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Efficient enriching
high-performance denitrifiers using
bio-cathode of microbial fuel cells

Ruitao Li,1,4 Xiang-peng Ren,1,4 Xinxin Fan,1 Zhen Zhang,1 Tian-peng Gao,2,3,* and Ying Liu1,5,*

SUMMARY

Recent advancements in microbial fuel cells (MFC) technology have significantly contributed to the devel-
opment of bio-cathode denitrification as a promising method for eco-friendly wastewater treatment. This
study utilized an efficient repeated replacement method to enrich a mixed bio-cathode denitrifying cul-
ture (MBD) within a bio-cathode MFC, achieving a stable maximum output voltage of 120 G 5 mV and
a NO3

�-N removal efficiency of 69.99 G 0.60%. The electrotrophic denitrification process appears to
be facilitated by electron shuttles. Microbial community analysis revealed a predominance of Proteobac-
teria, with Paracoccus and Pseudomonas as functional genera. Additionally, the isolated strain Lyy
(belonging to Stutzerimonas) from MBD demonstrated exceptional denitrification efficiencies exceeding
98% when treating wastewater with a broad range of C/N (2–12) ratios and KNO3 concentrations
(500–3000 mg/L) within 60 h. These results demonstrated the effectiveness of the repeated replacement
method in enriching bio-cathode denitrifiers and advancing MFC application in sustainable wastewater
management.

INTRODUCTION

The growing prevalence of nitrogen pollution, driven by industrial development and enhanced living standards, emphasizes the urgent need

for effective denitrification processes. The significance of the carbon-to-nitrogen (C/N) ratio as a critical parameter in denitrification is well-

established, with practical ratios typically ranging from 8 to 15, in contrast to the theoretical optimum of 3.84.1,2 Adding extra carbon as an

electron donor and energy source can lead to resource depletion and the potential of secondary pollution. Therefore, minimizing carbon

source input in denitrification processes is essential for the effective treatment of nitrogenous wastewater.

Microbial fuel cells have emerged as a promising technology for sustainable wastewater treatment, leveraging electroactive microorgan-

isms to convert pollutants into electricity3,4 and poised to significantly contribute to sustainable energy initiatives. While substantial progress

has been made in the exploration of anode materials, structures, electroactive microorganisms, and electron transfer mechanisms, the effi-

ciency of the cathode remains a primary bottleneck hindering the advancement of MFC technology.5 The development of bio-cathode tech-

nology offers a compelling solution to these challenges, enhancing the overall performance of MFC. Bio-cathodes exhibit a diverse range of

functionalities, including denitrification, chromium reduction, and the synthesis of value-added organic compounds.6,7 By leveraging the

unique ability of bio-cathodes and cathodic electrotrophic microorganisms to directly utilize electrons from electrodes as electron donors,8

these systems facilitate the conversion of oxidized substances such as ammonia nitrogen, nitrate nitrogen, and nitrite nitrogen into harmless

N2 through microbial metabolic reactions.9,10 With microorganisms acting as catalysts, bio-cathodes present a cost-effective alternative to

conventional metal catalysts, significantly reducing operational and maintenance costs by preventing issues associated with poisoning

and deactivation.5 Moreover, bio-cathodes enable the utilization of electrons generated from the degradation of anode organic pollutants

to drive electrotrophic reduction reactions, such as electrotrophic denitrification, thereby substantially decreasing the consumption of carbon

sources. This capability holds tremendous promise for enhancing both the efficiency and environmental sustainability of MFC technology.

Recent researchonbio-cathodedenitrification has garnered significant attention, indicating thepotential of nitrate and nitrite tonot only facil-

itate current generation but also to eliminate organic and nitrogen-containing pollutants.11,12Many studies have concentrated on utilizingmixed

microbial communities for bio-cathode denitrification, focusing on refining reactor design, optimizing operational parameters, and investigating
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the effects of pH and conductivity on reactor performance.2,13,14 Additionally, research has explored the microbial community structure of

biofilms to enhance the efficiency of bio-cathode denitrification.15,16 Despite the promising catalytic roles of bio-cathodic microorganisms in

cathodic reduction,17 the slow acclimation process-potentially lasting up to twomonths18,19—poses a considerable challenge for understanding

and improvingMFC performance. A primary obstacle to this process is the sluggish growth of reducible electroactive bacteria on the electrode,

often hindered by a negative charge that impedes their enrichment.20 Currently, no standardizedmethod exists to enhance bio-cathode perfor-

mance and stabilitywhile concurrently reducingpreparation time.Althougha combination of selection, domestication, andapplied voltageculti-

vation techniques has been explored,21 studies indicate that cultivating under heterotrophic conditions at a reversing potential can reduce bio-

cathode preparation time to under 30 days20—yet this duration remains substantial. Hence, there is a pressing demand for further research into

methods formicroorganismenrichment inbio-cathodes,which isessential forpromotingMFCtechnologyasasustainable solution forwastewater

treatment.

Currently, Stutzerimonas stutzeri (also known as Pseudomonas stutzeri) from the Pseudomonadaceae family22 has attracted considerable

attention due to its versatile properties and biodegradation capabilities, particularly in marine and contaminated environments.

Notably, Chen et al.23 demonstrated that S. stutzeri A1501 could produce extracellular NH4
+ without the need for chemical suppression

or genetic manipulation, relying solely on an electrode as the sole electron donor. Additionally, Yamada et al.24 investigated the extracellular

electron transfer (EET) of S. stutzeri JCM5965, demonstrating its ability to convert NO3
� to N2 in a lithotrophic medium using Fe2+ as the

electron donor. Despite its notable nitrogen fixation and denitrification potential, further exploration is required to elucidate its specific

role in bio-cathode denitrification within MFC.

In this study, a mixed bio-cathode denitrifying culture named MBD was enriched from a consistently operational MFC bio-cathode. The

MBD exhibited both electricity generation capability and efficient nitrogen removal in the bio-cathodewithout the addition of organic carbon

sources. Furthermore, a facultative anaerobic strain named Lyy was isolated and identified from theMBD, and its denitrification characteristics

under various culture conditions were investigated.

RESULTS AND DISCUSSION
The enrichment of mixed denitrifying cultures using bio-cathode MFC

The enrichment of the MDB was initiated by inoculating 10 mL of cultured sludge into a bio-cathode MFC, with residual acetate in denitri-

fication medium (DM) serving as the sole additional organic carbon source in cathode during the enrichment process. Over several batch

cycles, the cathodemediumwas replaced with DECAmediummore than three times to effectively reduce the C/N ratio till 0, thereby shifting

the electron donor from organic matter to electricity using the cathode.7 Notably, the maximum output voltage of the MFC stabilized at

112 G 3 mV over 100 h (Figure S1), indicating the successful enrichment of electroactive microorganisms on the cathode. Furthermore, re-

placing the medium without adding an organic carbon source proved effective in enhancing the relative abundance of electroactive micro-

organisms within the microbial community.7 As a result, bacteria unable to utilize the cathode electrode as an electron donor were gradually

phased out, contributing to the successful enrichment of MDB culture.

Following the enrichment phase, the carbon felt electrode containing the mixed culture was transferred from the cathode chamber, under

anaerobic conditions, to a new cathode chamber for further investigation. After three consecutive medium replacements, the maximum output

voltage stabilizedat 120G 5mV,maintaining this stability for over 380h (Figure1A), which indicated the robust stability of theMBD.Furthermore,

itwas observed that theMFCcontinued togenerateelectricity after replacing 90%of the anodemedium (without replacing the cathode),with the

voltagerising to101mVwithin24h (FigureS2).Concurrently,denitrificationcontinued (Figure1B), suggestingthat the replenishmentof theanode

carbon source hadminimal impact onbio-cathodedenitrification, as this theprocess could persist as long as electronswere supplied. These find-

ings indicated the stability of MBD and the effectiveness and robustness of the enrichment strategies within the bio-cathode MFC.

The nitrogen removal efficiency (calculated from the standard curve of Figure S6) of the bio-cathode MFC inoculated with the MBD-without

additional electron donor=was analyzed and presented in Figure 1B.When the cathode served as the sole electron donor, the average removal

rateandefficiencyofNO3
�-Nwere0.584G 0.008mg/L/hand69.988G 0.598%, respectively.These results indicated that theelectronsgenerated

fromtheanodewereeffectively transferred to thecathodeviaa copperwire, enabling thedenitrifyingmicroorganisms toutilize theseelectrons for

denitrification.Notably, Dinget al.7 demonstrateda comparableNO3
�-N removal efficiency of nearly 70%without the addition of organic carbon

sources by gradually reducing the C/N ratio through fourteen consecutive medium replacements. In this study, a similar denitrification efficiency

was achieved after only two batches of enrichments (totally six medium replacements), demonstrating the expedited effectiveness of the directly

enrichment strategies without organic carbon sources, thereby significantly reducing the time required for enriching cathodic functional flora.

The electrotrophic denitrification reaction of the MBD was characterized using a three-electrode system. Chronoamperometry was con-

ducted at a potential of�0.3 V (vs. SCE) (Figure 2A), while differential pulse voltammetry (DPV) scans were performed at different periods. As

illustrated in Figure 2B, a peak was observed at�0.08G 0.05 V, which exhibited an increase during the operation. Based on relevant research,

it is speculated that the MBD possesses the ability to secrete electron shuttles, such as phenazines.23,25 The efficient removal of NO3
�-N indi-

cated the robustness of the electrotrophic denitrification mediated by MBD, and the identification of potential electron shuttles phenazines

could play a crucial role in electron transfer pathways.

Microbial-community analysis of MBD

The microbial community composition of the MBD was investigated by using various molecular biology methods. The results revealed that

Proteobacteria emerged as the dominant phylum, comprising 92.243% of the community, while Paracoccus (77.237%) and Pseudomonas
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(13.448%) were identified as the predominant functional genera in the MBD (Figures 3 and S3). These findings align with the previous

research26–28 that has confirmed the prevalence of Proteobacteria as the primary bacteria in both the cathodic and anodic biofilms of

MFC.29,30 Additionally, a significant portion of autotrophic nitrifying bacteria belonging to the Proteobacteria phylum contributes critically

to nitrogen cycling in MFC system.30,31 Paracoccus has been recognized as a key functional bacteria associated with denitrification, with ev-

idence indicating an increase in its relative abundance during the enrichment process,27 suggesting its pivotal role in the denitrification pro-

cess of MBD. Furthermore, Pseudomonas, a prominent member of the Proteobacteria, is well-known for its capability to degrade complex

substrates and facilitate denitrification.28,32 Certain strains of Pesudomonas can utilize various electron acceptors, including electron/NO3
�/

O2/H2, to directly reduce nitrogen into nitrogenous gases.7,30 This indicates a significant role for Pseudomonas in electrotrophic reduction

processes and in the inward EET within the bio-cathode.

Isolation and identification of facultative anaerobic denitrifier strain Lyy

The strain isolated and identified from the MBD through serial dilution, named Lyy, was confirmed to be Stutzerimonas stutzeri via PCR and

16S rDNA sequencing analysis. A comparison of the obtained sequenceswith those in theNCBI database was conducted usingMEAG11, and

a phylogenetic tree was constructed utilizing the maximum likelihood method (as shown in Figure 4). Results demonstrated a close relation-

ship between strain Lyy and S. stutzeri DSM 4166 and P. stutzeri A1501, exhibiting 100% sequence similarity. Previous research has indicated

that S. stutzeri strainsmay possess capabilities for denitrification, nitrogen fixation, and secretion of electron shuttles,23,24 providing a basis for

further exploration of the nitrogen cycle and electron transfer capabilities of strain Lyy.

Denitrification characteristics of strain Lyy under different conditions

Effect of C/N ratio on denitrification performance of strain Lyy

The effects of different C/N ratios on denitrification were evaluated in the growth medium, as illustrated in Figures 5A and S4A and

detailed in Table S3. At the C/N ratio of 2, primarily due to limitations in carbon source,33 the maximum optical density at 600 nm

(OD600 nm) was only 0.07 G 0.003. Despite achieving a notable 98.18 G 0.39% removal of NO3
�-N, the accumulation of NO2

�-N reached

Figure 1. The performance of MBD in bio-cathode MFC (operated at a load resistance of 1000 U, the arrows indicating the medium replacement, and

without organic carbon source in the cathode chamber)

(A) The voltage output of MBD.

(B) NO3
�-N concentration, NO2

�-N concentration, and TN removal efficiency of the MFC (values are means G SD [error bars] for three replicates).

ll
OPEN ACCESS

iScience 27, 110965, October 18, 2024 3

iScience
Article



113.28 G 0.19 mg/L, resulting in a total nitrogen (TN) removal efficiency of less than 21%. These findings suggested that under carbon

limitation conditions, NO3
�-N was preferentially reduced before NO2

�-N, which corroborates observations in Pseudomonas stutzeri

HK13.34 As the C/N ratios increased—specifically at ratios of 4, 6, 8, 10, and 12—nitrogen removal efficiencies exceeded 98%. The re-

sults indicated that the most rapid consumption of NO3
�-N occurred at a C/N ratio of 4, signaling this ratio as optimal for denitrification

of strain Lyy. Previous studies have demonstrated the significantly impact of C/N ratios on pollutant removal and by-product

formation. Huang et al.35 observed that increasing the C/N ratio enhanced nitrate removal in MFC while simultaneously inhibiting

nitrite accumulation. These findings suggested that the denitrification capability of strain Lyy can be optimized with a lower optimal

C/N ratio of 4, as opposed to other reported strains that typically require a C/N ratio of 834. This characteristic could potentially reduce

carbon source consumption and processing costs, making strain Lyy a promising candidate for applications in sustainable wastewater

treatment.

Effect of initial pH on denitrification performance of strain Lyy

pH plays a significant role in influencing both the denitrification ability and cell growth. As illustrated in Figures 5B and S4B and outlined in

Table S3, the optimal pH for denitrification by strain Lyy was determined to be 8. Under these conditions, a TN removal efficiency of 97.70G

0.16% was achieved within 36 h, with an average NO3
�-N removal rate of 2.27 G 0.01 mg/L/h, which surpassing the rate observed for

P. tolaasii Y-11 (1.99 mg/L/h).36 Conversely, lower pH levels negatively impacted both the growth and denitrification capabilities of strain

Lyy, consistent with findings from the previous studies.34,37 Limited cell growth was noted at pH levels of 4, 5, and 6, where the TN removal

efficiency fell below 16% over 60 h. In contrast, efficient denitrification by strain Lyy was observed within a pH range of 7�9, in which TN

removal efficiency consistently exceeded 93% within 60 h with no detectable nitrite accumulation. Alkaline growth conditions were beneficial

for enhancing the denitrification performance of strain Lyy. However, increasing the pH to 9 resulted in a decrease in TN removal efficiency

(93.28G 0.17%) and a lowerOD600 nm (0.11G 0.003), in comparison to pH 8, where the TN removal efficiencywas 97.70G 0.16% andOD600 nm

Figure 2. The electrochemical properties of MBD (with nitrate as electron acceptor, in a three-electrode system, �0.3 V, vs. SCE)

(A and B) Chronoamperometry. (B) DPV.
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was 0.12 G 0.01. These observations align with previous studies indicating that both nitrate removal and cell growth declined when the pH

exceeds 8.6.38

Effect of incubation temperature on denitrification performance of strain Lyy

In Figures 5C and S4C and Table S3, it is evident that strain Lyy achieved its highest denitrification efficiency at a temperature of 35�C, with
NO3

�-N and TN removal efficiency reaching 99.41G 0.04% and 99.34G 0.05%within 60 h, respectively. Notably, even at a lower temperature

of 20�C, strain Lyy demonstrated notableNO3
�-N removal efficiency of 98.37G 0.17%within 84 h (Figure S5), demonstrating its ability to grow

and denitrify effectively at lower temperatures. Conversely, at elevated temperatures, such as 45�C, both the NO3
�-N removal efficiency and

cell growth of strain Lyy were significantly hindered due to the denaturation of enzyme structure. At 40�C, the OD600 nm value of strain Lyy

decreased to 0.05 G 0.004, while the NO3
�-N removal efficiency remained high at 100%, the TN removal efficiency dropped to only

20.43% in 60 h, primarily due to the accumulation of NO2
�-N. These results indicated that nitrite reductase is more temperature-sensitive

than nitrate reductase, with elevated temperature exerting a more pronounced effect on nitrite reductase activity, being consistent with pre-

vious findings.39 Furthermore, strain Lyy exhibits a broader temperature range (20–40�C) for growth and denitrification compared to P. stutzeri

XL-2 (25–35�C).40

Effect of NO3
�-N concentration on denitrification performance of strain Lyy

As illustrated in Figures 5D and S4D and Table S3, strain Lyy exhibited varying denitrification capabilities across a range of initial KNO3 con-

centrations (500–3000 mg/L). The optimal denitrification and growth performance was observed at the KNO3 concentration of 2000 mg/L,

where the maximum OD600 nm reached 0.16 G 0.01, and the NO3
�-N and TN removal efficiency were 98.58 G 0.03% and 98.47 G 0.03%,

respectively. The denitrification rate gradually increased with the increasing concentration of KNO3 (500–3000 mg/L), with NO3
�-N removal

Figure 3. The species relative abundance of the top 10 microorganisms in MBD

(A and B) phylum level.

(B) genus level.
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efficiencies consistently exceeding 95%. Complete TN removal was achieved at concentrations below 2000 mg/L of KNO3 within 60 h. How-

ever, in the concentration range of 2000�3000mg/L, preferential removal of NO3
�-N occurred due to its higher redox potential compared to

NO2
�-N. This preferential removal led to concentration-dependent accumulation of NO2

�-N, further NO3
�-N and TN removal efficiency of

97.05G 0.04% and 53.09G 0.06%, respectively, at 3000 mg/L of KNO3. These results suggested that strain Lyy can effectively perform deni-

trification across a broad of KNO3 concentration range (500–3000 mg/L), while concentration inhibition did not significant impact the related

performance, and higher concentration required longer reaction times.

Effect of dissolved oxygen on denitrification performance of strain Lyy

Table S3 illustrated the impact of dissolved oxygen on the denitrification process for strain Lyy. Under aerobic conditions, with a continuous

oxygen supply, strain Lyy reached amaximumOD600 nm of 0.50G 0.003. However, the removal efficiencies for NO3
�-N and TNwere relatively

low at 29.53G 0.05% and 22.42G 0.05%, respectively. In contrast, under anaerobic culture conditions, strain Lyy exhibited a lower maximum

OD600 nm of 0.07G 0.004, but significantly higher TN removal efficiencies of 98.53G 0.16% within 60 h, with no detectable NO2
�-N accumu-

lation. The average TN removal rate, maximum TN removal rate and TN removal efficiency under anaerobic condition were notably higher—

3.06, 3.26, and 3.34 times, respectively—compared to aerobic conditions. This indicates the superior denitrification performance of strain Lyy

in anaerobic environments. The presence of dissolved oxygen facilitated cell growth but also consumed carbon sources as the primary elec-

tron acceptor, resulting in lower nitrogen removal efficiency.34 These results indicated that strain Lyy is a facultative anaerobic denitrifier

capable of thriving and denitrifying efficiently in both aerobic and anaerobic conditions, with a clear preference for denitrification under

anaerobic setting.

Overall, the results indicated that strain Lyy demonstrated efficient denitrification ability, achieving a NO3
�-N removal efficiency over

93% across various conditions, including C/N ratio of 2�12, pH levels of 7�9, temperature ranging from 20�C to 40�C, initial KNO3 con-

centration of 500�3000 mg/L, and under anaerobic conditions with acetate as the carbon source. The optimal conditions for achieving

complete denitrification (TN removal efficiency >98%) were identified as the C/N ratio of 4, pH of 8, temperature of 35�C, and KNO3

concentration of 2000 mg/L. These findings indicated the significant potential of strain Lyy for highly efficient denitrification in waste-

water treatment, particularly with low C/N ratios (2–6) and high-nitrate concentrations (KNO3 500–3000 mg/L), making it a promising

candidate for nitrogenous wastewater treatment.

Conclusion

In this study, an effective method of continuous replacement was used to enrich a mixed bio-cathode denitrifying culture (MBD) within a bio-

cathode MFC. The MBD exhibited remarkable stability, maintaining a maximum output voltage of 120G 5 mV over 400 h under a load resis-

tance of 1000 U. Furthermore, the MBD achieved a notable NO3
�-N removal efficiency of 69.99 G 0.60% without requiring supplementary

organic carbon sources. This finding suggests that electron shuttles likely play a crucial role in the electrotrophic denitrification process

through the bio-cathodes. Microbial-community analysis revealed that Proteobacteria was the dominant phylum, with Paracoccus and Pseu-

domonas identified as the dominant genera within the MBD. Additionally, a facultative anaerobic denitrifier strain, named Lyy, was

Figure 4. Phylogenetic trees of strain Lyy based on 16S rDNA sequences
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successfully isolated from the MBD and identified as Stutzerimonas stutzeri through 16S rRNA analysis. Strain Lyy exhibited impressive deni-

trification capabilities, achieving NO₃�-N removal efficiencies exceeding 93%, effectively treating wastewater with wide range of C/N ratios

(2–12) and KNO3 concentrations (500–3000 mg/L) in 60 h. These results indicated the efficiency and convenience of the enriching method

employed using bio-cathode MFC system, demonstrating its promising application in sustainable wastewater treatment in the future.

Limitations of the study

While convenient methods have successfully facilitated the enrichment of bio-cathode denitrifying cultures, there remains a significant gap in

our understanding of intra-community cooperation and reverse extracellular electron transfer. These interactions could provide insights into

how microbial communities function synergistically in the bio-cathode system. Additionally, the bio-cathode system has considerable opti-

mization potential that has yet to be fully realized. Future research should focus on exploring the effectiveness of bio-cathode systems in treat-

ing real wastewater over extended operational durations. Furthermore, integrating diverse functionalities in the anodes, such as the ability to

degrade cellulose or remove phenolic compounds, is critical for enhancing treatment efficacy across various polluted environments. Ulti-

mately, a deeper understanding of microbial interactions, along with targeted optimizations, could significantly advance the development

and application of bio-cathode MFCs in sustainable wastewater treatment.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ying Liu (liuy0512@hotmail.com).

Materials availability
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Figure 5. Effect of different conditions on the concentration changes of NO3
�-N (Values are means G SD [error bars] for three replicates)

(A–D) different C/N, (B) different pH, (C) different temperature, and (D) different NO3
�-N concentration.
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental methods typical in the life sciences.

METHOD DETAILS

Culture mediums and enrichment of MBD

The initial inoculum was activated sludge obtained from the anoxic tank of a coking wastewater plant in Shanxi Province, China. The sludge

(1 mL) was then transferred into 20mL serum vials containing denitrificationmedium (DM) and incubated at 37�C in the incubator for 60 h. The

DM medium used for enrichment and denitrification contained: 0.6 g/L KH2PO4, 1.64 g/L CH3COONa, 1 g/L KNO3, 1 g/L NaHCO3, 0.1 g/L

KCl, 0.1 g/L CaCl2, 0.2 g/L MgSO4, 5 mL vitamin solution (Table S1) and trace mineral solution (Table S2), respectively.25,41

Following three rounds of directional cultivations with acetate and KNO3, 10 mL of the enriched culture was inoculated into the bio-cath-

ode MFC, the medium was replaced whenever the voltage dropped below 20 mV until stabilization to further enrich the bio-cathode

denitrification culture. The cathode denitrification medium (DECA) used in the MFC structure contained25: 6 g/L KH2PO4, 3 g/L Na2HPO4,

0.5 g/LNaCl, 1 g/L KNO3, 1 g/LNaHCO3, 0.1 g/L KCl, 0.1 g/L CaCl2, 0.2 g/LMgSO4 and 5mL vitamin solution (Table S1). The anodic inoculum,

G. sulfurreducens PCA, was purchased from Deutsche Sammlung vonMikroorganismen und Zellkulturen GmbH. The growth NBmedium for

G. sulfurreducens PCA contained: 1.5 g/L NH4Cl, 0.6 g/L KCl, 0.1 g/L MgCl2, 0.3 g/L KH2PO4, 0.1 g/L CaCl2, 5 mL vitamin solution (Table S1)

and trace mineral solution (Table S2), as the previously reported,42 with 1.64 g/L acetate and 4.64 g/L fumaric acid as the electron donor and

acceptor, respectively. The cultures were maintained anaerobically at 37 G 1�C after sparging with N2 for 20 min and adjusting to pH 7.2.

Concentrations of NO3
�-N and NO2

�-N were measured every 12 h to evaluate the denitrification ability of the mixed culture. After more

than five batches, the MBD with power generation and denitrification capabilities was obtained. DNA extraction was performed using small

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Strain Lyy This paper –

G. sulfurreducens PCA Deutsche Sammlung von Mikroorganismen

und Zellkulturen GmbH

GenBank: GCA_000007985.2

Chemicals, peptides, and recombinant proteins

Carbon felt Beijing Sanye Carbon –

Carbon sheets Beijing Sanye Carbon –

Saturated calomel reference electrode Shanghai Chenhua Instrument CHI 150

Potassium nitrate (KNO3) Guangdong Guanghua Technology CAS: 7757-79-1

Sodium bicarbonate (NaHCO3) Sinopharm Chemical Reagent CAS: 144-55-8

Proton membrane DuPont Nafion� N117

Sodium acetate (CH3COONa) Guangdong Guanghua Technology CAS: 127-09-3

Critical commercial assays

16S rDNA sequencing Qingke Biotech https://www.tsingke.com.cn/

Deposited data

KEITHLEY 2700 Saifan Optoelectronic Instrument www.tek.com.cn/

Software and algorithms

Mega 11 Molecular Evolutionary Genetics Analysis www.megasoftware.net/

Origin 2019b Originlab https://www.originlab.com/

Other

Anaerobic operating box LAI-3-T Longyue Instrument Equipment https://longyuesh.com/

Cary 60 UV-Vis Agilent Technologies Inc. www.agilent.com.cn/

VMP-3 Multichannel Potentiostat Bio-Logic Science Instruments https://www.biologic.net/
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sections of cathode carbon felt upon reaching the maximum output voltage of MFC. Subsequently, the microbial community was character-

ized using 16S rDNA gene amplification sequencing technology (Tsingke Biotech, China).

System construction and operation

A dual-chamber MFC with a volume of 120 mL was constructed as described in previously reported.25,42 A proton exchange membrane

(Nafion 117; DuPont, USA) was used to separate the two chambers. Carbon rod (geometric area of 3.93 cm2) and carbon felt (effective

area of 10.5 cm2) connected to a copper wire was used as the anode and cathode electrode, respectively. The anode chamber was filled

with NBA medium (NB medium with 1.64 g/L acetate as electron donor) and inoculated with 10 mL of G. sulfurreducens PCA culture, while

the cathode chamber was filled with 100 mL DECA medium and inoculated with 10 mL of the enriched culture. The output voltages of MFC

were recorded using a Keithley instrument (model 2400) with a 1000 U resistance connected in the circuit.

A half-cell experiment using a three-electrode system (�0.3V vs. SCE) was performed on a 16-channel potentiostat (VMP-3, Bio-Logic Sci-

ence Instruments, France) to investigated the electrotrophic denitrification performance of MBD.25 The graphite plate (geometric area of

2.2 cm2) was used as the work and counter electrode, respectively. A saturated calomel reference electrode (SCE, 0.244 V vs. SHE) was

used to measure the potential. Differential pulse voltammetry (DPV) was carried out at a scan rate of 4 mV$s�1 from �0.7 V to 0.7 V. All ex-

periments were performed anaerobically at 30 G 1�C unless otherwise stated.

Isolation of single strain and 16S rRNA gene-based identification

Serial dilutions (10�, 10�1, 10�2, 10�3, 10�4) of the MBD were anaerobic inoculated onto solid DM medium (1.2% agar) with 1.64 g/L acetate

and 1.50 g/L KNO3 at 37G 1�C.34,43 Then single colonies were selected and analyzedmultiple times to ensure the purity of the isolated strain.

The isolated strain was then inoculated into DMmediumand incubated at 37�C for 60 h to evaluate its denitrification capabilities.34 For further

characterization, a single colony was suspended in 10 mL of deionized water for PCR analysis. The amplification reaction was conducted using

the forward primer 27F (50-AGAGTTTGATCCTGGCTCAG-30) and the reverse primer 1492R (50-GGTTACCTTGTTACGACTT-30).43 The ampli-

fied 16S rDNA sequence was compared with existing sequences in the NCBI database.

Denitrification characteristics under different conditions

The denitrification characteristics of the isolated single strain were investigated under various culture conditions, includingC/N ratio, pH, DO,

and temperature. The C/N ratios were adjusted to 2, 4, 6, 8, 10, and 12 by different acetate feeding, respectively. The temperatures of the

incubator were adjusted to 20, 25, 30, 35, 40, and 45�C. The initial pHs were respectively adjusted to 4, 5, 6, 7, 8 and 9; The KNO3 concentration

were respectively adjusted to 500, 1000, 1500, 2000, 2500, and 3000 mg/L.

All the above experiments were conducted triplicate in serum vials with 50 mL of DM medium and 5% (v/v) inoculation (with non-inocu-

lation medium as controls), and all the incubatedmediumwith a constant NO3
�-N concentration was cultivated at 35�C pH 7.2 for 60 h unless

specified. Samples were periodically obtained to measure the OD600 nm, NO3
�-N, NO2

�-N, and total nitrogen (TN) removal.

Analysis of nitrogen removal

Sampled were taken periodically and centrifuged at 12,000 rpm with a 0.22 mm membrane filtration. NO3
�-N, and NO2

�-N concentrations

were determined by the ultraviolet spectrophotometry and the diazotization-coupling reaction method44 using a spectrophotometer

(Cary 60 UV-Vis, Agilent, United States) respectively. Total nitrogen (TN) was defined as the sum of NO3
�-N and NO2

�-N. NO3
�-N removal

efficiency (h,%) and TN removal rate (v, mg/L/h) were calculated as follows34:

h = ðC0 � CtÞ =C0 3 100% (Equation 1)

n = ðC0 � CtÞ = t (Equation 2)

where t is the total time for the incubation (h), C0 is the initial concentration (mg/L), and Ct is the final concentration at time t.

QUANTIFICATION AND STATISTICAL ANALYSIS

The output voltages of MFC in Figure 1A were recorded using a Keithley instrument (model 2400), the data of chronoamperometry in Fig-

ure 2A andDPV in Figure 2Bweremeasured by a 16-channel potentiostat (VMP-3, Bio-Logic Science Instruments, France). Statistics of electro-

chemical properties in Figures 1A and 2, denitrification performance in Figures 1B and 5, and species relative abundance in Figure 3 were

performed using Origin 2019b. Statistics of sequencing in Figure 4 were performed using Mega 11 via the Maximum Likelihood method.

All data of denitrification performance were presented as the mean G standard deviation.
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