|  (2025) 15:8247

| https://doi.org/10.1038/s41598-025-90361-0

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

uridine diphosphatase and uridine monophosphatase; additionally, uridine’s phosphoric acid moiety is removed
by uridine phosphorylase, producing uracil. The reaction during the microbial degradation of wastewater is thus
demonstrated.

The major metabolic pathways (Fig. 4) relevant in the treatment of wastewater generated during the production
of cytidylic acid with Pseudomonas aeruginosa alone are not the same as the major metabolic pathways involved
in the degradation of wastewater when Pseudomonas aeruginosa is added to a single-chamber MFC. When
Pseudomonas aeruginosa was added to the complex microbial community of the MFC, the population structure
of the original sludge colony in the MFC was optimized to a certain extent, thus indicating that the MFC
degraded wastewater more efficiently than Pseudomonas aeruginosa alone.

This study demonstrates a prospective strategy to combine specific microbial strains with MFC technology
to promote the practical application of MFCs in the efficient degradation of wastewater generated during the
production of cytidine acid. Through careful screening and cultivation of special strains of microorganisms,
not only can they efficiently decompose complex organic pollutants, but they can also significantly enhance the
electron transfer process within the MFC, effectively converting chemical energy into electrical energy, thus
increasing the activity of the strains and improving the efficiency of wastewater degradation. This innovative
approach not only optimizes the resource recovery process and reduces environmental pollution, but also
provides a new sustainable and energy self-sufficient pathway for industrial wastewater treatment.

In terms of environmental benefits, MFC technology effectively removes phosphorus from wastewater,
mitigates eutrophication, and supports ecological restoration®*. Additionally, it reduces energy consumption
and greenhouse gas emissions associated with traditional wastewater treatment, contributing to green and
sustainable development. Economically, MFC technology lowers treatment costs through energy recovery,
reduces reliance on external resources, and fosters the growth of green technology industries. As a result, it offers
lower long-term operating costs and potential economic returns. The introduction of specific microorganisms
can significantly improve the efficiency of MFC in wastewater treatment. Microorganisms are able to degrade
organic pollutants while generating electrical energy for the dual purpose of treating wastewater and pollutants.
In this way, the MFC not only reduces the energy consumption of the wastewater treatment process, but also
has the ability to degrade the wastewater more efficiently. The operation of the MFC contributes fundamentally
to the energization of wastewater, which is in line with the concept of a closed-loop economy™. The selective
addition of microorganisms (such as Pseudomonas aeruginosa) with high degradation capacity enables rapid
and effective degradation of specific pollutants®’. The addition of microorganisms that may have a wider range
of metabolic pathways and be able to process a wider variety of organics increases the adaptability and capacity
of the MFC for complex pollutants. The addition of microorganisms may optimize the microbial community
structure in the sludge of the MFC and accelerate the degradation of wastewater by the MFC.

However, a notable limitation of this study is the relatively low power density achieved by the MFC. While the
system demonstrated effective wastewater treatment and electricity generation, the power density remains below
the threshold required for practical applications. This limitation highlights the need for further advancements
in MFC technology. Strategies such as optimizing electrode materials, increasing the surface area of electrodes,
enhancing microbial electrochemical activity, and refining operational conditions could potentially address this
issue. Future studies should prioritize these improvements to enhance the feasibility and scalability of MFC for
real-world applications.

Conclusions

In this study, Pseudomonas aeruginosa-supplemented MFC achieved maximum degradation efficiencies of
COD, TP, and phosphate at 76.3 +2.8%, 80.3+3.3%, and 85.3 +3.5%, respectively. The biofilm formed on the
electrode enriched electroactive bacteria (Pseudomonas aeruginosa), enhancing the electroproduction function
of the MFC and increasing microbial activity, thereby improving the wastewater degradation efficiency.
Additionally, a Venn network analysis based on OTU interactions revealed that the microbial community on the
electrode biofilm in the MFC exhibited high complexity and stability. The metabolic pathways contributing to
wastewater degradation by Pseudomonas aeruginosa included pyrimidine metabolism and arginine and proline
metabolism, which effectively degrade organic pollutants in the wastewater. A limitation of this study is the
relatively low power density of the MFC. Despite its ability to treat wastewater and generate electricity, the power
density achieved in this system is below the levels required for practical applications. Therefore, future research
should focus on enhancing the power density of MFCs, which could be achieved by exploring strategies such as
optimizing electrode materials, increasing the surface area of electrodes, improving microbial electrochemical
activity, and refining operational conditions.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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