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Microbial fuel cells (MFCs) have been tentatively applied for wastewater treatment, but the presence of nitrogen, especially nitrate, induces performance instability by changing the composition of functional biofilms. A novel denitrifying exoelectrogenic strain EB-1, capable of simultaneous denitrification and electricity generation and affiliated with Mycobacterium sp., was isolated from the anodic biofilm of MFCs fed with nitrate containing medium. Polarization curves and cyclic voltammetry showed that strain EB-1 could generate electricity through a direct electron transfer mechanism with a maximum power density of 0.84 ± 0.05 W m−2. Additionally, anodic denitrification, as a concurrent metabolism, was demonstrated with an efficient removal rate of 0.66 ± 0.01 kg N m−3 d−1 at a COD/N ratio of 3.5 ± 0.3. Importantly, voltage output was not negatively influenced by nitrate, indicating that the concurrent process of nitrate removal and electricity generation was a limitation of the electron donor rather than an inhibition of the system. Furthermore, various organic materials were successfully utilized as anode donors for strain EB-1, and demonstrated the exciting performances in terms of simultaneous denitrification and electricity generation. Mycobacterium sp. EB-1 thus expands the diversity of exoelectrogens and contributes to the potential applications of MFC for simultaneous energy recovery and wastewater treatment.
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INTRODUCTION

During the past two decades, microbial fuel cells (MFCs) have drawn global attention since they exhibit a high potential for pollutant removal and power generation. In MFCs, electrogenic bacteria oxidize organic pollutants and release electrons to the anode. Then electrons flow through the external circuit to the cathode, react with certain acceptors, and generate electricity. (Wang H. M. et al., 2015).

Wastewater treatments using MFCs mainly focus on organics removal; however, nitrogen is also present in wastewater and poses a considerable threat to lakes and other natural water bodies. Therefore, it is necessary to construct an MFC for simultaneous removal of organics and nitrogen. Recently, efficient nitrogen removal has been achieved at both the biocathode of dual-chamber MFCs (Virdis et al., 2010; Mook et al., 2013; Sevda and Sreekrishnan, 2014) and single-chamber membraneless MFCs (Yan et al., 2012; Zhang et al., 2013; Wang Z. J. et al., 2015). Nevertheless, studies on nitrate reduction (anodic denitrification) in MFCs are scarce. For example, the feasibility of coupling anodic denitrification with electricity production in MFCs was demonstrated, and anodic biofilms were found to be predominated by a significant number of nitrate-reducing microorganisms (denitrifying bacterium) (Huang et al., 2018). Therefore, it is important to study whether exoelectrogens possess the ability of denitrification simultaneously with anode respiration (where intracellular electrons are transferred to the anode by bacteria and later flow through the external circuit to the cathode for electricity generation) in MFCs and determine the reaction mechanisms in the presence of nitrate.

To date, the effect of nitrate on electricity generation by exoelectrogens has not been determined. Few studies have reported that denitrifying exoelectrogens conduct denitrification as a facultative metabolism in bioelectrochemical systems (BESs) (Xing et al., 2010; Fu et al., 2013; Kashima and Regan, 2015). The power output of MFCs with Comamonas denitrificans (Xing et al., 2010) or Calditerrivibrio nitroreducens (Fu et al., 2013) was found to be decreased when nitrate was added to the anode chamber of MFCs, suggesting that the change in metabolic pathway affected the electricity performance negatively. Kashima and Regan (2015) subsequently reported that anodic denitrification and anode respiration shifted rapidly according to nitrate concentration in a BES inoculated with the anode-respiring bacterium Geobacter metallireducens, and that the current output of an MFC was strongly inhibited when the nitrate concentration was above the critical level (0–56 mg N L−1). The critical nitrate concentrations have a significant relationship with the biofilm protein concentrations of anode biofilms, without being appreciably impacted by the anode potential. When anode biofilms were exposed to nitrate concentrations less than the critical level, simultaneous denitrification and anode respiration were observed. Besides the mentioned exoelectrogens, other denitrifying exoelectrogens such as Shewanella oneidensis (Cruz-Garcia et al., 2007), Pseudomonas aeruginosa (Manogari and Daniel, 2015; Nor et al., 2015) and Ochrobactrum anthropic (Zuo et al., 2008) also possess the ability of denitrification, but their performance in power generation is unclear.

Theoretically, an MFC with denitrifying exoelectrogens can perform simultaneous denitrification and electricity generation, because facultative denitrifying exoelectrogens possess two independent electron transfer mechanisms conducted by different cytochromes located in the cytoplasmic and outer membranes, catalyzing denitrification and extracellular electron transfer, respectively (Korner and Zumft, 1989; Khan and Sarkar, 2012; Kumar et al., 2016; Rajmohan et al., 2016). Furthermore, the conditions of the anode chamber satisfy the concurrent denitrification and anode respiration requirements of denitrifying exoelectrogens, including an electron donor, anoxic environment, and nitrate/electrode as an electron acceptor. Thus, denitrifying exoelectrogens could enable denitrification in the presence of nitrate, achieving simultaneous denitrification and anode respiration. However, reports have shown that low COD/N ratios significantly inhibit current generation, with no current output in MFCs (Xing et al., 2010; Fu et al., 2013; Kashima and Regan, 2015). Therefore, more studies are needed to elucidate the correlation between denitrification and anode respiration in MFC systems.

In this study, a denitrifying exoelectrogenic bacterium was isolated and identified based on 16 S rDNA gene sequencing and physiological and biochemical characterization. The electron transfer mechanism of an MFC with the isolated strain was analyzed by cyclic voltammetry (CV). The concentrations of [image: image]-N were increased gradually from around 20 to 200 mg L−1 to investigate the limitation of electron donors. Afterwards, electron consumption by denitrification and anode respiration was analyzed to characterize the anodic reactions in the denitrifying MFC. Furthermore, the electron flux was discussed to illuminate the mechanisms of concurrent anode respiration and denitrification. In addition, the effects of carbon sources on electricity generation and denitrification were investigated to simulate application in wastewater treatment.

MATERIALS AND METHODS

MFC Fabrication and Operation

A two-chambered MFC with an air cathode was constructed to evaluate the performance of the isolated strain (Supplementary Figure S1). The two chambers were separated by a cation exchange membrane (CEM Ultrex CMI-7000), and each chamber had a volume of 15 mL. In the anodic chamber, an ammonia gas pre-treated carbon fiber felt with a volume of 2 cm3 (2 × 2 × 0.5 cm) was used as the anode. A carbon cloth with a surface area of 7 cm2 was used as the cathode and was coated with 0.5 mg cm−2 Pt catalyst and four layers of poly(dimethylsiloxane) on the sides facing the solution and air, respectively (Liu Y. et al., 2016). The assembled MFC was sterilized with ethyl alcohol (70%) and dried in a hot air over for 2 h at 100°C, followed by irradiation with UV light for 1 h before inoculation (Kaushik and Jadhav, 2017). The anode and cathode were connected to an external resistor of 1 kΩ via a titanium wire, and all the exposed metal surfaces were sealed with nonconductive epoxy. The voltage across the external resistor was automatically recorded every 5 min using a 64-channel data acquisition system (PCI-1747U, Advantech Co., Ltd., China) connected to a personal computer via a PCI interface (Liu et al., 2015).

Isolation of microorganisms was conducted by dilution plating on tryptic soy broth (TSB) agar plates (Chen et al., 2016) and mineral salt medium (MSM) agar plates. The MSM used as the anolyte in the MFC comprised sodium acetate, 0.1 M phosphate buffer solution (PBS, pH 7.0), KCl 0.13 g L−1, and Wolfe's mineral solution 12.5 mL L−1. Unless otherwise stated, the concentrations of sodium acetate in the MSM agar plate and liquid medium were 2 g L−1 and 1 g L−1, respectively. Nitrate concentrations were changed according to the experiment design. MSM was purged with nitrogen gas before it was sterilized to maintain an anaerobic condition and used as the anolyte, and 100 mM sterilized PBS was used as the catholyte. All of the reactors were operated in batch feed mode and were placed in an incubator with a controlled temperature of 30 ± 1°C. The anolyte was replaced with fresh MSM when the voltage decreased to below 20 mV. Two individual MFCs with strain EB-1 were operated as parallel experiments. All tests were conducted in triplicate except for CV analysis.

Acclimatization, Isolation, and Identification of Denitrifying Exoelectrogens

The anode compartments of MFCs were firstly inoculated with a mixture (5:1 volume) of inoculum and synthetic wastewater (containing 0.72 g L−1 potassium nitrate) for enrichment and acclimatization of denitrifying exoelectrogens. The inoculum was the sediment from a heavily-polluted river in Chongqing. Once steady voltages were reached over several cycles, the nitrogen tests (including [image: image]-N, [image: image]-N, and [image: image]-N) were conducted at the end of each cycle. Until no nitrogen was detected, isolation was performed based on dilution plating and exposure to aerobic conditions for selecting facultative anaerobic strains (Xing et al., 2010). Several colonies with different characteristics were picked up from the TSB agar plate and inoculated into a fresh TSB agar plate. The plate was then placed in an anaerobic culture box until new colonies were observed. A replicate operation was conducted with cultivation on a MSM agar plate. Colonies that could grow in both aerobic and anaerobic conditions were selected for further isolation and characterization. In the end, the obtained pure isolates were inoculated into MSM with 1 g L−1 sodium acetate and 2 g L−1 potassium nitrate to observe the growth of the pure culture under anaerobic conditions This procedure was repeated until a pure culture was obtained.

The genomic DNA of the isolated strain was extracted using an Ezup pillar bacterial genome DNA extraction kit (Shanghai Sangon, China) according to the manufacturer's instructions. The 16S rDNA gene was amplified by PCR using universal primers 27F (5′- AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-CGGYTACCTTGTTACGACTT-3′). PCR amplification and product purification were performed according to a previous report (Deng et al., 2015). The 16S rDNA gene sequence was obtained and compared with the most related strains in the GenBank database using BLAST. Phylogenetic analysis was conducted in MEGA 5.0 software by the neighbor-joining method with the Jukes-Cantor correction (Sacco et al., 2017). A bootstrap resampling analysis was based on 1,000 replicates.

Electrochemical Analysis

To evaluate the electricity generating ability of the isolated strain, voltage outputs were collected. Furthermore, power densities and current densities were normalized to the cathode surface area. The polarization curve and power density were obtained by varying the external resistance from 100 to 5,000 Ω, collecting the voltage at each resistance when the MFC reached a steady state. The electrochemical activity of the isolated strain was detected by CV on a CHI 760E workstation (Shanghai Chenhua Instruments, China). A conventional three-electrode system was used. The anode and cathode were used as the working electrode and counter electrode, respectively, and sterilized Ag/AgCl as the reference electrodes were inserted into the anode chambers. Potential sweep experiments were performed at a scan rate of 1 mV s−1 from −0.6 to 0.2 V (vs. Ag/AgCl) (Fu et al., 2013). The seventh batch of MFCs operation was divided into five stages for CV analysis: (1) an initial increasing stage right after the complete replacement with fresh medium, (2) the maximum current density stage, (3) the middle point of current densities obtained in the plateau stage, (4) the decreasing stage, and (5) the end of the cycle before medium replacement.

Morphological Analysis by Electron Microscopy

The morphology of strain EB-1 attached to the anode surface was observed using a scanning electron microscope (JSM-6510LV, JEOL Co., Ltd., Japan). Samples were fixed with 2.5% glutaraldehyde for 4 h at room temperature, washed thrice with PBS (10 min/time) and dehydrated with a graded ethanol series (30, 50, 70, 80, and 90%; at 15 min stages). Next, the electrode pieces were dehydrated twice with 100% ethanol. The samples were finally coated with gold and observed using SEM (Zuo et al., 2008).

Calculation

The nitrate-reducing activity of strain EB-1 was first verified by the nitrate removal rate with initial concentrations of 20, 50, 100, and 200 mg L-1 (calculated as [image: image]-N). The acetate level remained at a theoretical COD concentration of 780.5 mg L-1. Next, samples for nitrate nitrogen ([image: image]-N), nitrite nitrogen ([image: image]-N), ammonia nitrogen ([image: image]-N) and total nitrogen were analyzed according to the Standard Methods for the Examination of Water and Wastewater using ultraviolet spectrophotometry (TU-1901, PGeneral Co.,Ltd, China).

Based on the aforementioned experiments, electron fluxes in the anode chamber were investigated in the presence of nitrate at different levels. First, electrons are produced from acetate oxidation as per equation (1) called Ct; this production was calculated by the change in COD over time. Next, the investigation of electron fluxes in the anode chamber was divided into three parts: (i) Can: electrons for anode respiration were calculated by the current production over time. (ii) Cde: electrons for anodic denitrification were calculated by assuming nitrate reduction to N2 from the loss of nitrate as per equation (2). In our study, nitrite accumulation of was only examined during the reduction process, whereas it disappeared at the end of the batch experiments. (iii) Cot: the residual part of the electrons for biomass synthesis and the electrons lost for the overpotential was calculated as: Cot = Ct-Can-Cde. The coulombic efficiency (CE) of the MFC was calculated as: CE = Can/Ct×100%. The corrected coulombic efficiency (CCE) excluding the electron consumption for denitrification was calculated as: CCE = Can/(Ct-Cde) × 100%. According to the reaction equation of heterotrophic denitrifiers described as equation (3), the critical value of COD/N was calculated based on the theoretical value of per gram sodium acetate transfer into 780.5 mg COD.
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RESULTS AND DISCUSSIONS

Isolation and Identification of Strain EB-1

Once exoelectrogenic denitrifying biofilms (EDBs) were enriched from the anode of MFCs fed with acetate containing MSM, the EDBs were used to isolate denitrifying exoelectrogens using an improved method based on a dilution plating procedure (Xing et al., 2010). The single strain named EB-1 is a gram-positive, nonmotile and nitrate-reducing bacterium. The pure culture was smooth, hemispheric, and cream colored after 48 h aerobic incubation on a TSB agar plate; however, a yellow pigment was observed after 24 h light exposure (Figure 1). In the MSM agar plate, the pure culture was a small white colony. Furthermore, the strain could be grown successfully with acetate as the electron donor and nitrate as the electron acceptor after incubation for 10 days, which demonstrated much lower growth rates than with oxygen used as the electron acceptor. Strain EB-1 was further analyzed and identified using PCR and 16S rDNA sequencing. Phylogenetic analysis based on the 16S rDNA gene indicated that strain EB-1 belonged to phylum Actinobacteria and had the closest match to Mycobacterium fortuitum CT6 and Mycobacterium sp. DWMJ-628A1 (99.9% identity) (Figure 2).
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FIGURE 1. Morphology and color of strain EB-1. Picture of colonies after 48 h incubation (A) and pigment expression after 24 h light exposure on TSB agar medium (B).




[image: image]

FIGURE 2. Phylogenetic tree of strain EB-1 and closely related species based on the 16S rDNA gene. The tree was constructed using the neighbor-joining method. The bootstrap values at nodes were calculated using 1,000 replicates (only values >50% are indicated); Scale Bar = 0.1% divergence.



Based on characterization of the pigment secretion, strain EB-1 was recognized as one of the photochromogens affiliated to Mycobacterium sp., which commonly exist in biofilms of both the anode and biocathode (Liu et al., 2014; Zhang et al., 2017). Members of Mycobacterium sp. are distributed widely and have been detected in natural and processed water, sewage, and sludge (Weber et al., 2000; Liu et al., 2014). Several Mycobacterium species (e.g., M. tuberculosis, M. bovis, and M. smegmatis) have been verified to produce anaerobic nitrate reductase, an enzyme contributing to nitrate reduction (Martin et al., 2008; Huang et al., 2015). However, the exoelectrogenic activity of Mycobacterium sp. has never been investigated. To our knowledge, this is the first report that Mycobacterium genus has the ability of extracellular electron transfer, though this genus has been widely existent in biological reactors for wastewater treatment and the biocathodes of BESs (Vilajeliu-Pons et al., 2015).

The 16S rDNA sequence of strain EB-1 determined in this study has been deposited in the GenBank database with the accession number MG386273. The isolated strain EB-1 has been stored at the China Center for Type Culture Collection under depository number CCTCC M2017371.

Power Generation and Electron Transfer Mechanism of Strain EB-1

To determine the electrochemical activity of Mycobacterium sp. EB-1, the pure culture was inoculated into MFCs. Synthetic wastewater without nitrate was added into the anodic chambers. Figure 3A shows the low voltage output in the first two cycles after startup and that the voltage was rapidly increased to 450.4 mV in the third cycle. In the following cycles, the voltage was immediately recovered to the reproducible level and reached a plateau once the anolyte was replaced with fresh medium. After four cycles of operation, stable maximum voltages could be observed. A maximum power density (MPD) of 0.84 ± 0.05 W m−2 was obtained at a current density of 1.9 ± 0.01 A m−2 (Figure 3B), which was comparable to that of other pure cultures such as Citrobacter sp. LAR-1 (0.61 W m−2) (Liu L.H. et al., 2016) and Comamonas denitrificans DX-4 (0.036 W m−2) (Xing et al., 2010).
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FIGURE 3. MFC performance after startup. (A) Voltage curves of strain EB-1using acetate sodium as an electron acceptor. (B) Polarization curves and power densities as a function of current densities. (C) SEM images of the strain EB-1 biofilm on the carbon fiber felt of MFCs. Arrows show the addition of acetate sodium.



In MFCs, exoelectrogens attached to electrodes as biofilms play a key role in current generation. Currently, the two acknowledged mechanisms of electron transfer include (i) mediated electron transfer (MET) with extracellular electron shuttle or reduced secondary metabolites secreted by bacteria, and (ii) direct electron transfer (DET) by membrane-bound c-type cytochromes and / or nanowires (or conductive pili) (Reguera et al., 2005; Xu and Liu, 2011). To date, these electron transfer mechanisms in MFCs were based on two model exoelectrogens, Shewanella oneidensis MR-1 and Geobacter sulfurreducens PCA, both gram-negative bacteria. The electron transfer mechanisms of gram-positive exoelectrogens have not been thoroughly investigated.

In this section, the electron transfer mechanism of strain EB-1 was discussed with respect to morphology and CV analysis. As illustrated in SEM images, the biofilm of strain EB-1 developed well on the anode surface (Figure 3C). Morphology analysis indicated that strain EB-1 is a rod-shaped (0.2–0.4 μm wide and 1–3 μm long) bacterium, and that a large number of nanowires touch both the surface of the anode and other cells, thus forming a nano-grid (Reguera et al., 2005). Replacement experiments also suggested that the electricity generation of strain EB-1 could be attributed to the bacteria attached to the anode rather than to soluble mediators or planktonic cells (Figure 3A).

To further investigate the electron transfer mechanism of strain EB-1, CV profiles of the anodic biofilm at five points of one full batch were collected (Figure 4). It was supposed that no accumulation of secreted mediators was obtained for the changes in oxidation peak height corresponding to those in voltage outputs. On the contrary, if mediators had been involved in the electron transfer, the oxidation peak height of stage 3 would be higher than that of stage 2, because the production, excretion, and accumulation of these secondary metabolic products would take substantial amounts of time to reach a sufficient amount for peaks in CVs (Xu and Liu, 2011). In this study, when the anolyte was replaced with fresh medium, the current density were recovered to 41.2% and 92.1% of the maximum density within 5 min and 10 min, respectively (Figure 4A). More specifically, an increase in the oxidization peak height was observed immediately at the initial increasing stage (Supplementary Figure S2). Therefore, the rapid recovery of electrochemical activity should be attributed to the direct attachment of strain EB-1 to the anode.
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FIGURE 4. One batch of current generation divided into five stages for CV analysis (A): 1. the initial increasing stage; 2. the maximum current density stage; 3. the plateau stage; 4. the decreasing stage; 5. the end of batch. CV collected at each point of one batch of the current generation (B).



Furthermore, the maximum current density was obtained at the second stage, and the obvious oxidation and reduction peak potentials of the redox pair were −0.21 V and −0.185 V (vs. Ag/AgCl electrode), respectively (Figure 4B). Another potential oxidation peak was also observed in Figure 3B, which was verified by the first derivative curve. The first derivative curve of this CV revealed that the oxidation potential sweep possesses two inflection points and only one reductive potential point (Figure 5). A similar phenomenon of CV was also obtained at the third stage. In the following stages, CV showed that the oxidation and reduction peak potentials were decreased with the decreased current densities. This strange voltammetric behavior heavily depends on the scan rate of the voltammetric experiment. The anodic electron transfer of Geobacter sulfurreducensis considered to be an archetype for direct electron transfer, showed one, two and four major redox systems for a scan rate of 50 mV s−1, 5 mV s−1, and 1 mV s−1, respectively (Fricke et al., 2008). Even regarding microbial cell membranes, bacterial cultures may contain several redox active species that do not necessarily contribute to the bioelectrocatalytic current flow. A similar phenomenon of CV was also obtained at the third stage.
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FIGURE 5. First derivatives of the voltammetric curves over the potential at the second and third stage, respectively.



This reductive potential is close to the outer membrane multiheme c-type cytochromes OmcA of −0.201 V in Shewanella oneidensis (Meitl et al., 2009) or the cytoplasmic membrane multiheme c-type cytochromes CymA of −0.229 V in Shewanella frigidimarina (Field et al., 2000). Therefore, it is suggested that electricity generation of strain EB-1 in the MFC was probably mediated by cell-bound outer membrane proteins. Overall, the electron transfer mechanism of strain EB-1 should be considered to be direct electron transfer.

Simultaneous Electricity Generation and Denitrification in MFCs With EB-1

Different power generation cycles of MFCs with strain EB-1 were demonstrated with [image: image]-N concentrations ranging from 0 to 200 mg L−1. As shown in Figure 6A, the duration of each cycle was shortened with the increasing [image: image]-N concentration, whereas the maximum voltage output (Vmax) was rarely affected. The concurrent processes of denitrification and anode respiration are thus a limitation of the electron donor rather than an inhibition of the system. In our system, the anode and cathode was connected with a fixed external resistance of 1 kΩ, demonstrating the limited rate of extracellular electron transfer for anode respiration. Calditerrivibrio nitroreducens strain Yu37-1, as a nitrate reducer, strongly inhibited current generation with 20 mM nitrate (280 mg L−1 [image: image]-N) (Fu et al., 2013). The external resistance between the anode and cathode was 100 Ω. Another denitrifying exoelectrogen, Comamonas denitrificans DX-4, also produced decreased voltage when 10 mM nitrate was added to the anolyte of a MFC with 1 kΩ external resistance (Xing et al., 2010). Inhibition of current generation by nitrate was also confirmed in a bioelectrochemical system, whereas simultaneous anode respiration and denitrification were realized in our research. The concurrent metabolism of anode respiration and denitrification was possibly related to the electron fluxes (Fu et al., 2013; Kashima and Regan, 2015). In addition, through the domestication process, the nitrate in the anolyte induces denitrification gene expression and stimulates a series of enzymes synthesis in strain EB-1, which finally lead to denitrification in the MFC. In analogous systems, the exoelectrogen Thermincola potens coupled acetate oxidation to the reduction of hydrous ferric oxides in the anode chamber, showing simultaneous electricity generation and metal reduction in MFC. It is also proposed that electron transfer by cell wall-associated cytochromes and metal reduction are observed in a gram-positive bacterium (Carlson et al., 2012).
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FIGURE 6. The performance and electron tendency of MFCs inoculated with strain EB-1: (A) Voltage outputs, (B) carbon and nitrate removal, and energy recovery, (C) electron fraction of MFCs. AR: the electrons for anode respiration; AD: the electrons for anodic denitrification; Others: electrons for biomass synthesis and electron losses for overpotential. A fixed external resistance (1 kΩ) was connected into the circuit between the anode and cathode.



An apparent reduction of CE (from 83.9 ± 2.7% to 6.5 ± 2.2%) was observed with increasing nitrate concentration, indicating that denitrification in the anode chamber inevitably consumed more electrons from acetate oxidation. The anolyte without nitrate was operated as a control experiment and is shown in the first cycle of Figure 6A. Additionally, an anolyte without acetate was also investigated in the MFCs with voltage outputs not more than 20 mV and only 5% nitrate removal (data not shown).

As shown in Figure 6B, almost all of nitrate was removed when the [image: image]-N concentration was below 100 mg L−1. Further, 82.8 ± 6.5 % [image: image]-N was removed within the first 6 h when 200 mg L−1 [image: image]-N was added to the anolyte. The nitrogen content of end-products demonstrated that nitrate was reduced to nitrogen gas and no ammonium was detected in the anolyte (Supplementary Table S1). The content of nitrite was under 1 mg L−1 in all tests. It is thus supposed that the denitrification in the MFC follows the first-order kinetics equation as reported previously (Drewnowski and Fernandez-Morales, 2016). An average nitrate removal rate of 0.66 ± 0.01 kg N m−3 d−1 (27.7 ± 0.5 mg N L−1 h−1) was achieved in high nitrate conditions (200 mg L−1 [image: image]-N), which was faster than that observed in a biocathode MFC of 0.02–0.43 kg N m−3 d−1 (He and Angenent, 2006; Fang et al., 2011; Sotres et al., 2016). Dissimilatory nitrate reduction to ammonium is also shown to be a possible electron sink during cathodic denitrification in BESs (Sander et al., 2015). In the conventional heterotrophic denitrification for the treatment of low-COD/N domestic wastewater, the observed specific denitrification rates are 0.08–1.36 kg N m−3 d−1 with sufficient carbon source and 0.02–0.12 kg N m−3 d−1 without exogenous carbon (Sun et al., 2010; Veys et al., 2010).

Based on the above analysis, the electron fluxes in the anodic chamber of the MFCs in the absence and presence of nitrate were investigated. The electron fluxes could be divided into three parts, containing the anodic denitrification, anode respiration, and others which included biomass synthesis and electron losses for overpotential. Though the electrons for anode respiration were sharply decreased with an increasing amount of nitrate introduced into the anodic chamber, the electrons for denitrification were increased (Figure 6C). Further analysis demonstrated that the CCEs increased and then decreased, and a maximum value of 92.4 ± 3.0 % was obtained when the [image: image]-N concentration was 50 mg L−1 (Figure 7). The CCE sharply decreased to 43.3 ± 5.0 % at the [image: image]-N concentration of 200 mg L−1. The changes in CCEs indicated that a critical condition existed for the symbiotic metabolisms of denitrification and anode respiration in MFCs inoculated with exoelectrogenic denitrifying bacteria (Kashima and Regan, 2015). In this experiment, calculation of electrons in terms of intermediates (including nitrite, nitrous oxides, and ammonium) was negligible due to concentrations under the limit of detection. Therefore, the critical value was calculated by the reduction of nitrate to N2. For the denitrifying exoelectrogen EB-1, the net COD/N ratios for denitrification were 9.36 ± 0.05, 3.75 ± 0.03, 3.23 ± 0.02, and 3.18 ± 0.03 at the initial [image: image]-N concentrations of 20, 50, 100, and 200 mg L−1, respectively. The critical COD/N ratio of 3.75 seems to be the optimal condition for simultaneous denitrification and electricity generation in denitrifying MFCs, which was consistent with the traditional biological heterotrophic denitrifiers (BHD). According to equation 3, the critical COD/N ratio of 3.75 was calculated in BHD. In packed-bed biological reactors, a decrease in the COD/N ratio from 13.5 to 6.25 resulted in [image: image]-N accumulation (Karanasios et al., 2016). However, no apparent [image: image]-N accumulation was observed in our study, even when the COD/N was below 3. This indicates that simultaneous carbon and nitrate removal by denitrifying exoelectrogens in MFCs is more efficient than that by BHD in the low COD/N wastewater treatment. Furthermore, the redundant carbon sources can be used as electron donors in the MFC system, thereby recovering the energy and reducing excessive sludge production.
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FIGURE 7. The CCEs of MFCs operated in the absence and presence of nitrate.



Different Electron Donors Used for Strain EB-1

In addition to acetate, formate, lactate, butyrate, glucose, sucrose, and starch were also used as electron donors; however, the COD and [image: image]-N concentrations remained at the same level for all substrates at 500 and 50 mg L-1, respectively. Higher voltage output was observed when glucose, sucrose and starch were used (Supplementary Figure S3). As shown in Figure 8, higher CEs were obtained with glucose than with sucrose and starch. Compared to acetate, much lower COD removal (< 80.8%) were observed with all substrates, indicating that with a more complex carbohydrate used by strain EB-1, less energy was recovered from the complex metabolism. Additionally, almost all of [image: image]-N was removed by strain EB-1, indicating that a part of the electrons generated from the substrate oxidation was consumed by denitrification (Chae et al., 2009; Feng et al., 2013). These results indicate that strain EB-1 can utilize a wide range of carbon sources for electricity generation and denitrification in MFCs, which increases the potential applications of MFCs in renewable energy generation and nitrate-contaminated wastewater treatment.
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FIGURE 8. COD removal rate, CE and maximum voltage output of MFCs with different substrates. For all substrates, 500 mg L−1 COD and 50 mg L−1 [image: image]-N were added and experiments were conducted in duplicate using three individual MFC reactors.



CONCLUSIONS

Mycobacterium sp. EB-1 was isolated and identified as a novel denitrifying exoelectrogenic bacterium based on 16S rDNA gene sequencing. CV analysis revealed that strain EB-1 was capable of producing electricity by direct electron transfer. With increased nitrate concentration, the performance of MFCs inoculated with strain EB-1 demonstrated stable denitrification and electricity generation, with no negative influence on the corresponding voltages were not d. The anodic denitrification as a concurrent metabolism was independent to electricity generation and more efficient at utilizing the limited carbon sources in low-COD/N wastewater. The wide range of substrate utilization by strain EB-1 increases the application potential of MFCs in renewable energy generation and wastewater treatment.
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