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Exoelectrogenic biofilms capable of extracellular electron transfer are important in advanced technologies such as those used in microbial electrochemical remediation systems (MERS) Few bacterial strains have been, nevertheless, obtained from MERS exoelectrogenic biofilms and characterized for bioremediation potential. Here we report the identification of one such bacterial strain, Citrobacter sp. KVM11, a petrophilic, iron reducing bacterial strain isolated from hydrocarbon fed MERS, producing anodic currents in microbial electrochemical systems. Fe(III) reduction of 90.01 ± 0.43% was observed during 5 weeks of incubation with Fe(III) supplemented liquid cultures. Biodegradation screening assays showed that the hydrocarbon degradation had been carried out by metabolically active cells accompanied by growth. The characteristic feature of diazo dye decolorization was used as a simple criterion for evaluating the electrochemical activity in the candidate microbe. The electrochemical activities of the strain KVM11 were characterized in a single chamber fuel cell and three electrode electrochemical cells. The inoculation of strain KVM11 amended with acetate and citrate as the sole carbon and energy sources has resulted in an increase in anodic currents (maximum current density) of 212 ± 3 and 359 ± mA/m2 with respective coulombic efficiencies of 19.5 and 34.9% in a single chamber fuel cells. Cyclic voltammetry studies showed that anaerobically grown cells of strain KVM11 are electrochemically active whereas aerobically grown cells lacked the electrochemical activity. Electrobioremediation potential of the strain KVM11 was investigated in hydrocarbonoclastic and dye detoxification conditions using MERS. About 89.60% of 400 mg l-1 azo dye was removed during the first 24 h of operation and it reached below detection limits by the end of the batch operation (60 h). Current generation and biodegradation capabilities of strain KVM11 were examined using an initial concentration of 800 mg l-1 of diesel range hydrocarbons (C9-C36) in MERS (maximum currentdensity 50.64 ± 7 mA/m2; power density 4.08 ± 2 mW/m2, 1000 ω, hydrocarbon removal 60.14 ± 0.7%). Such observations reveal the potential of electroactive biofilms in the simultaneous remediation of hydrocarbon contaminated environments with generation of energy.
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INTRODUCTION

Electrochemical oxidation by electroactive biofilms is vital to the performance of microbial electrochemical remediation systems (MERS) and enhanced removal of contaminants. Such remediation systems transform the chemical energy available in organic pollutants into electrical energy by capitalizing on the biocatalytic potential of electroactive communities (Morris and Jin, 2012; Venkidusamy et al., 2016). These systems offer a unique platform to study the electro-microbial process involved in bioremediation of oil pollutants (Venkidusamy et al., 2016) and heavy metals (Qiu et al., 2017; Wang et al., 2017), etc., The electroactive biofilms are those that have the capabilities of extracellular electron flow (EET) to degrade substrates that range from easily degradable natural organic compounds to xenobiotic compounds such as petroleum hydrocarbon (PH) contaminants (Venkidusamy et al., 2016; Zhou et al., 2016). Such biofilms can be formed by a single bacterial species (pure strain) (Venkidusamy and Megharaj, 2016a,b) or by multiple bacterial species (mixed culture) (Morris et al., 2009). The dominant view, until recently is that multiple bacterial species are better suited for its commercial applications (Chae et al., 2009), while the single bacterial species are selected to study their physiology and electrochemical performance (Xing et al., 2008; Zhi et al., 2014; Venkidusamy and Megharaj, 2016a,b; Qiu et al., 2017).

Petrochemical products are widespread contaminants that have long been of serious concern for environmental public health. Of these, diesel range hydrocarbons (DRH) became the most encountered environmental pollutants due to its increasing anthropogenic activities. Microbial removal of these DRH compounds is claimed to be an efficient, economical and versatile alternative to the established physicochemical treatments that are prone to cause recontamination by secondary contaminants (Hong et al., 2005; Megharaj et al., 2011). The biodegradation of these compounds at the soil surface has been well documented for a century (Atlas, 1991; Chaillan et al., 2004) whereas sub-surface biodegradation awaits further research on deeper insights into the metabolic activities involved and the extent and rate of hydrocarbon degradation (Röling et al., 2003). Such anaerobic, hydrocarbon contaminated reservoirs are dominated by obligate and facultative “petrophilic” (microorganisms capable of degrading hydrocarbons (Mandri and Lin, 2007) microbial communities (Singh et al., 2014). These microbial communities can adjust their metabolism based on the availability of terminal electron acceptors and can have more complex enzymatic systems involved in the degradation of contaminants. However, the rate of microbial utilization of these PH compounds is very slow especially under anaerobic environments where the availability of relevant electron acceptors is limited (Widdel et al., 2006; Foght, 2008; Morris et al., 2009). Emerging technologies on the removal of such recalcitrant contaminants using electrodes and biofilms are gaining new interest in their applications due to its enhanced remediation (Venkidusamy et al., 2016) and continuous sink for electron acceptors such as electrodes in an economical way (Wang and Ren, 2013; Li et al., 2014).

To date, however, the mechanisms of EET are well characterized in iron reducing microbial strains from a couple of dominant model taxa such as Geobacter (Bond and Lovley, 2003; Reguera et al., 2005) and Shewanella (Kim et al., 2002; El-Naggar et al., 2010), the delta-gamma subgroups of Proteobacteria. Beyond these model taxa, however, electrochemical enrichments and 16S rRNA gene sequencing-based studies from diverse environments have shown the presence of physiologically and phylogenetically diverse, electroactive microbial communities on fuel cell electrodes. These microbial communities include the members of Alphaproteobacteria (Zuo et al., 2008), Betaproteobacteria (Chaudhuri and Lovley, 2003), Gammaproteobacteria (Kim et al., 2002), Deltaproteobacteria (Holmes et al., 2006), and Firmicutes (Wrighton et al., 2008). Of these, Gammaproteobacteria was the dominant class, and several bacterial strains from this class have been isolated either from electrochemical systems fed with wastewater or defined carbon sources and their physiological roles have been studied (Choo et al., 2006; Logan and Regan, 2006). Many of these exoelectrogens are dissimilatory Fe(III) reducers that possess the ability to reduce the insoluble Fe(III) in different environments such as sediments and groundwater aquifers (Caccavo et al., 1994; Coates et al., 1999; Kunapuli et al., 2010; Venkidusamy et al., 2015). For instance, Geobacter sulfurreducens, a dissimilatory Fe(III) reducer isolated from PH contaminated aquifers showed maximum current density of 65 mA/m2 using acetate as a carbon source (Bond and Lovley, 2003). Recent studies have shown the diversity of different genetic groups of Fe(III) reducers such as, Thermoanaerobacter pseudoethanolicus (Lusk et al., 2015), Thermincola ferriacetica (Parameswaran et al., 2013), Geoalkalibacter sp. (Badalamenti et al., 2013) Clostridium butyricum (Park et al., 2001) etc., which can transfer electrons to solid phase electron acceptors with co-degradation of recalcitrant contaminants (Kunapuli et al., 2010). For instance, Rhodopseudomonas palustris strain RP2, a dissimilatory Fe(III) reducer isolated from PH fed MERS has been shown to produce a maximum current density of 21 ± 3 mA/m2; with simultaneous removal of 47 ± 2.7% in MERS within 30 days (Venkidusamy and Megharaj, 2016b). It is important to note that the microbial community composition is divergent in MERS (Morris et al., 2009; Venkidusamy et al., 2016) fed with contaminants such as petrochemicals and the physiology of such microbial populations remains to be explored. Recent research on removal of such recalcitrant contaminants using MERS is gaining interest in its practical applications by employing selected bacterial species for sub-surface PH bioremediation (Morris et al., 2009; Venkidusamy et al., 2016). This makes the identification of such bacterial population with functions of electrode respiration and PH degradation, fundamental to investigating the contaminant removal processes in MERS systems.

Our study was motivated by both apparent nature of Fe(III) reducing electroactive biofilms and contaminant degradation that represents the possibilities of microbe-electrode-contaminant interactions in MERS systems. In our laboratory, hydrocarbon fed MERS have been successfully demonstrated for the enhanced removal of PH contaminants (Venkidusamy et al., 2016). The subsequent isolation and characterization of single bacterial species from the exoelectrogenic biofilms of PH fed MERS suggests that isolated bacterial strains gained an advantage of extracellular electrode respiration (Venkidusamy et al., 2015; Venkidusamy and Megharaj, 2016a) and Fe(III) reduction (Venkidusamy and Megharaj, 2016b) as reported earlier. In this study, we report one such Fe(III) reducing bacterial strain phylogenetically related to Citrobacter genus and designated as Citrobacter sp. KVM11. The strain was found to be a facultative anaerobe. The electrochemical activity was determined by using fuel cell experiments (in different conditions) and voltammetry studies. Here, we show the existence of current generation and biodegradation capabilities by the strain KVM11 in PH fed, and azo dye fed MERS for the first time. Our findings contribute to the emerging view that MERS has great potential to offer a new route to the sustainable bioremedial process of contamination with simultaneous energy recovery by its electroactive biofilms.

MATERIALS AND METHODS

Bacterial Strain

The bacterial strain used in the study was isolated from the electrode attached biofilm of a hydrocarbon-fed electrochemical reactors through serial dilution techniques. The initial source of inoculum for the PH fed MERS was a mix of PH contaminated groundwater and activated sludge. These MERS were operated in a fed-batch mode (30 days) over a period of 12 months with a PH concentration of 800 mg l-1 as described earlier (Venkidusamy et al., 2016). Bacterial cells from the electrode biofilm were extracted into a sterile phosphate buffer and shaken vigorously to separate the cells from the electrode. The extracted cell suspensions were serially diluted and plated onto modified Hungate’s mineral medium (Hungate, 1950) containing acetate (20 mM) as an electron donor and ferric(III) citrate as the electron acceptor (10 mM) and incubated anaerobically in a glove box (Don Whitley Scientific, MG500, Australia) for a period of 3 weeks. Single colonies were selected and transferred to Luria-Bertani (LB) agar plates. Media used throughout the study were Luria-Bertani medium (Sambrook et al., 1989) and Bushnell Hass medium (Hanson et al., 1993). A chemically defined medium supplemented with Wolfe’s trace elements and vitamins was used in the microbial electrochemical studies as previously described (Oh et al., 2004). One liter of growth medium contains (g l-1) KCl 0.13, Na2HPO4 4.09, NaH2PO4 2.544, NH4Cl 0.31. The pH of the medium was adjusted to 7.0 ± 0.2 and further fortified with Wolfe’s trace elements and vitamins. The purified strain was stored in glycerol: Bushnell Hass broth and glycerol: Luria-Bertani broth (1:20) at -80 °C. Biolog-GN2 (Biolog Inc., United States) plates were used to determine the utilization of various carbon sources under anaerobic conditions according to the manufacturer’s instructions.

Iron (III) Reduction Experiments

Fe(III) citrate (10 mM) served as the terminal electron acceptor in anaerobic iron reduction experiments. The cells were grown in Wolfe’s medium using acetate (20 mM) supplemented with trace elements and vitamins (Lovley and Phillips, 1988a). All procedures for Fe(III) reduciton experiments, from medium preparation to manipulating the strain were performed using standard anaerobic conditions. All solution transfers and samplings of the cell cultures were trasnferd under anaerobic (10% hydrogen, 10% carbon dioxide, and 80% nitrogen) (Don Whitley Scientific, MG500, Australia) conditions using syringes and needles that had been sterlized. Fe(III) reduction was determined using the ferrozine assay (Lovley and Phillips, 1988b). The bacterial suspension was added to a pre-weighed vial containing 0.5 M HCl. HCl extracted samples were added to 5 ml of ferrozine (1 g l-1) in 50 mM HEPES buffer. The filtered samples were then analyzed in a UV-Vis spectrophotometer (maxima@λ562 nm) to quantify the Fe(II) formation as previously described (Lovley and Phillips, 1988b).

Microscopy

Bacterial samples for transmission electron microscopy were fixed in an electron microscopy fixative (4% paraformaldehyde/1.25% glutaraldehyde in PBS, + 4% sucrose, pH-7.2) and washed with buffer. Samples were postfixed in 2% aqueous osmium tetroxide. They were dehydrated in a graded series of ethanol and then infiltrated with Procure/Araldite epoxy resin. Blocks were polymerized overnight at 70°C. Sections were cut on a Leica UC6 Ultramicrotome using a diamond knife, stained with uranyl acetate and lead citrate and examined in an FEI Tecnai G2 Spirit Transmission Electron Microscope. The samples were also prepared using a heavy metal negative staining method involving phosphotungstic acid. The electrode samples were also fixed and prepared as described earlier (Venkidusamy et al., 2016). The dried brush samples were examined with a scanning electron microscope (Quanta FEG 450, FEI) at an accelerating voltage of 20 kV.

Phylogenetic Analysis

The genomic DNA of the bacterial strain was extracted using the UltraClean microbial DNA isolation kit (MO BIO, CA) following the manufacturer’s instructions. The universal primers E8F (5′-AGAGTTTGATCCTGGCTCAG3′) and 1541R (5′AAGGAGGTGATCCANCCRCA 3′) were used to amplify 16S rRNA gene according to the procedure by Weisburg et al. (1991). The polymerase chain reaction (PCR) mix of 50 μl contained the following: 10 μl of Gotaq 5X buffer, 2.0 μl of MgCl2 (25 mM), 1 μl of dNTP mix (1 mM), 2 μl of each primer (100 mM), 10–15 ng of purified DNA, and 2.5 U Taq DNA polymerase (Promega, Australia). PCR amplification was performed with an initial denaturation for 5 min, followed by 35 cycles of the 60 s at 94°C, 30 s of annealing at 40–60°C, 60 s of extension at 72°C, and a final extension at 72°C for 10 min, using a Bio-Rad thermal cycler. The PCR products were purified via the UltraClean PCR clean-up kit (Mo Bio, CA) following the manufacturer’s instructions, and sequenced by the Southern Pathology Sequencing Facility at Flinders Medical Centre (Adelaide, South Australia). In silico analysis of 16S rRNA gene sequences was done by using the blast programs to search the GenBank and NCBI databases1. The highest hit for the isolate KVM11 was used for ClustalW alignment and phylogenetic relationship generation. The neighbor-joining tree was constructed using the molecular evolutionary genetic analysis package version 5.0 (MEGA 5.0) based on 1000 bootstrap values (Tamura et al., 2011).

Assessment of Electrochemical Activity and Biodegradation Potential

Experiments were also performed to evaluate the possible candidate electroactive bacterial strain by in vivo decolourization assay using diazo dyes as described earlier (Hou et al., 2009). Experiments were carried out both aerobically and anaerobically using 20 ml of nutrient broth (Peptone-15g; D(+)glucose-1g; Yeast extract-3g; NaCl-6g) with a concentration of 400 mg l-1 of an azo dye, Reactive Black5 (RB5). The dye degradation was monitored by observing the decrease in absorbance of suspension at 595 nm under a UV-visible spectroscopy system (Agilent model 8458) and visible color change. All decolorization studies were maintained in triplicate for each experiment, and the activity was expressed as percentage degradation. The hydrocarbon degradation potential of strain KVM11was evaluated by measuring the reduction of metabolic indicators such as dichlorophenol indophenol (DCPIP) and tetrazolium salts (Pirôllo et al., 2008).

Fuel Cell Experiments

MFC Construction and Operation

Single chamber bottle MFCs were made from laboratory bottles with a capacity of 320 ml as previously described by Logan (2008) (Supplementary Figure S1). The liquid volume of the chamber was 280 ml. Anodes were carbon paper or graphite fiber brushes of 5 cm in diameter and 7 cm in length. The graphite brushes were treated as previously described (Feng et al., 2010). The cathode was made using flexible carbon cloth coated with a hydrophobic PTFE layer with added diffusional layers on the air breathing side whereas the hydrophilic side was coated using a mixture of Nafion perfluorinated ion exchange ionomer binder solution, carbon and platinum catalyst (0.5 g of 10% loading (Cheng et al., 2006). The surface area of the anodic electrode was calculated using a porous analyser, and the cathode’s total projected area was 15.6 cm2. All the electrodes were thoroughly rinsed in deionized water and stored in distilled water prior to use. The electrodes were attached using copper wire, and all exposed surface areas were covered by non-conductive epoxy resin (Jay Car, Australia). All the reactors were stream sterilized in an autoclave before use. The bacterial cell suspension was prepared by pipetting bacterial cells (cell density, 1% 1OD culture) into a sterile centrifuge tube by centrifugation at 4500 rpm for 20 min. The supernatant was decanted, and the pellet containing cells were washed and resuspended in PBS before inoculation into MERS. The anode compartment was fed with 50 mM PBS (neutral pH) and salts as stated earlier (Oh et al., 2004). Acetate and citrate were used as carbon sources (1 g/L) in fuel cell experiments. The anode chamber was purged with nitrogen gas to maintain anaerobic conditions. The anolyte was agitated using a magnetic stirrer operating at 100 rpm. Open circuit (OC) MFC studies were also carried out and then switched to the closed circuit with a selected external load (R-1000 ω unless stated otherwise). Solutions were replaced under anaerobic chamber when the voltage dropped to a low level (≤10 mV). All the reactors were maintained at room temperature in triplicates.

Electrochemical Analysis

Bacterial cells grown in Fe(III) citrate liquid cultures were harvested and used for electrochemical studies. The direct electrode reaction of the cells was examined using cyclic voltammetry (CV) using a conventional three electrode electrochemical cell with a 25 ml capacity. Cyclic voltammograms of the bacterial suspension were obtained using a potentiostat (Electrochemical analyser, BAS 100B, United States) connected to a personal computer. Cells were examined under nitrogen atmosphere at 25°C. A glassy carbon working electrode (3 mm, diameter, MF-2012, BAS) and silver/silver chloride reference electrode (MW-4130, BAS) and platinum counter electrode (MW-4130, BAS) were used in a conventional three-electrode system. The working electrodes were polished with alumina slurry on cotton wool followed by ultra-sonic treatments for about 10 min. The electrochemical cells were purged with nitrogen gas for 15 min before each measurement. The scan rate was 5 mV s-1 with a potential range from -800 to 800 mV.

Electrobioremeditaion Experiments

Hydrocarbon biodegradation potential was monitored under MERS conditions using 1% (1 OD) inoculum and 800 mg l-1 of DRH as a sole source of carbon. All cell cultures were maintained in triplicate for each experiment. Reactive Black 5 was used as sole source of energy in dye degradation experiments using the strain at a concentration of 50 mg l-1 in MFC studies. LB medium was used in decolorization studies with an external load of 1000 ω. MFCs were operated in a fed-batch mode until the voltage fell to a low level (≤10 mV) and then the anolyte solution was replaced under anaerobic (10% hydrogen, 10% carbon dioxide, and 80% nitrogen) (Don Whitley Scientific, MG500, Australia) conditions. All procedures for degradation experiments, from medium preparation to manipulating the strain were performed using standard anaerobic conditions. OC and abiotic controls (AC) were prepared for each set of biodegradation experiments. All the reactors were maintained at room temperature in triplicates.

Analytical Methods and Calculations

Fe(III) reduction was monitored by measuring Fe(II) production using the ferrozine method (Lovley and Phillips, 1988b). The fuel cells were continuously monitored for voltage generation across the resistor using a digital multimeter (Keithley Instruments, Inc., Cleveland, OH, United States) linked to a multi-channel scanner (Module 7700, Keithly Instruments, United States). Unless otherwise stated, all the MFC cycles were loaded with an external resistance of 1000 ω. Current (I) and power (P) were calculated as previously described (Logan, 2008) and normalized to the cathode surface area (mW/m2). Graphite fiber surface area was also measured using a Brunauer-Emmett-Teller (BET) isotherm (Mi micrometrics, Gemini V, Particle and Surface Science Pty Ltd). DRH concentrations were measured by GC-FID using a HP-5 capillary column (15 m length, 0.32 mm thickness, 0.1 mm internal diameter) following the USEPA protocol (USEPA, 1996). The resulting chromatograms were analyzed using Agilent software (GC-FID Agilent model 6890) to identify the hydrocarbon degradation products. Chemical oxygen demand was measured by COD analyzer using effluent samples from the reactors reactors fed with acetate and citrate (Chemetrics, K-7365). Polarization curves were plotted by using various external loads with a range of 10 ω to open circuit. Coulombic efficiency (CE) was calculated at the end of the cycle from COD removal as previously described by Logan (2008).

Nucleotides Accession Number

The 16S rRNA gene sequence obtained from this study has been deposited in the European nucleotide achieve database collections under the accession number of KY693675.

RESULTS AND DISCUSSION

Strain Isolation, Phenotype, Phylogenetic Analysis and Taxonomy

A bacterial strain designated KVM11 was isolated from PH fed MERS operated free of external mediators by serial dilution and plating techniques. Cultures with a single morphotype were obtained and found to be composed of double membrane bilayers (Gram-negative), short bacilli shaped (2–4 μM in length), facultatively anaerobic, motile using flagella in tufts or individual for its locomotion (Figure 1). Cell growth on LB medium produces creamy, translucent colonies with a shiny surface. Cell reproduction occurred via binary fission with two identical daughter cells. A 1418 bp (almost entire length) target fragment of 16S rRNA was amplified by PCR using a genomic DNA of strain KVM11 and 16S rRNA primers. Using this multiple alignment, the neighborhood phylogenetic tree was constructed as shown in Figure 2. The taxonomic position of strain KVM11 showed a close affiliation with the genus Citrobacter in the class of Gammaproteobacteria. The closest recognized relatives of this strain were Citrobacter freundii ATCC 8090, C. freundii strain NBRC 12681, C. freundii strain LMG 3246, C. braakii strain 167, C. murliniae strain CDC 2970-59 which shared 99% similarity in their 16S rRNA gene sequence. These Citrobacter sp. constitute one of the most diverse, known commensal inhabitants that colonizes a variety of aquatic environments, soil, sewage sludges and gastrointestinal tracts of both humans and animals (Wang et al., 2000; Narde et al., 2004).
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FIGURE 1. Transmission electron micrographs of Citrobacter sp. KVM11. Bacterial cells were fixed in electron microscopy fixative (4% paraformaldehyde/1.25% glutaraldehyde in PBS, + 4% sucrose, pH-7.2) and washed with buffer. (A) Transverse section of the polymerized cells of KVM11, bar scale 100 nm (B) Negatively stained cells of KVM11 with filaments, bar scale 200 nm. The samples were prepared using a heavy metal staining method involving phosphotungstic acid. Samples were examined in an FEI Tecnai G2 Spirit Transmission Electron Microscope.
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FIGURE 2. Phylogenetic tree based on 16S rRNA gene sequences showing the positions of the isolated Citrobacter sp. KVM11 and closest representatives of other Citrobacter sp. The sequences of Citrobacter farmeri and C. amalonaticus formed an outgroup sequence. The tree was constructed from 1,418 aligned bases using the neighbor-joining method. The number at nodes show the percentages of occurrence of the branching order in thousand bootstrapped trees. Scale bar represents 0.005 substitution per nucleotide position.



Physiological and Metabolic Properties

The bacterial strain is a mesophile that typically grows at temperatures ranging from 25 to 37°C. The strain was negative for oxidase and positive for catalase. The bacterial strain KVM11 can grow based on environmental signals of aerobic and anaerobic heterotrophic mechanisms as reported earlier in other strains of this genus (Oh et al., 2003). The strain was shown to be capable of dissimilatory nitrate reduction through biochemical analysis as seen in a number of exoelectrogenic bacterial strains (Xing et al., 2010; Venkidusamy and Megharaj, 2016a). The cells were grown under anoxic, chemoheterotrophic conditions with Fe(III) citrate as a terminal electron acceptor to investigate the dissimilatory Fe(III) reduction trait. Fe(III) reduction was monitored by color change and hydroxylamine Fe(II) extraction assay. The color change of medium from pale yellow to dark greenish precipitate was observed in inoculated liquid cultures under anaerobic conditions. Their colonies were coated with Fe(II) precipitate as reported for other groups of exoelectrogens such as Geobactor, Aeromonas sp. and Fe(III) enriched samples (Pham et al., 2003; Chung and Okabe, 2009; Liu et al., 2016). Fe(III) reduction of 75.33 ± 0.70% was observed during 4 weeks of incubation with Fe(III) supplemented liquid cultures (Figure 3) whereas heat killed controls showed no reduction. Moreover, by the end of 36-day incubation there was a 90.01 ± 0.43% reduction of Fe(III). Abiotic loss of Fe(III) measured under each stage was less than 2%. Recent investigations have revealed the potential of using Fe(III) reducers in microbial electrochemical systems which include Thermoanaerobacter pseudoethanolicus (Lusk et al., 2015), Thermincola ferriacetica (Parameswaran et al., 2013), Geoalkalibacter sp., (Badalamenti et al., 2013) and Clostridium butyricum (Park et al., 2001). With regards to the Citrobacter strains, for example, Citrobacter sp. LAR-1 (Liu et al., 2016) and C. freundii Z7 (Huang et al., 2015) have also shown to be Fe(III) reducing exoelectrogens, although the rate of Fe(III) reduction is unknown. The strain KVM11 displayed a wide nutritional spectrum as highlighted by its utilization of various carbon sources under anaerobic conditions from its counterparts, Citrobacter sp. LAR-1 (Liu et al., 2016) C. freundii Z7 (Huang et al., 2015) (Table 1). However, the strain showed a different carbon source profile than the previously reported strains of Citrobacter with regards to its ability to assimilate a range of substrates including alanine, phenylalanine, adonitol, aminobutyric acid, lactose, etc., (Brenner et al., 1993, 1999). The increased cell content seen in cell cultures supplemented with glucose and pyruvate under anoxic conditions in the absence of electron acceptors depicts that the strain is also capable of fermentation as previously reported (Xu and Liu, 2011). Thus, this strain shares general characteristics with the Citrobacter, a genus of Enterobactereriaceae (Garrity et al., 2005).
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FIGURE 3. Dissimilatory Fe(III) oxide reduction in anaerobically incubated cells of strain KVM11 at designated intervals (Ferrozine assay, Yellow bar represents the percent of Fe(III) reduction in chemotropically grown control cells; Pink bar represents Fe(III) reduction in anaerobically incubated samples of KVM11; Green bar shows Fe(II) formation in incubated samples of KVM11. Cells were inoculated into an anaerobic vials containing growth medium, electron donor: 20 mM acetate and electron acceptor: 10 mM Fe(III).



TABLE 1. Phenotype and metabolic properties of Citrobacter sp. KVM11.
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Hydrocarbon Degradation Assays

The petrochemical degradation potential of strain KVM11 was assessed through a preliminary investigation of hydrocarbon consumption, a concomitant increase in biomass and reduction of redox electron acceptors such as DCPIP and tetrazolium indicators. The strain KVM11 discolored the redox indicator from the blue to violet during the first 24 h and complete discoloration was observed by the end of 120 h when DRH was the sole carbon and energy source. The respiratory reduction of tetrazolium salts is another criterion employed by many researchers (Olga et al., 2008; Pirôllo et al., 2008) to determine the dehydrogenase activity of hydrocarbon degrading bacterial strains. The formation of a red precipitate from the tetrazolium was observed while the AC remained unchanged. Upon reduction of this salt, the color changed to red due to the formation of insoluble formazan by the production of superoxide radicals and electron transport in the bacterial respiratory chain (Haines et al., 1996). It is evident from the screening assays that the strain KVM11 possess the hydrocarbon biodegradation potential by involving redox reactions in which electrons are donated to terminal electron acceptors during the cell respiration as previously described in other hydrocarbonoclastic strains (Olga et al., 2008; Venkidusamy and Megharaj, 2016a,b). The reduction of a lipophilic mediator such as DCPIP (blue to colorless) coupled with the formation of oxidized products showed that the biodegradation had been carried out by metabolically active cells involving growth, and not by adsorption to cells associated with the water-carbon interface (Kubota et al., 2008). It is of interest that, the aerobic mineralization of PH as its sole carbon source highlights the cosmopolitan presence of Citrobacter sp. in petrochemical contaminated sites (Singh and Lin, 2008; Morris et al., 2009).

Assessment of Electrochemical Activity

The characteristic feature of diazo dye decolorization was used as a simple criterion for evaluating the possible electrochemical activity in microbial candidate in the present study as stated earlier (Hou et al., 2009). To assess the electrochemical activity of the isolate, aerobic and anaerobic cultures were grown in nutrient broth supplemented with 400 mg l-1 of Reactive Black5. The complete disappearance of the characteristic absorption peak at the region of bbbmax (597) and simultaneous decolorization of dye were observed after 48 h in aerobically grown samples. The highest rate of decolorization of azoic dye was observed at the end of 60 h under aerobic incubations (95.03%, Figure 4), whereas this tended to be faster under anaerobic conditions. RB5 azoic dye was almost completely decolorized (99.73%) in 48 h by Citrobacter sp. strain KVM11 under anaerobic conditions (Figure 4) as reported in another exoelectrogenic strain of Shewanella sp. (Pearce et al., 2006). This is in agreement with the previous studies on the assessment of electrochemically active microbial strains using azo dye fed MFC arrays (Hou et al., 2009). The blue pigmented dead cell pellet from the heat-killed cells in control showed a passive adsorption of dye, whereas colorless cell pellets obtained from the living cultures demonstrated the reduction of the RB5 indicator. Dye decolorization occurs because of a reductive electrophilic cleavage of the chromophore, a functional group of azo linkage, by biocatalysts as reported earlier (Sun et al., 2009; Satapanajaru et al., 2011).
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FIGURE 4. Biodecolourization of diazoic dye RB5 by the strain Citrobacter sp. KVM11 under aerobic and anaerobic environments. Experiments were carried out both aerobically and anaerobically using 20 ml of nutrient broth (Peptone-15g; D(+)glucose-1g;Yeast extract-3g;NaCl-6g) with a concentration of 400 mg l-1 of an azo dye, Reactive Black5 (RB5). Blue line represents anaerobically grown strain KVM11 cells; Green line shows control samples kept under anaerobic conditions; Maroon line represents aerobically grown strain KVM11 cells; Red line shows control samples kept under aerobic conditions.



Exoelectrogenic Behaviors of Strain KVM11

Current Generation in Microbial Electrochemical Cells Fed With Acetate and Citrate

To confirm the extracellular access to the insoluble electron acceptors, the exoelectrogenic properties of the strain KVM11 were investigated in three different conditions (i) acetotrophic (ii) dye decolorization, and (iii) hydrocarbonoclastic, using microbial electrochemical systems. To initiate bacterial growth on a brush electrode, cells of exponential phase cultures grown in Fe(III) citrate (10 mM) were inoculated in an anodic chamber of a single chamber MFC. Upon inoculation with strain KVM11, the anodic current was generated within a few hours using sodium acetate (20 mM) as a sole carbon source. During the first cycle, the voltage was steadily increased, and a maximum open circuit voltage between the electrodes was 0.720 ± 25 mV. Once the voltage stabilized, the electrodes were connected through a fixed resistance (1000 ω). The present study exhibited a maximum power density of 212 mW/m2 (Figure 5) with a recovery of 13.3% (Figure 6) as an electrical current using the strain KVM11 in acetotrophic conditions. Such findings suggest that the strain KVM11 is also capable of utilizing insoluble electron acceptors with the additional distinctive features making this strain unique from its counterparts (Xu and Liu, 2011; Huang et al., 2015; Liu et al., 2016), which include, (i) ability to degrade PH, (ii) dye detoxification in MERS, and (iii) anoxic Fe(III) reduction. The typical polarization curve of Citrobacter strain KVM11 (Figure 7) in an acetate-fed MFC indicated a large potential drop due to activational losses as shown in other exoelectrogenic strains (Park et al., 2001; Pham et al., 2003; Venkidusamy and Megharaj, 2016a,b). Scanning electron micrographs (SEM) from the final cycle electrode revealed its colonization by bacteria, forming multilayers of a thick biofilm around the electrode surface (Figure 8). Current generation by strain KVM11 also examined using sodium citrate as their sole carbon source at the same external resistance. When the repeatable and stable performance of current output was achieved, citrate fed MFC generated the maximum power density of 195.82 mW/m2 at a current density of 359.64 mA/m2. The overall calculated CE was 28.9% (Figure 6). Regardless of the types of substrates tested, Citrobacter sp. KVM11 produced anodic currents (acetate 212 ± 3 mA/m2; citrate 359 ± 4 mA/m2) in MFCs. These experimental results supported the fact that Fe(III) reducing Citrobacter sp. strain KVM11 can be used as an exoelectrogen in microbial electrochemical systems as previously described in Citrobacter sp. LAR-1 (Liu et al., 2016).
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FIGURE 5. Current production by Citrobacter sp. KVM11 in single chamber MFCs containing brush anodes. Green dotted line shows a representative cycle of current production in acetate (1g/L) fed MFCs; Blue dotted line shows a representative cycle of current production in citrate (1g/L) fed MFCs; Red dotted line shows a represntative cycle of current production in diesel range hydrocarbons (DRH) (800mg/L).
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FIGURE 6. Current density, Power density and Coulombic efficiency relationship for MFCs fed with different substrates. Yellow bars represents the current density produced from the oxidation of acetate, citrate and DRH; Pink bars represent the coulombic efficiency of each MFC system fed with acetate, citrate and DRH; Green line represents power density generation from the oxidation of acetate, citrate, and DRH.
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FIGURE 7. Current- voltage and current-power relationship for MFCs fed with acetate (1g/L) Citrobacter sp. KVM11. Red circles represent the current density produced from the oxidation of acetate in MFCs; Blue circles represent the power density generated from the oxidation of acetate in MFCS.
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FIGURE 8. Electrode micrographs: (A) New, uninoculated control anode (B) SEM micrograph of an electrode surface following growth of Citrobacter sp. KVM11 biofilm with acetate (1g/L) as an electron donor under MFC conditions.



Electron Transfer Mechanism of Strain KVM11

To further investigate the exoelectrogenic nature of the strain KVM11, the interaction between electrodes and cell suspensions on glassy carbon electrodes was observed. Cell suspensions of the strain were prepared from Fe(III) (10 mM) supplemented cultures and their electrochemical activities examined in respective aerobic and anaerobic conditions as stated earlier (Park et al., 2001; Pham et al., 2003). According to the voltammograms, the anaerobically grown cells of strain KVM11 showed electrochemical activity through the presence of a reduction peak ranging from -100 to -310 mV and oxidation peaks at the range of +100 mV to +300 mV observed against the Ag/AgCl reference electrode (Figure 9). The asymmetry of CV peaks at different potentials (-800 to 800 mV) indicates that the reaction is a quasi-reversible reaction. One redox couple was observed from the CV peak, and a number of electrons (e = 1) transferred was calculated from the Nernst equation (Logan, 2008). The mid-potential of the CV peaks showed – 205 mV, which is characteristic of the c-type cytochromes as reported earlier (Myers and Myers, 1992; Kim et al., 1999). For example, the midpoint potentials of OmcA (c-type cytochromes) reported in Shewanella MR-1 biofilm were -201 and -208 mV (Kim et al., 1999). No obvious redox pair peak was observed from the suspension of aerobically grown cells or autoclaved controls. The results also perhaps indicated that oxygenated liquid cultures prevent the synthesis of the outer membrane cytochromes which plays a major role in electron transfer mechanisms (Kim et al., 2002).
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FIGURE 9. Cyclic voltammetry studies. Voltammograms of the bacterial suspension prepared from anaerobically grown cells of Citrobacter sp. KVM11. The scan rate was 5 mV s-1 with a potential range from -800 to 800 mV.



Electrobioremediation Potential of Strain KVM11

Energy Generation in Hydrocarbon Fed MERS

Citrobacter sp. have been widely examined for its biormediation potential because of its wide spectrum use of various xenobiotic pollutants (Macaskie et al., 1995; Narde et al., 2004; Qiu et al., 2009, 2017; Wang et al., 2017). Members of this genus have been found along with other predominant genera of hydrocarbon degraders including Acinetobacter, Pseudomonas, Alcaligenes, and Sphingomonas in oil-contaminated environments as stated earlier (Chikere et al., 2012). Recent studies on the electrochemically mediated degradation of hydrocarbons demonstrated the presence of Citrobacter sp. in the anodic microbial communities (Morris et al.,2009; Venkidusamy et al., 2015). The capability of hydrocarbon mineralization by Citrobacter sp. has been demonstrated earlier only under aerobic conditions (Singh and Lin, 2008; AlDisi et al., 2016). However, the bioremediation of these compounds in anaerobic environments or MERS by the genus Citrobacter is previously unknown. In the present study, experiments were conducted to examine the exoelectrogenic property of the strain KVM11 using DRH (concentration of 800 mg l-1) as a sole carbon source in hydrocarbon fed MERS systems for five consecutive runs. A maximum current and power density obtained at this concentration were 50.64 ± 7 mA/m2, 4.08 ± 2 mW/m2 (Figure 6). An average of 60.14 ± 0.67% DRH removal with the simultaneous electrical current recovery of 9.6% (Figure 6) was observed in closed circuit MERS (Figure 10) at the end of the batch studies (30 days). In the case of the abiotic (AC) and open circuit (OC) controls, DRH removal rates were low (7.45 ± 1.99%, 15.84 ± 1.23%, respectively) by the end of the batch study. An increase in current (70.57 mA/m2) and power densities (15.04 mW/m2) were observed in a similar device through earlier investigations (Venkidusamy et al., 2015) on mixed culture hydrocarbonoclastic enrichments suggesting that the higher rate of substrate assimilation (83 ± 2.6%) in hydrocarbons fed MERS. Similar effects have been shown by other authors using different substrates including recalcitrant contaminants (Luo et al., 2009; Shen et al., 2012; Hassan et al., 2016). This perhaps indicates the presence of a complex ecology in the mixed culture hydrocarbonoclastic enrichments and its synergistic effects between hydrocarbonoclastic and exoelectrogenic bacterial groups in hydrocarbon fed MERS systems. Therefore, enrichment of selective bacterial population is needed during the bioaugmentation process of MERS systems to enhance the contaminant degradation with simultaneous energy gain.
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FIGURE 10. Electrobioremediation of DRH by Citrobacter sp. KVM11. Pink bar represents the percent of hydrocarbon removal in abiotic control samples containing 800 mg/l of DRH; Blue bar represents the percent of hydrocarbons removal in open circuit reactors containing 800 mg/l of DRH; Green bar represents the percent of hydrocarbons removal in closed circuit reactors containing 800 mg/l of DRH.



Energy Generation in Dye Fed MERS

The current was rapidly generated in all dye fed MFCs inoculated with KVM11 cells within few hours of using azoic dye as an energy source at a fixed resistance of 1000 ω. The maximum output range of voltage, current density, and power density were 200 ± 2 mV, 125.9 ± 4 mA/m2, and 25 ± 0.75 mW/m2, respectively. Constant and repeatable power cycles were obtained during four changes of the anolytes of the anode chamber. Using RB5 concentration of 400 mg l-1 in MFC, 61.74% was removed during the first 12 h of operation. After 24 h, almost 89.60% of RB5 was decolorized, and it was below detection limits at the end of the batch operation (60 h) as shown in Figure 11. Recent investigations have revealed the potential of using such pure cultures of heterotrophic biofilms in MERS for dye detoxification (Chen et al., 2010a,b). For example, Chen et al. (2010a), reported the possibility of using pure cultures of Proteus hauseri in MFC, however, decolorization efficiency and power densities generated were much lower. The performance of these microbial electrochemical cells using pure cultures of exoelectrogens for dye detoxification were considerably affected by a number of reactor parameters, operating conditions and efficacy of bacterial strains used as reported earlier (Min et al., 2005; Logan, 2008).
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FIGURE 11. Current generation and dye detoxification by Citrobacter sp. KVM11 in azo dye fed MERS Brown bar represents the current density produced from RB5 (400 mg/l) decolorization. Yellow bar represents the percent of RB5 removal in dye fed (400 mg/l) MFCs. Green closed circles represent the power density generation fron RB5 (400 mg/l) fed MFCs.



In summary, the findings presented in our study suggest that the strain KVM11 is capable of utilizing solid electron acceptors through extracellular transfer mechanisms without the addition of external mediators. The biodegradation experiments showed the evidence for the existence of electrochemical mediated degradation capability in Citrobacter sp. KVM11 in MERS conditions. An increasing number of studies demonstrate the potential use of facultative anaerobes in MERS for enhanced degradation of recalcitrant contaminants (Morris et al., 2009; Huang et al., 2011; Yan et al., 2012; Venkidusamy et al., 2015; Venkidusamy and Megharaj, 2016a,b). However, the optimization of such contaminant degrading mechanism will require a deeper understanding at molecular level through proteomics or transcriptomics of those microbial candidates.

CONCLUSION

Based on molecular and metabolic characterization, we identified that the strain KVM11 obtained from MERS represents a novel strain that is phylogenetically related to Citrobacter sp. A dissimilatory reduction of Fe(III) by strain KVM 11 confirmed the possibilities of using iron reducers in microbial electrochemical systems as previously described (Liu et al., 2016). While the exoelectrogenic metabolism of this species is previously known (Xu and Liu, 2011; Liu et al., 2016), our present findings demonstrated for the first time the bioelectrochemical degradation of hydrocarbons and its associated electrochemical properties. Identification of such organisms from MERS expands the known diversity of exoelectrogens and provides the novel strain to explore the three-way interaction between microbe-electrode-contaminant through EET mechanism. Also, bioelectrochemically mediated detoxification of diaozic dye by strain KVM11 reveals its potential for application in the treatment of waste from textile industries using MERS. Altogether, our findings reflect the metabolic versatility of Citrobacter sp. KVM11 which holds promise in the bioelectrochemical remediation of recalcitrant xenobiotics with simultaneous energy generation, in the form of electricity. Further, electromicrobiological studies show the potential of unfolding molecular mechanism of complex interactions of Citrobacter sp. KVM11 between solid phase electron acceptors and contaminants. The availability of complete genome and its analysis will provide more details about the functions of this bacterium.
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Microbial electrolysis cells (MECs) are widely considered as a next generation wastewater treatment system. However, fundamental insight on the temporal dynamics of microbial communities associated with MEC performance under different organic types with varied loading concentrations is still unknown, nevertheless this knowledge is essential for optimizing this technology for real-scale applications. Here, the temporal dynamics of anodic microbial communities associated with MEC performance was examined at low (0.5 g COD/L) and high (4 g COD/L) concentrations of acetate or propionate, which are important intermediates of fermentation of municipal wastewaters and sludge. The results showed that acetate-fed reactors exhibited higher performance in terms of maximum current density (I: 4.25 ± 0.23 A/m2), coulombic efficiency (CE: 95 ± 8%), and substrate degradation rate (98.8 ± 1.2%) than propionate-fed reactors (I: 2.7 ± 0.28 A/m2; CE: 68 ± 9.5%; substrate degradation rate: 84 ± 13%) irrespective of the concentrations tested. Despite of the repeated sampling of the anodic biofilm over time, the high-concentration reactors demonstrated lower and stable performance in terms of current density (I: 1.1 ± 0.14 to 4.2 ± 0.21 A/m2), coulombic efficiency (CE: 44 ± 4.1 to 103 ± 7.2%) and substrate degradation rate (64.9 ± 6.3 to 99.7 ± 0.5%), while the low-concentration reactors produced higher and dynamic performance (I: 1.1 ± 0.12 to 4.6 ± 0.1 A/m2; CE: 52 ± 2.5 to 105 ± 2.7%; substrate degradation rate: 87.2 ± 0.2 to 99.9 ± 0.06%) with the different substrates tested. Correlating reactor’s performance with temporal dynamics of microbial communities showed that relatively similar anodic microbial community composition but with varying relative abundances was observed in all the reactors despite differences in the substrate and concentrations tested. Particularly, Geobacter was the predominant bacteria on the anode biofilm of all MECs over time suggesting its possible role in maintaining functional stability of MECs fed with low and high concentrations of acetate and propionate. Taken together, these results provide new insights on the microbial community dynamics and its correlation to performance in MECs fed with different concentrations of acetate and propionate, which are important volatile fatty acids in wastewater.
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INTRODUCTION

Microbial electrolysis cells (MECs) offer an alternative approach to effectively treat various organic waste streams with recovery of the inherent energy as hydrogen. In MECs, certain microorganisms known as exoelectrogens transport the electrons generated during the oxidation of organics in wastewater to the anode. The electrons and protons that are generated during oxidation at the anode are utilized at the cathode for H2 evolution reaction through the addition of minimum voltage (0.6 V) to the circuit (Logan et al., 2008). Two new and important applications of MECs are: (1) the addition of electrodes directly into anaerobic digestion (AD), in order to improve performance and increase the methane concentration in the product gas (Guo et al., 2013; Feng et al., 2015a,b; Cai et al., 2016; Liu et al., 2016). Accumulation of volatile fatty acids (VFAs) such as acetate and propionate while treating high strength wastewater, is an important concern that leads to loss in methane production and process failure of methanogenic systems such as AD (Fernandez et al., 2000; Hashsham et al., 2000; Goux et al., 2015). For example, accumulation of propionate (>20 mM) at high organic loading rates is detrimental to methanogenic systems (Pullammanappallil et al., 2001; Gallert and Winter, 2008; Ma et al., 2009). Thus, propionate removal is necessary for the stable operation of AD; and (2) integrating MECs to membrane bioreactors (MBRs), in what is referred to as anaerobic electrochemical MBR, for recovering energy and water from low strength wastewaters such as municipal wastewater (Katuri et al., 2014, 2016; Werner et al., 2016). In municipal wastewater, acetate and propionate represent the main VFAs, and their concentrations fluctuate resulting in a diverse and temporally fluctuating microbial communities. For MECs to become a viable anaerobic technology, it should adequately treat different concentrations (i.e., low and high) of acetate and propionate generated from various waste streams having different organic strength.

Anode-associated microorganisms are an important component of MECs. So far, attempts to integrate MECs to AD or MBRs have focused on the engineering aspects, reactor design and material optimization, with limited understanding of the microbial communities in the anode of MECs in response to different concentrations of acetate and propionate. Therefore, a deeper insight into the microbial community dynamics in response to different concentrations of acetate and propionate and linking it to system performance is needed. To date, most microbial studies in MECs were based on a single sampling event (typically at the end of the MEC operation) (Parameswaran et al., 2010; Lu et al., 2012b; Ruiz et al., 2014; Hari et al., 2016a,b), which provides little information on the electrochemical selection and development of microbial communities over time and how this is correlated to system performance. Nevertheless, very few studies examined the dynamics of microbial communities in MECs. For example, Lu et al. (2012a) observed a relatively similar anodic microbial community composition dominated by Geobacter and Bacteroidetes over a period of 125 days in MECs fed with acetate. Also, Kiely et al. (2011) showed that changing the operational environment from microbial fuel cell (MFC) to MEC fed with potato wastewater, dairy wastewater or acetate favors a higher relative abundance of Geobacter due to lack of oxygen intrusion into the system. In MFCs oxygen intrusion to the anode from the aerobic cathode affects the microbial community structure and metabolic activity of anaerobic microorganisms (Shehab et al., 2013).

To the best of our knowledge, studies understanding the temporal dynamics of microbial communities in connection to reactor performance in MECs fed with low or high concentrations of acetate or propionate have not yet been performed. Therefore, the objective of this study was to examine the temporal dynamics of microbial communities in the anodes of MECs fed with low (0.5 g COD/L) or high concentration (4 g COD/L) of acetate or propionate and relating it with reactor performance. These two different concentrations of VFAs were chosen to mimic the low and high strength wastewater containing acetate and propionate (Pullammanappallil et al., 2001; Gallert and Winter, 2008; Ma et al., 2009; Freguia et al., 2010). To address this objective, well controlled laboratory MECs were operated for a period of 70 days. Microbial communities were sampled periodically during the 70 days of batch operation and characterized by 16S rRNA gene sequencing. In addition, reactor performance in terms of current density, coulombic efficiency (CE), and substrate removal rate was continuously monitored over time.

MATERIALS AND METHODS

Construction of MECs

Two chambered cube-shaped MECs (each chamber with a 20-mL working volume) were constructed as previously described (Hari et al., 2016a). The two chambers were separated by an anion exchange membrane (5 cm2; AMI 7001, Membranes International, Glen Rock, NJ, United States). A glass gas collection tube (15 mL) was attached to the top of both the anode and cathode chambers. Gasbags (0.1 L Cali -5 -Bond. Calibrate, Inc.) were connected to the top of the glass gas collection tubes to collect more volume of gas. The anodes were graphite fiber brushes (2.5 cm diameter × 2 cm long; PANEX 33 fibers, ZOLTEK Inc., St. Louis, MO, United States). The cathodes (projected surface area of 7 cm2) were made using carbon cloth (type B-1B, E-TEK) containing 0.5 mg/cm2 of Pt (Santoro et al., 2013) on the side facing the anode, and four polytetrafluoroethylene diffusion layers on another side.

Enrichment and Operation

All MEC anodes were initially enriched in single chambered air-cathode MFCs as previously described (Call and Logan, 2008; Hari et al., 2016a) using anaerobic digester sludge (Manfouha Wastewater Treatment Plant, Riyadh, Saudi Arabia) as inoculum. Enrichment in air-cathode MFCs was done to avoid methanogenesis as oxygen intrusion through the cathode affects their growth (Hari et al., 2016a). The growth medium (pH 8.9) consisted of bicarbonate buffer (80 mM), nutrients (6.71 g/L NaH2CO3, 0.31 g/L NH4Cl, 0.05 g/L Na2HPO4, 0.03 NaH2PO4), Wolfe’s vitamin (10 mL/L) and trace mineral (10 mL/L) solutions (Ambler and Logan, 2011; Hari et al., 2016a,b). The medium was supplemented with two different concentrations (0.5 g COD/L or 4 g COD/L) of propionate or acetate as the energy and carbon source. The growth medium was boiled and then cooled to room temperature by sparging with N2:CO2 (80:20, vol/vol) gas mix for 30 min to remove any dissolved oxygen and was then autoclaved. The MFC anodes were transferred to individual MECs after three cycles of reproducible voltage (500 mV, over a 1 KΩ external resistor). Similar growth medium with different concentrations (0.5 g COD/L or 4 g COD/L) of propionate or acetate was used during MFC and MEC mode of operation. The duration of operation in MFC mode for the low concentration reactors (0.5 g COD/L) was ∼ 8–15 days, and ∼ 20–35 days for high concentration reactors (4 g COD/L).

A fixed voltage of 0.7 V was applied to the MECs using a power source (3645A, Array, Inc.). A total of eight MECs were operated in a parallel. Four MECs were fed only with acetate (referred to as A-reactors), and another four MECs were fed only with propionate (referred to as P-reactors). One set of duplicate MECs were operated with a low concentration of propionate (0.5 g COD/L, referred to as PL-reactors), a second set of duplicate MECs were operated with high propionate concentration (4 g COD/L, referred to as PH-reactors), a third set of duplicate MECs were operated with a low concentration of acetate (0.5 g COD/L, referred to as AL-reactors) and a fourth set of duplicate MECs were operated with high acetate concentration (4 g COD/L, referred to as AH-reactors). All reactor types (i.e., PL, PH, AL, and AH) were operated in a fed-batch mode in a temperature controlled room (30°C). When the current dropped to below 0.3 mA (PL ∼36 h/cycle; PH ∼4–5 days/cycle; AL ∼26 h/cycle; AH ∼4–5 days/cycle), the reactor solution was replaced with fresh medium and sparged with nitrogen gas (99.999%). The same growth medium was used in the anodic and cathodic compartments; however, propionate and acetate were only added to the anode medium.

Analyzes and Calculations

The current in the circuit was determined at 20 min intervals by measuring the voltage across a resistor (10 Ω) in the circuit using a data acquisition system (Model 2700; Keithley Instruments Inc.). The current density, I (A/m2) was calculated based on the projected cathode surface area. The concentrations of propionate and acetate were analyzed by high-performance liquid chromatograph (HPLC) (Thermo Scientific, Accela, United States) equipped with a photo-diode array (210 nm) and an ultraviolet detector. An Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, CA, United States) was used to separate the VFAs. Sulfuric acid (5 mM) was used as the mobile phase at a flow rate of 650 μL/min, and the pressure was maintained at 9650 kPa. The total elution time was 30 min, and each sample was measured in triplicate, and the average concentrations were reported (Lee et al., 2009). The performance of the MECs was evaluated by the current density of the reactor, I (A/m2); CE (%); substrate (propionate and acetate) removal (%) as previously described (Hari et al., 2016a,b).

16S rRNA Gene Sequencing

Over the course of the experiments, samples for microbial community analysis were periodically collected at different time periods (AL/PL: 0, 10, 30, 50, and 70 days; AH/PH: 0, 15/20, 35, and 70 days) from the anode and suspension of each reactor. Both biofilm and suspension samples were collected in an anaerobic glove box (Coy Laboratory Products Inc.), which was maintained under oxygen free environment. Day 0 for the anode samples represents the MFC anode that was transferred to individual MECs after three cycles of reproducible voltage (500 mV, over a 1 KΩ external resistor). The anode samples were collected by cutting about half of one round of the anode fibers using flame sterilized scissors. The graphite fiber brush anodes used in this study contained ten rounds of fiber brush (Supplementary Figure S1). At the end of the experiment, around ∼20% (four sampling events for high substrate concentrations) to 25% (five sampling event for low substrate concentrations) of the total brush surface area have been sampled for microbial analysis. The suspension samples (5 mL) were collected by pipetting into a sterile centrifuge tube followed by centrifugation at 10,000 × g for 8 min. The supernatant was decanted and the pellet was stored at -80°C for further analyses. Genomic DNA was extracted using the PowerSoil DNA extraction kit (MO BIO Laboratories, Inc., Carlsbad, CA, United States) following the manufacturer’s instructions. The quality (A260/A280) and quantity (A260) of the extracted genomic DNA was determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States).

Triplicate PCR reactions were performed for each sample in a 25 μL reaction volume using the HotStarTaq Plus Master Mix (Qiagen, Valencia, CA, United States) containing Hot Start Taq DNA polymerase (5 units/μl), 400 μM of each dNTP, 10× PCR buffer containing 3 mM MgCl2, 0.5 μM of each primer, and 100–200 ng of template DNA. The Bacterial (V3–V4 region) and archaeal (V3–V6 region) 16S rRNA genes were amplified using domain specific primer sets (Klindworth et al., 2012): 341F (5′-Lib-L/A-Key-Barcode-CA Linker-CCTACGGGNGGCWGCAG-3′) and 785R (5′-Lib-L/A-Key-TC Linker-GACTACHVGGGTATCTAATCC-3′) for the domain Bacteria; and 519F (5′-Lib-L/A-Key-Barcode-CA Linker- CAGCMGCCGCGGTAA-3′) and 1041R (5′-Lib-L/A-Key-TC Linker-GGCCATGCACCWCCTCTC-3′) for the domain Archaea. A unique 8-bp error-correcting barcode was used to tag each PCR product. PCR was performed using a C1000 Thermal Cycler (Bio-Rad, Hercules, CA, United States). For bacteria, the PCR conditions were as follows: initial denaturation at 95°C for 5 min, followed by 27 cycles of denaturation at 94°C for 1 min, annealing at 56°C for 1 min, extension at 72°C for 1 min and a final extension at 72°C for 7 min. For archaea, the PCR conditions were as follows: denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 1 min and a final extension at 72°C for 10 min (Klindworth et al., 2012).

The triplicate PCR products from each sample were pooled and then loaded on agarose gel and purified using the Qiaquick gel extraction Kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s protocol. The concentration of the PCR products was measured with a Qubit® 2.0 Fluorometer using the PicoGreen® dsDNA quantitation assay (Invitrogen, Carlsbad, CA, United States). The purified barcoded amplicons from each sample were pooled in equimolar concentration and sequenced on the Roche 454 FLX Titanium genome sequencer (Roche, Indianapolis, IN, United States) according to manufacturer’s instructions.

The bacterial and archaeal 16S rRNA sequences were processed using the Quantitative Insights Into Microbial Ecology (QIIME v 1.9.0) pipeline (Caporaso et al., 2010b). Raw reads were first demultiplexed, trimmed and filtered for quality. The minimum acceptable length was set to 200 bp (Caporaso et al., 2010b). Sequences were clustered into operational taxonomic units (OTUs) at 97% sequence similarity using the uclust algorithm (Edgar, 2010). A representative sequence from each OTU was aligned using PyNAST (Caporaso et al., 2010a), and these were phylogenetically assigned to a taxonomic identity using the RDP Naive Bayesian rRNA classifier at a confidence threshold of 80% (Wang et al., 2007). Chimeric sequences were identified and removed from the aligned sequences using Chimera Slayer as implemented in QIIME. Rarified OTU tables were used to generate alpha and beta diversity metrics by normalizing to the lowest sequence read (4,100 sequences) between the samples. For alpha diversity measurements, both non-phylogenetic based metrics (observed OTUs, Shannon diversity index (H) and Chao 1 richness estimator) and phylogenetic based metric (phylogenetic diversity (PD_whole)) were calculated with QIIME. Temporal variation of bacterial community was analyzed by non-metric multidimensional scale (NMDS) using PRIMER 6 software (version 6.1.13) and PERMANOVA+ add-on (version 1.0.3). NMDS ordination was generated based on Bray–Curtis matrix (beta diversity) in QIIME. Phylogenetic diversity of abundant bacterial taxa was visualized in a heatmap using PRIMER 7 software.

Statistical Analyses

Statistical methods were used to determine the similarity in bacterial community structure among samples. Temporal variation of bacterial community was analyzed by NMDS which was performed with Bray–Curtis matrix using QIIME and statistical software PRIMER 6 (version 6.1.13) and PERMANOVA+ add-on (version 1.0.3). Analysis of similarity (ANOSIM) was used to determine if the differences among samples is statistically significant using Bray–Curtis measure of similarity (QIIME), where the R-value ranges between 0 (complete similarity) to 1 (complete separation). Student’s t-test was performed in Microsoft Excel for all the comparisons.

Nucleotide Sequence Accession Numbers

The 16S r RNA gene sequencing reads have been deposited in European Nucleotide Archive under the accession number PRJEB19042.

RESULTS

Performance of MECs at Low and High Concentrations of Acetate and Propionate

A-reactors showed a higher maximum current density (4.25 ± 0.23 A/m2) than P-reactors (2.7 ± 0.28 A/m2) (P ≤ 0.05, Student’s t-test for all comparisons) irrespective of the concentrations tested (Figure 1). Also, A-reactors displayed a short lag time of 5–10 days (Figures 1A,B), whereas, P-reactors exhibited delayed startup of 10–20 days to reach maximum current density (Figures 1A,B). High concentration reactors showed relatively stable current density irrespective of the substrate tested (Figure 1B), while it was dynamic in the low concentration reactors (Figure 1A). For instance, in PL reactors, the maximum current density increased from 1 A/m2 on day 2 to 2.3 A/m2 on day 10 followed by a decrease in the maximum current density of 1.5 A/m2 on day 22. Then maximum current density of 3.3 A/m2 was reached on day 23 and remained steady until day 35 of operation (Figure 1A). Furthermore, it relatively decreased to 2.2 A/m2 in the next 4 days and eventually reached a stable electrical current of 2.5 A/m2 until the termination of the experiment on day 70. Cutting a portion of the anode fibers at each sampling event caused a decline in electrical current production in the low concentration reactors irrespective of the substrate tested (Figure 1A and Supplementary Figures S2A,C). However, high concentration reactors showed stable performance despite of the sampling event (Figure 1B and Supplementary Figures S2B,D). It should be noted that the MECs were operated at a fixed voltage of 0.7 V and the resulting anode potential was -0.23 ± 0.09 V vs. SHE (P-reactors) and ∼-0.15 ± 0.1 V vs. SHE (A-reactors).
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FIGURE 1. Maximum current density profile in duplicate MECs fed with low and high concentrations of acetate and propionate. (A) MECs fed with low substrate concentration; (B) MECs fed with high substrate concentration. Arrows indicate anode biofilm sampling for DNA extraction. Each data point represents the average (duplicate reactors) of the maximum current density recorded in each batch test.



The average CE (%) for the whole period (i.e., 70 days) of operation of the MECs was: AL (96.7 ± 9%), AH (93 ± 5%), PL (73 ± 9%), and PH (63 ± 8%) (Figure 2). The A-reactors yielded higher CE (95 ± 8%) than the P-reactors (68 ± 9.5%) (P ≤ 0.05). Particularly, the CE of few batches of A-reactors were >100% (Figure 2). Furthermore, the CE in the A-reactors was more stable in comparison to the P-reactors (Figure 2). Irrespective of the substrate tested, low concentration reactors (AL/PL: 86 ± 10%) produced a relatively higher CE than the high concentration reactors (AH/PH: 78 ± 7.5%) (P ≤ 0.05) (Figure 2).
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FIGURE 2. Coulombic efficiency (CE) in duplicate MECs fed with low and high concentrations of acetate or propionate. (A) MECs fed with low acetate concentration (AL); (B) MECs fed with high acetate concentration (AH); (A) MECs fed with low propionate concentration (PL); (B) MECs fed with high propionate concentration (PH). The values correspond to the average of the duplicate reactors. Each data point represents the average (duplicate reactors) of the CE recorded in each batch test.



Substrate removal was nearly complete in A-reactors (98.8 ± 1.2%) with no significant difference between AL and AH-reactors (P > 0.2) (Figures 3A,B), whereas, variable percentage of substrate removal was noticed in P-reactors (PL: 93 ± 8.6; PH: 75 ± 14) (Figures 3A,B). The substrate removal rates (g COD)/L/Day were, for AL (0.33 ± 0.05), AH (0.90 ± 0.14), PL (0.27 ± 0.06), and PH (0.46 ± 0.05) reactors. Also, the pH of the medium was 7.6 ± 0.5 in A- and P-reactors at the end of fed-batch cycle.
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FIGURE 3. Substrate removal trend in duplicate MECs fed with low and high concentrations of acetate and propionate. (A) MECs fed with low acetate concentration (AL); (B) MECs fed with high acetate concentration (AH); (A) MECs fed with low propionate concentration (PL); (B) MECs fed with high propionate high (PH). Each data point represents the average (duplicate reactors) of substrate removal recorded in each batch test.



The error bars in Figure 2 were relatively bigger than Figures 1, 3 because several data points (every 20 min of batch time) from each batch test were used to calculate the CE, whereas one data point was used to determine the maximum current density and substrate removal for each batch cycle.

Microbial Community Analysis

16S rRNA gene sequencing was used to characterize the bacterial and archaeal communities of anode and suspension samples from duplicate MEC reactors (AL, AH, PL, and PH). A total of 1,066,983 (bacteria) and 503,327 (archaea) high quality reads (average length of ∼400 bp) were obtained after denoising, quality filtering, and removal of chimeric sequences. For downstream analysis, OTUs with 97% sequence identity threshold were used.

Bacterial Community Diversity

For alpha diversity measures, we subsampled the dataset to an even depth of 4,100 sequences across the samples to remove inherent heterogeneity of sampling depth. This number was chosen, as it corresponds to the lowest number of sequence reads detected. The diversity values across the anode and suspension samples of A- and P-reactors ranged as follows: observed OTUs (74-1225), Chao 1 (216-3465), Shannon diversity index (H; 2.2-6.9), and phylogenetic diversity (PD; 12-79) (Tables 1, 2). The bacterial diversity was higher in the anode and suspension of P-reactors than A-reactors based on observed OTUs, Chao 1, PD and H (Tables 1, 2). Also, the high concentration-fed reactors (AH/PH) revealed a higher diversity than low concentration-fed reactors (AL/PL) (Tables 1, 2). Time series analysis of A-reactors indicated that bacterial diversity of anode and suspension samples was higher on day 0 (i.e., MFC mode of operation) and considerably reduced at the end of the experiment (i.e., day 70) (Table 1). Likewise, the P-reactors, particularly, PH-reactors showed a similar trend on day 0 (anode and suspension), and relatively decreased at the end of the experiment (Table 2). In contrast, PL-reactors (anode and suspension) revealed that the bacterial diversity was higher on day 0 and significantly reduced with time until day 50 (P < 0.05), followed by an increase in diversity on day 70 (Table 1). No clear trend could be observed for propionate-fed MECs when comparing alpha diversity between anode and suspension samples. For example, in PL reactors, the diversity of suspension samples was higher than anode samples, whereas in PH MECs diversity was higher in the anode than suspension samples for all the sampling periods (Table 2). In contrast, a clear trend in diversity was observed in AL and AH reactors, where diversity was higher in suspension than anode samples for all the sampling periods except day 70 (Table 1).

TABLE 1. Measures of alpha diversity of bacterial phylotypes in acetate reactors.
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TABLE 2. Measures of alpha diversity of bacterial phylotypes in propionate reactors.
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Bacterial Community Structure

Non-metric multidimensional scaling analysis based on Bray–Curtis revealed that all the samples (anode and suspension) had a gradual succession away from the initial conditions and a relatively similar pattern of succession was observed between low and high concentration-fed reactors (Figure 4). However, the development and succession paths of anodic bacterial communities were different between A- and P-reactors (Figure 4). For example, A-reactors showed that all the anodes (AL: 10, 30, 50, and 70 days; AH: 15, 35, and 70 days) were clustered together and distantly away from the initial anode samples (0 days) (Figures 5A,B). In contrast, P-reactors showed that the anode samples (PL: 10, 30, and 50; PH: 20 and 35 days) were clustered together and away from the anode sample at day 70 (Figures 4C,D). Also, NMDS results showed that the temporal variation in the bacterial community structure was higher for the suspension samples (A- and P- reactors) than the anode samples as can be seen by their wider distribution in the ordination plot (Figure 4). Temporal variation in the microbial community structure within the suspension samples (different sampling points) was significant (p = 0.0001, R = 0.6357) as confirmed by ANOSIM. Whereas, lower temporal variation was obtained in the microbial community structure within biofilm samples (p = 0.003, R = 0.2243). Statistically significant difference between the anode and suspension microbial community structure was found using ANOSIM (p = 0.0001, R = 0.7283).
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FIGURE 4. Non-metric multidimensional scaling plots based on Bray-Curtis distance for (A) AL, (B) AH, (C) PL, and (D) PH reactors. A, anode and S, suspension. The numbers after the symbols represent the sampling day (AL/PL: days 0, 10, 30, 50, and 70; AH/PH: days 0, 15/20, 35, and 70). Duplicate samples are shown as individual data points in the plots. Circles were manually drawn to represent the clusters of converging anodic bacterial community over time. Arrows indicate the pattern of evolution in the microbial community from day 0. Unfilled and filled arrows represent the anode and suspension samples, respectively.
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FIGURE 5. Heat map distribution of bacterial phylotypes classified to the lowest level possible (class, order, family or genus) for A- and P- reactors: anode of A-reactors (A), suspension of A-reactors (B), anode of P-reactors (C) and suspension of P-reactors (D). A, anode and S, suspension. Bacterial phyla representing less than 1% of the relative abundance are classified as others. The taxa level shown on the left-hand side of the panel represents the lowest classification level possible (order, family or genus), while the taxa level on the right-hand side represents class. Scale on top left-side of each panel is relative abundance (%). Each cell represents the average of duplicate reactors. Each column represents a specific sampling period (AL/PL: days 0, 10, 30, 50, and 70; AH/PH: days 0, 15/20, 35, and 70). Day 0 represents the MFC anode that was transferred to individual MECs after three cycles of reproducible voltage.



Bacterial Community Composition and Dynamics

A heatmap was generated to represent the various phylotypes identified from the A- and P-reactors down to the lowest classification level possible (class, order, family, or genus) (Figure 5 and Supplementary Tables S1–S4). Highly abundant phylotypes belonging to the different detected bacterial classes are discussed below:

Deltaproteobacteria

Four phylotypes belonging to the class Deltaproteobacteria were relatively abundant in the A- and P-reactors (Figure 5 and Supplementary Tables S1–S4). Among Deltaproteobacteria, Geobacter was highly dominant over time (10 to 70 days) in the anode of A- and P-reactors (Figure 5A,C). Geobacter was detected in very low fraction (<1%) in the A-reactors at day 0. However, it become highly dominant (AL: 52 ± 13%; AH: 49 ± 4%) over time (10 to 70 days) (Figure 5A). The relative abundance of Geobacter in the anode of P-reactors was different between low and high concentration-fed reactors (Figure 5C). For example, its relative abundance was 1.4 ± 0.5% at day 0 of PL-reactors, and it significantly increased to reach 70 ± 3.4% between days 10 and 50 days followed by a significant decrease to 39 ± 2.3% (P < 0.05) on day 70 (Figure 5C). In contrast, PH-reactors revealed that the relative abundance of Geobacter was dynamic over time (Figure 5C). For instance, the relative abundance of Geobacter was 11.5 ± 1.8% on day 0 and increased to 48.7 ± 6.1% on day 20 (Figure 5C). Following operation at day 35, the relative abundance of Geobacter was drastically reduced to 23.3 ± 2.7%, but it increased again to reach 41.9 ± 6.2% on day 70. The higher abundance of Geobacter at day 0 in the PH reactors was due to the relatively longer period of operation (35 days) compared to AL (8 days), AH (20 days), and PL (15 days) reactors. Collectively, the above results show that electrochemical selection of Geobacter significantly enhanced in MEC mode of operation as evidenced by the significant increase in their relative abundance after day 0 (Supplementary Tables S1–S4). The suspensions of A- and P-reactors revealed that the relative abundance of Geobacter was dynamic over time (3–45%) (Figures 5B,D). Desulfovibrio was relatively identified in all the samples of A- and P-reactors (1–14%) (Figure 5). Pelobacteraceae was relatively more abundant in the anode of A-reactors (1–23%) than P-reactors (2–11%). Desulfuromonadales was present during the early stages of A- and P-reactors (1–5%) (Figure 5).

Clostridia

Seven phylotypes belonging to the class Clostridia were frequently observed in all the samples of A- and P-reactors (Figure 5). Copothermobacter was highly abundant in A-reactors than P-reactors (Figure 5). Specifically, it was abundant during earlier stages of reactor operation (between day 0 and 20) (A-reactors: 45 ± 11%; P-reactors: 22 ± 3.5%) and was significantly reduced during later stages of reactor operation (days 50 and 70) (A-reactors: 7.7 ± 5%; P-reactors: 2.5 ± 1.7%) (P < 0.05) (Figures 5A,). Sedimentibacter was relatively abundant over time in the P-reactors (1–14%) than A-reactors (2–7%). Particularly, it was more prevalent in the suspension than the anode of A- and P-reactors. Sohengenia was present in the anode of A-reactors over time (1–6%), and it was present only during the early stages of operation in the P-reactors (1–9%). Syntrophomonas was present only in the anode of PH-reactors (2%). Desulfosporomusa was observed only in the suspension. Specifically, it was more prevalent in the A- reactors (1–8%) than P-reactors (1–4%) (Figure 5).

Synergistia

Two different phylotypes (Dethiosulfovibrionaceae and Synergistaceae) belonging to the class Synergistia were consistently observed in the A- and P-reactors over time (Figure 5). Specifically, Dethiosulfovibrionaceae was dominant throughout the operation of the P-reactors (anode and suspension) than A-reactors (Figures 5C,D). In addition, Synergistaceae was found to be dominant in the suspension than the anode of A- and P-reactors (Figures 5B,D).

Betaproteobacteria

Four different phylotypes belonging to the class Betaproteobacteria were observed in the samples of A- and P-reactors (Figure 5). Dechloromonas was considerably abundant in the suspension of P-reactors over time (2–41%). Rhodocyclaceae was relatively abundant (3–19%) in the suspension of AH-reactors over time (Figure 5B).

Gammaproteobacteria

Three different phylotypes (Pseudomonas, Pseudomonadaceae, and Shewanella) belonging to the class Gammaproteobacteria were observed in the A- and P-reactors (Figure 5). Specifically, Pseudomonas and Pseudomonadaceae were relatively dominant over time in the A-reactors than the P-reactors (Figure 5). Shewanella was noticed as a minor fraction in the A- and P-reactors (Figure 5). However, it was more prevalent (29 ± 2.5%) in the suspension of PL-reactors on day 70 (Figure 5D).

Bacteroidia

Four different phylotypes of the class Bacteroidia (Dysgonomonas, Bacteroidales, Porphyromonadaceae, and Parabacteroides) were noticed in the A- and P-reactors (Figure 5). Porphyromonadaceae and Bacteroidales were relatively more dominant in the P-reactors (7 ± 4%) than the A-reactors (3 ± 0.4%) (Figure 5), particularly it was more prevalent in the suspension than the anode of the P-reactors (Figure 5D). Parabacteroides was present only in the suspension of A-reactors (Figure 5B).

Anaerolineae

Only one phylotype of the class Anaerolineae namely Anaerolinaceae was observed in the A- and P-reactors (Figure 5). It was more abundant (3–16%) in the P-reactors than the A-reactors. Specifically, it was more dominant in the anode than the suspension of P-reactors (Figures 5C,D).

Archaeal Community Composition and Dynamics

Archaeal 16S rRNA gene sequences revealed the dominance of Methanobacteriaceae (74.5 ± 13%) (hydrogenotrophic methanogens) in all the samples (anode and suspension) of A- and P-reactors (Supplementary Figure S3). Particularly, the most abundant genera was Methanobacterium in all the samples of A-reactors (65 ± 13%) (Supplementary Figures S3A,B) and the anode of P-reactors (57 ± 15%) (Supplementary Figure S3C). Whereas, Methanobrevibacter was more abundant in the suspension of P-reactors (61 ± 12%) (Supplementary Figure S3D).

Temporal analysis of archaeal 16S rRNA gene sequences of A-reactors revealed the predominance of Methanobacterium (65 ± 13%) over time followed by Methanobrevibacter (10 ± 6%), Thermoplasmata (WCHD3-02) and Crenarchaeota (MCG) (excluding days 0 and 10 of AL-reactor samples which failed to amplify) (Supplementary Figures S3A,B). Also, A-reactors contained a minor fraction of unclassified Methanobacteriaceae, Methanospirillum, Methanosarcina, and Methanosaeta. In contrast, temporal analysis of the archaeal community of P-reactors displayed that the anodes were dominated by the hydrogenotrophic methanogens, Methanobacterium (PL: 51 ± 12%: PH: 64 ± 18%) followed by acetoclastic methanogens, Methanosaeta (PL: 10 ± 6%: PH: 14 ± 4%) (Supplementary Figure S3C). In addition, other sub-dominant communities were observed namely unclassified Methanobacteriaceae, Methanobrevibacter, Methanospirillum, Methanosarcina, and Thermoplasmata (WCHD3-02). Methanobrevibacter (PL: 64 ± 15%; PH: 60 ± 14%) was dominant in the suspension samples of P-reactors followed by Methanobacterium (PL: 12 ± 8%: PH: 25 ± 15%) (Supplementary Figure S3D).

DISCUSSION

The results gathered in this study demonstrated that A-reactors produced greater performance than the P-reactors in terms of current density, CE, and substrate removal efficiency regardless of the concentrations tested (Figures 1–3). Acetate in the A-reactors can be directly consumed by Geobacter for electricity generation, whereas, in the P-reactors, electricity generation requires microbial partnership between propionate degraders and intermediate consumers (e.g., Geobacter) resulting in more loss of electrons to various other competing electron sinks [biomass synthesis and production of soluble microbial products (SMPs)] as previously described (Lee et al., 2008; Ishii et al., 2014; Vanwonterghem et al., 2014; Hari et al., 2016a,b). In addition, A-reactors produced CEs greater than 100% in some of the batches (Figures 2A,B) possibly due to (1) H2 cycling from the cathode to the anode (Lee et al., 2009; Siegert et al., 2014; Zhu et al., 2014); (2) oxidation of intracellular biopolymers such as polyhydroxyalkanoates (Koch et al., 2014); or (3) utilization of stored energy in the cells (Siegert et al., 2014). In general, high concentration reactors (AH/PH) exhibited lower reactor performance in terms of maximum current density and CE (Figures 1, 2) than the low concentration reactors (AL/PL), possibly due to loss of electrons to other competing electron sinks as described previously (Hari et al., 2016a,b). Nevertheless, high concentration reactors (AH/PH) showed stable (reproducible) performance, despite repeated disturbance of the anode biofilm over time for sampling. The effect of disturbance caused by frequent sampling was more pronounced in AL and PL reactors where reduction in current density was observed followed by recovery to maximum current density in a short period (Figure 1 and Supplementary Figure S2). This suggests the self-optimization of MECs for attaining stable (reproducible) performance after disturbance.

Regardless of the substrate and concentrations tested, the anodic microbial community structure between duplicate MEC reactors was similar at each sampling event (Figure 4). During MEC mode of operations, a relatively similar anodic bacterial community structure was observed in the A-reactors over time regardless of the concentration tested, whereas in the P-reactors the bacterial communities at day 70 were clustered separately from the remainder of the samples (Figure 4). The succession observed in the anode of A- and P-reactors where dominance of Copothermobacter and Anaerolinaceae on day 0 (MFC mode of operation) was replaced by Geobacter on day 10, and the eventual dominance of Geobacter over time (days 10 to 70) (Figure 5) suggests that operation in MEC mode not only influenced the dominance of Geobacter but also decreased the bacterial diversity over time (10–70 days) (Tables 1, 2) (Kiely et al., 2011; Lu et al., 2012a). It should be noted that the dominance of Geobacter was also observed on the anode of MECs fed with domestic wastewater (Heidrich et al., 2014). At the end of MEC operation (day 70), AL and PL reactors showed a decrease in the relative abundance of Geobacter, but it remained the predominant community, accompanied by an increase in the relative abundance of several phylotypes (e.g., Desulfovibrio and Pseudomonas in AL reactors and Dethiosulfovibrionaceae, Synergistaceae, and Anaerolinaceae in PL reactors) (Figures 5A,C), however, the current density remained stable (Figure 1). An earlier study on pilot scale MEC treating domestic wastewater showed in addition to the Geobacter, the dominance of the hydrolytic microorganism Synergistia (Dethiosulfovibrionaceae), which likely resulted in more positive impact on the reactor performance (Heidrich et al., 2014). Anaerolineae was found as a predominant group in the electrode of integrated MEC-Anaerobic digestion system (Liu et al., 2016) and was also detected as a dominant organism in the anode of MFCs fed with the root exudates of rice field soil (Cabezas et al., 2015), suggesting that it likely played a role as an exoelectrogen and/or fermenter; however, its role in this study is unclear. In the case of the PH-reactors, a stable trend in the maximum current density with each cycle was observed despite varying microbial community structure over a time (days 20–70) (Figure 5C). These results suggest that functional stability was maintained despite changes in community structure. Previous studies reported that the anodic microbial communities in MFCs are flexible and can self-select and self-optimize to maintain functional stability (Ishii et al., 2012; Koch et al., 2014). In the current study, the predominance of Geobacter on the anode over time (Figures 5A,C) was essential for maintaining relatively stable current density pattern (Figure 1) of MECs fed with low or high concentrations of acetate or propionate. This suggests that the presence of members of the genus Geobacter on the anode is likely essential for successful implementation of MECs for full-scale anaerobic treatment of low and high strength wastewater.

Although, the current study was not designed to test spatial variation in microbial community structure, we cannot rule out that some of the variations observed in the microbial community structure over time could be due to spatial variation (i.e., different sampling positions). Nevertheless, previous studies reported no spatial variation in the microbial community structure on both planar and volumetric electrodes. For example, Vargas et al. (2013) showed that the anodic microbial community at different locations on planar (carbon cloth) and volumetric anodes (fiber brush anodes) was homogenous based on 16S rRNA gene sequencing. The anode fiber brush used in the current study was similar to the one used by Vargas et al. (2013). Dennis et al. (2013) specifically designed a reactor setup to address if changes in microbial diversity observed over time in a bioelectrochemical system can be related to community development rather than spatial variation within the reactor. Their 16S rRNA genes sequencing results revealed no spatial variation in the diversity of microbial communities associated with different planar electrodes within a single time point. Using fluorescence in situ hybridization (FISH), Kiely et al. (2011) showed that Geobacter sulfurreducens was homogenously dispersed on the anode fibers of a potato wastewater fed MECs.

In addition, the microbial community composition and structure was compared between the anode biofilm and suspension samples. The bacterial community structure in the suspension of A- and P-reactors was highly dynamic compared to the biofilm samples as revealed by NMDS (Figure 4) and ANOSIM. However, similar bacterial composition was observed between the anode and suspension samples, where the dominant members on the anode were also present in suspension (Supplementary Tables S1–S4). This similarity in bacterial composition between the biofilm and suspension samples could be due to biofilm detachment. This was supported by the presence of high abundance of Geobacter (3–45%) in the suspension samples (Figures 5B,D and Supplementary Tables S2, S4). It is well known that members of the genus Geobacter are strongly associated with the anode, and their presence in solution was due to biofilm detachment. It should be noted, that at the end of each batch cycle the anolyte solution was emptied and replaced with fresh autoclaved solution, and current generation was immediately observed for both acetate- and propionate-fed MECs. Taken together, these results suggest that the main microbial functions (exoelectrogenesis and fermentation) were taking place at the anode and the slight turbidity observed in the anolyte solution of the acetate- and propionate-fed reactors was possibly due to biofilm detachment.

Analysis of 16S rRNA gene pyrosequencing data revealed that the classical propionate degraders such as Syntrophobacter spp., Smithella spp., and Pelotomaculum spp. that are typically present in methanogenic systems were not detected on the anode and suspension in the current study. It is possible that the conditions in the anode chamber favored the presence of other propionate degraders. In the current study, P-reactors were dominated by diverse phylotypes belonging to Clostridia, Synergistia, and Anaerolineae (Figures 5B,D). Members of these classes were reported to be propionate oxidizers and were abundant in propionate and acetate fed MECs, propionate enriched soils, and anaerobic digester sludge (Chauhan et al., 2004; Kragelund et al., 2007; Yamada et al., 2007; Ito et al., 2011; Lesnik and Liu, 2014; Ruiz et al., 2014; Cabezas et al., 2015). A schematic diagram based on 16S rRNA gene sequencing data was generated describing the potential key members in the community and their interaction in the anode of MECs fed with acetate or propionate (Figure 6). It should be noted that in-depth community analysis using 16S rRNA gene pyrosequencing allows for speculation about possible interactions between different members in the community when utilizing an organic substrate (Aracic et al., 2014). However, it does not provide information on the metabolically active members in the community. Alternatively, stable isotope probing (SIP) with labeled propionate combined with 16S rRNA gene sequencing should be used in future studies to provide a better insight into the carbon flow during propionate oxidation and to allow the identification of metabolically active members in the community (i.e., linking phylogeny to function) that are involved in propionate oxidation (Dumont and Murrell, 2005). Also, additional insights into the physiology of electrode communities can be obtained using metatranscriptomics (Ishii et al., 2013; Aracic et al., 2014).
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FIGURE 6. A schematic describing the potential key members in the community and their interaction in the anode of MECs fed with acetate (A) or propionate (B). This schematic was developed based on the available information from the literature on the microbial communities. Members of Geobacter, Shewanella (Luo et al., 2017), Desulfovibrio and Pseudomonadaceae spp. are known to use the anode as their electron acceptor (Koch and Harnisch, 2016). The presence of complex carbohydrates and proteins in the extracellular polymeric substances (EPS) and/or endogenous decay of dead cells in the anodic biofilm matrix can act as a source of substrate for various hydrolytic/fermentative bacterial communities, like Anaerolinaceae, Sedimentibacter, Dethiosulfovibrionaceae, and Coprothermobacter. This process might lead to the production of unknown metabolic intermediates (e.g., acetate, propionate, formate, lactate, H2, etc.), and these intermediates can act as an electron and carbon source for the growth of other microbial communities (fermenters and exoelectrogens). For example, members of Coprothermobacter spp. were found to have strong intracellular and extracellular protease activity capable of protein and peptide degradation. Additionally, they were identified in anaerobic systems as important hydrogen producers (Tandishabo et al., 2012). Development of mixed populations of species belonging to Firmicutes, Synergistetes, Coprothermobacteria, and Anaerolineae were observed in microbial fuel cell (MFC) fed with acetate (Fu et al., 2013) and of root exudate-driven MFCs (Cabezas et al., 2015). Members of Clostridia, Synergistia, and Anaerolineae were reported to be propionate oxidizers and were abundant in propionate and acetate fed MECs, propionate enriched soils, and anaerobic digester sludge (Chauhan et al., 2004; Kragelund et al., 2007; Yamada et al., 2007; Ito et al., 2011; Lesnik and Liu, 2014; Ruiz et al., 2014; Cabezas et al., 2015).



In terms of substrate removal, AL, AH, and PL showed nearly complete removal of substrate (97 ± 2%), whereas substrate removal was 75 ± 14% in the PH-reactors (Figure 3B). In methanogenic systems, propionate oxidation is highly endergonic (+72 kJ/mole) and performed by syntrophic consortia of microorganisms (Stams and Plugge, 2009). In such environments, acetogenic bacteria oxidize propionate to acetate and hydrogen (or formate), which are then utilized by acetoclastic (acetate) and hydrogenotrophic methanogens (H2 or formate) to produce CH4 or CO2 (Boone and Xun, 1987). In general, accumulation of high concentrations of propionate (>20 mM) is detrimental to AD processes (Pullammanappallil et al., 2001; Gallert and Winter, 2008; Ma et al., 2009). In MECs, complete removal of propionate at elevated substrate concentration (36 mM) requires microbial partnership between fermenters, hydrogenotrophic methanogens and Geobacter (Hari et al., 2016b). Both Geobacter and hydrogenotrophic methanogens consumed the intermediates (acetate, H2, and formate) generated by fermenters, and kept their concentrations low resulting in more energetically favorable fermentation, and hence complete removal of propionate (Hari et al., 2016b). In the current study, the incomplete degradation of propionate in PH reactors was possibly due to lack of hydrogenotrophic methanogenesis, which was not a major sink (data not shown) of electrons. The lack of methanogenesis in the current study was possibly due to the fact that the MEC anodes were initially enriched in single chamber air-cathode MFCs, where oxygen intrusion through the cathode might have affected the growth of methanogens. In another study, we operated the P-reactors under MEC (oxygen free environment) mode from the start of the experiment, and this provided a suitable environment for the enrichment of hydrogenotrophic methanogens resulting in methane being an important sink (Hari et al., 2016b).

While the use of an applied voltage in the current study was useful for understanding the temporal dynamics of microbial communities in connection to reactor performance in MECs fed with low or high concentrations of acetate or propionate, the anode potentials in the reactors were not controlled. However, at all tested conditions the variation in the anode potential was low (∼-0.15 ± 0.1 V to -0.23 ± 0.09 V vs. SHE) resulting in relatively similar anodic microbial community composition but with varying relative abundance. It is known that operating MECs as set anode potential (SAP) can influence the anodic microbial community structure (Torres et al., 2009; Hari et al., 2016b). For example, in propionate-fed MECs higher microbial diversity was observed at more positive SAP (0.25 V vs. SHE) than lower SAPs (0 V and -0.25 V). Also, similar dominant genera (Geobacter, Smithella, and Syntrophobacter) were observed on the anode of all tested SAPs, but their relative abundance varied depending on SAP (Hari et al., 2016b). Similarly, in acetate fed-MECs higher phylogenetic diversity was observed on the anode at positive SAP (0.37 V vs. SHE) than lower SAPs (-0.15, 0.09, and 0.02 V vs. SHE), which were mainly dominated by G. sulfurreducens (Torres et al., 2009). Taken together, these results suggest that the more energy available for growth at higher positive SAPs was likely captured by diverse microorganisms resulting in higher diversity.

In an earlier study, it was shown using a similar MEC setup and operated under the same conditions that multiple paths of carbon and electron flow (via acetate/H2 or acetate/formate) to electrical current could occur simultaneously during propionate oxidation in the anode of MECs regardless of the concentration tested (Hari et al., 2016a). In methanogenic systems, processing of substrates through multiple routes in parallel is essential for maintaining functional stability in response to organic overloading (Fernandez et al., 2000; Hashsham et al., 2000). In a similar fashion, this multiple paths of electron flow from the substrate in the anode of MECs should result in a higher functional stability of the system. Despite the high concentration (36 mM) of propionate used in the current study, the removal of propionate was still high (∼75%) in the PH reactors. Therefore, the anode of MECs could potentially be integrated with existing AD processes to improve propionate degradation and functional stability.

CONCLUSION

Our findings indicated that MECs are functionally stable in performance regardless of the carbon source (acetate and propionate) and concentrations (0.5 g COD/L and 4 g COD/L) tested. Geobacter was the dominant genus at the anode of all the tested conditions. Their predominance was essential for maintaining relatively stable current density pattern despite frequent sampling of the anodic biofilms over time. The results of this study showed the potential of MECs as a viable alternative technology for anaerobic treatment of low and high strength synthetic solutions, containing acetate or propionate. However, defined solutions of acetate or propionate are not representative of the complexity of real wastewaters, and future studies focusing on the temporal dynamics of microbial communities and its correlation to system performance in MECs fed with real wastewater (containing various VFAs with differing concentrations) are needed to determine the robustness of MECs as an anaerobic treatment technology.
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Bacterial extracellular electron transfer (EET) plays a key role in various natural and engineering processes. Outer membrane c-type cytochromes (OMCs) are considered to be essential in bacterial EET. However, most bacteria do not have OMCs but have redox proteins other than OMCs in their extracellular polymeric substances of biofilms. We hypothesized that these extracellular non-cytochrome c proteins (ENCP) could contribute to EET, especially with the facilitation of electron mediators. This study compared the electrode respiring capacity of wild type Shewanella decolorationis S12 and an OMC-deficient mutant. Although the OMC-deficient mutant was incapable in direct electricity generation in normal cultivation, it regained electricity generation capacity (26% of the wide type) with the aid of extracellular electron mediator (riboflavin). Further bioelectrochemistry and X-ray photoelectron spectroscopy analysis suggested that the ENCP, such as proteins with Fe–S cluster, may participate in the falvin-mediated EET. The results highlighted an important and direct role of the ENCP, generated by either electricigens or other microbes, in natural microbial EET process with the facilitation of electron mediators.
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INTRODUCTION

Bacterial extracellular electron transfer (EET) plays a crucial role in various natural biogeochemical cycles and engineering processes. It can deliver electrons from intracellular substrate to extracellular solid acceptors such as mineral oxides, humics. Moreover, bacterial EET to electrodes is a key process in the electricity generation and biodegradation in bioelectrochemical systems (BESs) which have promising application in wastewater treatment, bioremediation, biosensor and many other fields with simultaneous energy recovery (Lovley, 2006, 2012; Logan and Rabaey, 2012).

More and more bacteria (representatively Shewanella and Geobacter species) capable of EET have been isolated from various environments (Lovley, 2012). The reported bacterial EET strategies can be generally divided into two types, that is, (i) direct electron transfer to extracellular electron acceptors via outer membrane c-type cytochromes (OMCs) or conductively proteinaceous nanowires and (ii) indirect electron transfer via naturally occurring or biogenic electron mediators. Combined direct-indirect EET strategies can also be used by some bacteria (e.g., Shewanella) (Logan, 2009; Yang et al., 2012). OMCs were considered to be essential for bacterial EET as the removal of OMCs could eliminate the electron transfer efficiency in both direct and indirect EET processes (Shi et al., 2009; Coursolle et al., 2010). However, a recent analysis of the prokaryotic proteomes suggested that most prokaryotes do not have OMCs.

In most cases, bacteria perform EET within biofilms attached on the solid electron acceptors. It has been reported that, numerous redox species and extracellular redox proteins (e.g., flavoproteins, ferredoxins) other than OMCs exist in biofilms of pure- or mixed-species (Cao et al., 2011; Yates et al., 2016). The extracellular non-cytochrome c proteins (ENCP) may be generated by secretion or lysis of biofilm cells and play important roles in redox processes, cell protection and other functions. For example, proteomic analysis of the extracellular polymeric substances (EPS) of Shewanella sp. HRCR-1 biofilms identified hundreds of proteins (including ENCP) released from the inside or outer membrane of biofilm cells (Cao et al., 2011). Recently, Yates et al. (2016) detected proteins containing Fe–S clusters in BES electrode biofilms. In contrast to the well-known role of OMCs in EET, whether bacterial ENCP participates in EET or not is yet unknown. It has been reported that many bacteria lacking of OMC and EET capacity could obtain EET capacity by providing electron mediators such as neutral red or flavins (Chung et al., 1978; Park and Zeikus, 2000). Therefore, we hypothesized that ENCP could contribute to bacterial EET processes with the facilitation of electron mediators.

To verify the hypothesis, this study investigated the EET capacities (including electrode, iron and azo dye reduction) of Shewanella decolorationis S12 and its mutant lacking of OMCs in the presence or absence of artificial electron mediator. The results suggested a significant role of Shewanella ENCP in the mediated EET process. This is the first evidence of that bacterial could use not only OMCs but also ENCP in EET process. Due to the ubiquity of ENCP and electron mediators in natural and engineering environments, bacterial ENCP may play an important but unrecognized role in many EET-dominated processes and bioreactors such as dissimilatory metal reduction and BESs.

MATERIALS AND METHODS

Bacterial Strains

Shewanella decolorationis S12 was isolated from the activated sludge of a textile-wastewater treatment plant (Xu et al., 2005). It has been reported that the ccmA gene is essential for the maturation of the c-type cytochromes of Shewanella species (Ahuja and Thony-Meyer, 2003; Chen et al., 2010). To obtain a mutant strain without OMCs, the ccmA gene of the S. decolorationis S12 was deleted as previously described (Chen et al., 2010). The wild-type (WT) and mutant-type (MT) S. decolorationis S12 was aerobically grown in LB medium at 30°C until the late log-phase of the culture was achieved. The cultures were then centrifuged at 6000 × g for 2 min, and the collected cells were washed twice in sterilized phosphate buffer saline (PBS, pH7.2) for BES inoculation.

MFC Assembly and Operation

Dual-chamber glass MFCs were assembled as previously described (Yang et al., 2015). Briefly, plain graphite plates (2 cm × 3 cm × 0.2 cm) were used as anodes and cathodes. An Ag/AgCl electrode (+0.197 V vs standard hydrogen electrode, SHE) was used as a reference electrode to each anode. The anode and cathode chambers were separated with a piece of Nafion 115 membrane (7.1 cm2). After being assembled and sterilized (115°C for 20 min), the anode chamber (120 mL) was filled with 100 mL of lactate medium (12.8 g/L of Na2HPO4, 3 g/L of KH2PO4, 0.5 g/L of NaCl, 1.0 g/L of NH4Cl, and lactate 10 mM, pH 6.8). To stimulate biofilm growth, 0.05% (w/v) yeast extract was added to the medium. Each cathode chamber was inoculated with 100 ml sterilized phosphate buffered saline solution (PBS, pH 7.2) containing 50 mM potassium ferricyanide. MFCs were inoculated with MT-S12 or WT-S12 with the same initial cell density OD600 (optical density at the wavelength of 600 nm) = 0.04. For the first 24 h, both MFCs were operated aerobically non-electricity generating (open circuit) condition by bubbling air (0.15 L/min, filtered with a 0.2 μm membrane) in the anode culture to allow biofilm and planktonic cell growth. After that, to allow electrode reduction (electricity generation) of the MT-S12 and WT-S12, the MFCs were switched to anaerobically electricity-generating (closed circuit) condition by ceasing the air-inflow and tighten the cap of anode chambers and connecting the anode and cathode via a titanium wire with a 1000 Ω resistor. The electricity of MFCs under closed circuit condition was recorded with a multimeter (Keithley 2700, module 7702). Each MFC was operated at 30°C in triplication. To test the stimulation role of electron mediators to both WT- and MT-S12, riboflavin was added (2 μM each time) to MFC anode chambers using sterilized syringes during electricity generation.

Physiological Analyses

For the planktonic cell growth, OD600 of the anode cultures was periodically monitored using an UV/Vis spectrophotometer (Ultraspec 6300 pro, Amersham Biosciences). Dissolved oxygen profile in the liquid culture was measured with an oxygen microelectrode (Unisense, Denmark) as reported before (Yang et al., 2015). For the biofilm growth on anodes, biofilms were sampled and the biofilm biomass was evaluated using a protein-quantification assay as previously described (Yang et al., 2015). For the flavin concentration in planktonic culture, 3 mL of the culture liquid was centrifuged at 8000 × g for 2 min, and the supernatant was analyzed by a fluorescence spectrometer (LS 45, PerkinElmer) with an excitation wavelength of 440 nm and an emission wavelength of 525 nm. For the flavins in biofilms, the biofilms was rinsed in PBS and scraped with a sterilized blade, followed by blending and centrifugation of 8000 × g for 2 min. The supernatant was analyzed with the fluorescence spectrometer. To evaluate the contribution of the biofilm ENCP in electricity generation, the biofilm were rinsed in sterilized PBS buffer (pH 7.2) containing protease K of 10 μg/ml for 5 min (Clark et al., 2007). The shorter treatment time could partially lysed the ENCP and maintain biofilm structure as verified under confocal laser scanning microscopy (CLSM).

Microscope and Spectroscopy Analysis

The biofilm viability and structure were observed under a CLSM after being stained with a Live/Dead BacLight staining kit (Life Technologies, L7012) (Yang et al., 2015). The analyses of surface elements and associated chemical bonds of the biofilm and cell surface were analyzed by scanning electron microscopy-energy dispersive dpectrometer (SEM-EDS, HORIBA 7962H) and X-ray photoelectron spectroscopy (XPS, Thermo K-ALPHA) with a monochromatic Al Kαsource, and the XPS data was fitted with the ‘XPS peak’ software.

Electrochemical Analyses

Before electrochemical analysis of the MFCs, the anodic culture were purged with 0.2-μm filtered purified N2 to avoid the possible effects of soluble oxygen on flavin redox (Kumar and Chen, 2007). Cyclic voltammetry (CV) analysis of the MFC anodes was conducted as previously reported (Yang et al., 2014). Electrochemical impedance spectroscopy (EIS) of the MFC anodes was analyzed using an electrochemical workstation (Corrtest, China). Before analysis, the cell voltage of each MFC was controlled at their open-circuit voltages for 30 min as suggested by previous reports (Jung et al., 2012). A frequency range from 10 mHz to 100 kHz with an AC signal of ±10 mV amplitude was used. The EIS data was analyzed using Zview software and the scattered initial points were removed before data analysis as suggested by Manohar and Mansfeld (2009). The sinusoidal response was monitored which verified a stable and linear condition during the EIS measurements. According to the EIS data, an equivalent circuit (R(RctCPE)) consisted of an ohmic resistance(R), followed by an electrochemical charge transfer resistance (Rct) in parallel with a constant phase element (CPE), was used, as suggested by reported EIS analyses for Shewanella anodes (Manohar and Mansfeld, 2009; Ramasamy et al., 2009; Jung et al., 2012).

RESULTS AND DISCUSSION

Planktonic and Biofilm Growth of WT- and MT-Strain

Cytochrome c is essential for the anaerobic growth of Shewanella species. Physiological and molecular tests in this and our previous study demonstrated that the ccmA-mutant of S. decolorationis S12 was deficient in cytochrome c generation and anaerobic growth (Supplementary Figure S1) (Chen et al., 2010). To allow planktonic and biofilm cell growth of MT-S12 and WT-S12 strains, MFCs were operated aerobically for the first 24 h after inoculation which showed similar growth of the two strains (Figure 1A). Moreover, the flavins (including riboflavin and riboflavin-5-phosphate) generating capacity of planktonic MT-S12 and WT-S12 were comparable, indicating that cytochrome c had no significant effects on the aerobic growth and flavin secretion of S. decolorationis S12.
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FIGURE 1. (A) Planktonic cell growth and flavin generation of WT- and MT-S12. Insert indicates the cell precipitate of WT- and MT-S12, wherein red color of the WT-S12 indicates cytochrome c on cell surface; (B) Biofilm biomass and (C) Biofilm flavins (p < 0.05). (n = 3, error bars indicate standard deviation)



Regarding the biofilm growth, CLSM showed similar biofilm thickness (17 ± 7 μM) on the electrode surface of the WT-S12 and MT-S12 MFCs (Supplementary Figure S2). Despite that, the biofilm biomass of MT-S12 was less in comparison with that of the WT-S12 (15 vs 17.5 μg/cm2) which is consistent with the biofilm cell density observed by CLSM (Figure 1B). This is reasonable as the dissolved oxygen concentration decreased dramatically from the biofilm-liquid interface to the biofilm-electrode interface (from 0.08 to 0.01 mM). It is likely that the anaerobic microenvironment within the biofilm prevented the growth of MT-S12 biofilm cells as cytochrome c are needed in Shewanella anaerobic growth. In line with the biomass content, flavin concentrations in MT-S12 biofilm are lower than that in the WT-S12 biofilms. By normalizing to biofilm biomass, it can be seen that the flavin-secretion capacity of MT-S12 biofilm cells was 12.9% lower than that of WT-S12 (0.027 vs. 0.031 μM per mg protein, Figure 1C). Several previous reports have indicated that flavin secretion capacity of Shewanella species would decreased in unfavorable growth conditions as lower flavin generation was observed in anaerobic or single electron acceptor condition than in aerobic or multiple electron acceptor condition, respectively (von Canstein et al., 2008; Brutinel and Gralnick, 2012; Wu et al., 2012). It seemed likely that MT-S12 suffered more stress in the micro-aerobic biofilm environment relative to WT-S12. Moreover, the decreased flavin secretion of WT-S12 would save more energy for some other essential metabolisms to survive under unfavorable conditions (Marsili et al., 2008).

Electricity Generation Capacity of MT and WT Strain

After open-circuit aerobic growth, MFCs were switched to closed-circuit anaerobic condition which allowed the WT and MT strains to use electrode as the sole electron acceptor. Electricity generation by WT-S12 started within 3 h upon switch and increased to the maximal value of 56.4 μA within 33 h (Figure 2A). In contrast, MT-S12 MFCs (Figure 2A) and abiotic controls (Supplementary Figure S3) showed no obvious electricity generation, indicating that cytochrome c-deficient MT-S12 lost the electrode respiration capacity. This is predictable as cytochrome c has been demonstrated to be essential in EET capacity of Shewanella and other reported microbes capable of electrode respiration (Coursolle et al., 2010; Lovley, 2012).
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FIGURE 2. (A) Electricity generation by MT- and WT-S12 under normal condition. (B) Electricity generation by MT- and WT-S12 with increased riboflavin concentration, arrow a indicates addition of flavin-free PBS, arrow b to f indicates addition of 2 μm flavins for each, red arrow g indicates protease K treatment.



Electron mediators such as neutral red, flavins or AQDS are usually used to stimulate EET processes of bacteria capable or originally incapable of EET (e.g., Escherichia coli, Actinobacillus succinogenes) (Chung et al., 1978; Park and Zeikus, 2000). Shewanella species can secrete flavins as electron mediators or cofactors to deliver electrons from OMCs to electrode and stimulate the EET rate by up to 50-fold (Coursolle et al., 2010; Okamoto et al., 2014b). On the other hand, it was reported that over 300 proteins (including OMCs and various ENCP) existed in the EPS of Shewanella sp. HRCR-1 biofilm (Cao et al., 2011). The incapability in electricity generation of MT-S12 (Figure 2A) suggested that the ENCP has no significant interaction with the electrode, directly or indirectly via flavins, under normal cultivation condition.

However, when we increased the flavin concentration from 0 to 10 μM in both WT- and MT-S12 MFCs, the electricity generated by WT-S12 increased from 15.2 to 55.4 μA as expected (Okamoto et al., 2014a) and intriguingly, the electricity generated by MT-S12 increased to 14.4 μA (26% of the WT-S12) (Figure 2B). In addition to electricity generation, riboflavin-stimulated EET were also founded in Fe(III) and amaranth (an cell membrane-impermeable azo dye; Hong et al., 2007) reduction of MT-S12 biofilms (Supplementary Figure S4). These results suggested that although OMCs were eliminated, the electron transfer from MT-S12 to electrode could also be stimulated by higher concentration of electron mediators. This is consistent with the fact that many OMC-free bacteria could perform EET with artificially added electron mediators. Moreover, the remained slight Fe(III) and amaranth reduction capacity of MT-S12 (Supplementary Figure S4) indicated that some extracellular redox species other than OMCs exist.

Electrochemical Interaction between Electrode and MT- and WT-S12

To further confirm and understand the interaction between electrode and MT-S12 with artificially added riboflavin, CV, and EIS analyses were conducted. As a control, the abiotic electrode CV showed no obvious redox peak and riboflavin showed a reduction peak at –0.23 V which is consistent with previous reports (Marsili et al., 2008) (Supplementary Figure S3). WT-biofilms have a couple of reductive and oxidative peaks at –0.29 and –0.21 V (centered at –0.25 V) (Figure 3A), which could be attributed to flavins as cofactors of OMCs (Marsili et al., 2008; Okamoto et al., 2014b). A much wide redox area without obvious peak can be seen for MT-biofilms. After adding 10 μM of ribolavin, a wide redox couple (centered at –0.195 V) were observed. The enhanced wide-range redox peak of the MT-biofilms with added riboflavin indicated that various redox species may react with the electrode via riboflavin, which is different with the sharp CV peaks caused by the OMC-flavin of the WT-S12. It has been reported that flavins in Shewanella EET mainly functioned as cofactors of OMCs (one-electron reaction) which could largely enhance the EET rate than free flavins (two-electron reaction) (Kumar et al., 2008; Okamoto et al., 2014b). For the MT-S12 biofilms, flavins could only functioned in a free state due to the deletion in OMCs. Therefore, the WT-S12 biofilms showed higher anodic peak current than that of the MT-S12 biofilms with or without artificially added riboflavin.
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FIGURE 3. (A) CV of biofilms in different anodic cultures. Scan rate = 0.01 V/s, pH = 0.68. (B) Bode-diagram of EIS analysis. (C) Phase angle (theta)-frequency plots of EIS analysis, with an AC voltage amplitude of 10 mV and a frequency range from 100 mHz to 100 KHz.



Electrochemical impedance spectroscopy measurements of the anodes were shown in Bode-diagram (Figure 3B). The phase angle (theta)-frequency plots (Figure 3C) suggested an one-time constant model of the anodic reactions which is consistent with the used equivalent circuit (R(RctCPE). The phase angels of different anodes occurred with low frequencies (<100 Hz) indicating that the anodic reaction was dominated by flavin-mediated electron transfer processes (Ramasamy et al., 2009; Jung et al., 2012). This is consistent with the physiological analysis with several Shewanella mutants that flavins accounts for ∼75% in Shewanella EET to solid electron acceptors (Kotloski and Gralnick, 2013). The impedance modulus (Z)-frequency plots (Figure 3B) showed an impedance order of the three anodes: MT-S12 > MT-S12 with flavins > WT-S12 (detailed fitting data shown in Supplementary Table S1), which is consistent with their CV profiles and electricity generation capacities. Electrochemical analyses further confirmed that riboflavin could increase the charge transfer between S. decolorationis S12 and electrode in the presence or absence of OMCs.

Possible Role of ENCP in MT-S12 Electricity Generation

Considering that the added flavins can only deliver extracellular electrons (Richter et al., 2010) and MT-S12 have no OMCs, it can be presumed that flavins could receive electrons from ENCP or other redox species in MT-S12 biofilm EPS and further transfer them to terminal electron acceptors.

To verify whether biofilm ENCP played a role in the flavin-enhanced electricity generation, proteinase K, a non-redox enzyme capable of destroying extracellular proteins but not intracellular proteins, was used to treat the biofilms (Clark et al., 2007). After treatment, electricity generation by MT-S12 biofilm dramatically decreased by 84% (to 2.3 μA, Figure 2B) which suggested that ENCP played an important role in the flavin-enhanced electrode respiration by MT-S12.

Shewanella EPS contains a plenty of ENCP that might donate electrons to flavins. Among those ENCP, Fe-S cluster containing-proteins exist widely in the EPS of different bacteria species (Cao et al., 2011; Yates et al., 2016). By using EDS, we identified element Fe in the EPS of both WT-S12 and MT-S12 (0.11% and 0.07% w/w, respectively) (Figure 4A). Sulfur as a common element in bio-molecular was also detected. Furthermore, the XPS peak at 163.5 eV could be attributed to Fe–SH bond (Volmer-Uebing and Stratmann, 1992) (Figure 4B), suggesting that Fe–S cluster exists in the EPS. Fe–S cluster can donate electrons to flavins (Watanabe et al., 2016), therefore, it is possible that Fe–S cluster-containing proteins (or other SNCP) donate electrons to the riboflavin and further to electrode. Consistently, Yates et al. (2016) recently reported that extracellular Fe–S cluster containing-proteins from Marinobacter spp. might play an important role in EET of an electrode attached mixed-species biofilm. To further elucidate the role of Fe–S cluster-containing proteins or other ENCP in EET, high throughput sequencing and molecular interaction analysis are needed.
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FIGURE 4. SEM- EDS (A) and XPS (B) data of the MT-S12 cell surface. Background data was shown in Supplementary Figure S5.



Outer membrane c-type cytochromes-free microbes are generally considered to participate indirectly in electricity generation by providing fermentation or pre-degradation products to electricity-generating microbes rather than donating electrons to electrode (Logan, 2009; Hodgson et al., 2016). In contrast, our results indicated that the ENCP from OMC-free microbes (e.g., fermentation microbes) could also contribute to EET via electron mediators. Moreover, the contribution of OMC-free microbe in electricity generation could partially explain a repeatedly reported phenomenon that scarce or even no typical electricity generating microbes could be founded in the anode microbial communities of many well-performed BESs (Xia et al., 2015; Xiao et al., 2015).

CONCLUSION

The electricity generation capacities and bioelectrochemical properties of wild S. decoloationis S12 and an OMC-mutant were comparatively analyzed in this study. In comparison with the wild strain, the mutant showed similar planktonic growth but slightly decreased biofilm growth. Similarly, to the wild strain, the EET rate of the OMC-mutant could be stimulated with artificially added flavins. ENCP in the biofilm EPS, such as Fe–S cluster containing-proteins, may play an important role in the EET process of the OMC-mutant. The results indicated an unignorable role of ENCP in bacterial EET process with the facilitation of electron mediators.
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The performance of microbial electrochemical cells depends upon microbial community structure and metabolic activity of the electrode biofilms. Iron as a signal affects biofilm development and enrichment of exoelectrogenic bacteria. In this study, the effect of ferrous iron on microbial communities of the electrode biofilms in microbial fuel cells (MFCs) was investigated. Voltage production showed that ferrous iron of 100 μM facilitated MFC start-up compared to 150 μM, 200 μM, and without supplement of ferrous iron. However, higher concentration of ferrous iron had an inhibitive influence on current generation after 30 days of operation. Illumina Hiseq sequencing of 16S rRNA gene amplicons indicated that ferrous iron substantially changed microbial community structures of both anode and cathode biofilms. Principal component analysis showed that the response of microbial communities of the anode biofilms to higher concentration of ferrous iron was more sensitive. The majority of predominant populations of the anode biofilms in MFCs belonged to Geobacter, which was different from the populations of the cathode biofilms. An obvious shift of community structures of the cathode biofilms occurred after ferrous iron addition. This study implied that ferrous iron influenced the power output and microbial community of MFCs.
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INTRODUCTION

Microbial electrochemical cell (MEC) has been admired as a versatile device that can be used for alternative energy generation, electrosynthesis, biosensor, and waste treatment (Hou et al., 2016; Liu et al., 2016a; Huang et al., 2017). However, practical implementation of microbial fuel cells (MFCs) remains restricted by reasons of low electron transfer efficiency and high material costs (Logan et al., 2006). For the past few years, researchers studied electrode materials, exoelectrogenic bacteria, reactor configuration and operational conditions of MFCs (Watson and Logan, 2010; Yong et al., 2011; Janicek, 2015), and pointed out that microbial biofilm was the most direct and key element that affect current generation (Mohan et al., 2008). However, microbial biofilm and its community structure of MFCs can be influenced by temperature, pH, carbon source, inoculum, and metal ion (Lu et al., 2011, 2012; Patil et al., 2011; Wu et al., 2013). The diverse populations developed in the biofilms in MECs have been widely analyzed (Mei et al., 2015). Geobacter as a typical dissimilatory metal-reducing bacterium (DMRB) is commonly identified in MFCs (Mohan et al., 2014; Zhu et al., 2014; Kumar et al., 2016). Hence, to understand and optimize ecological conditions that facilitate exoelectrogens enrichment and electron transfer are essential for MEC application.

Iron plays a central role in the development and maintenance of biofilm of Pseudomonas (Hunter et al., 2013). Although ferric iron has been identified as an important parameter affecting the biofilm formation (Banin et al., 2005), the impact of ferrous iron on the biofilm is less known. Metal ions are essential minerals to composite microorganisms and biological molecules, including metalloproteins which play key roles in most biological processes (iron for respiration; Cvetkovic et al., 2010). The reactive metal ions may have the phenomenon of redox reaction, catalysis, or precipitation, etc. and thus directly affect the performance of MECs by influencing the metabolism of microorganisms or the activity of enzymes (Lu et al., 2015). Due to its high redox activity, the Fe2+ is able to be oxidized at the anode in an air-cathode fuel cells which are capable of abiotic electricity generation (Cheng et al., 2007). The addition of ferrous sulfate to the anode medium has improved the power densities of MFCs during start-up period (Wei et al., 2013). However, there are less literatures concerning the response of exoelectrogenic community in the electrode biofilms to ferrous iron.

Ferrous iron used in catholyte of dual-chambered MFC enhanced power output by increasing salt concentration or improving cathode potential (Ter Heijne et al., 2007). A comparison of results with and without ferrous iron as a cathodic reactant also revealed that the addition of ferrous iron enhanced power generation in batch MFC (Wang et al., 2011). However, the knowledge related to the effects of ferrous iron on performances of MFCs and microbial communities of electrode biofilms is less known. To reveal the response of microbial community of the electrode biofilm to ferrous iron, in this study, electrochemical performances of MFCs supplemented with different concentrations of ferrous iron were investigated. Meanwhile, microbial community structures of the anodes and cathodes biofilms in MFCs were analyzed using Illumina Hiseq sequencing of 16S rRNA gene amplicons.

MATERIALS AND METHODS

MFC Configuration and Operation

Single-chamber MFCs with volume of 14 mL were constructed as previously described (Xing et al., 2008). Anodes were made of carbon paper (Toray TGP-H-090, Japan), while cathodes were stainless steel mesh by rolling activated carbon and polytetrafluoroethylene (PTFE) (Dong et al., 2012) (the area of anode and cathode were both 7 cm2). Domestic wastewater was used as inoculum in the first 5 days. Nutrient solutions were consisted of 1 g/L sodium acetate, 5 mL/L vitamins, 12.5 mL/L minerals, 100 mM phosphate buffer saline (PBS, pH of 6) and FeSO4 with different concentrations. The final pH value of nutrient solution was 6.2 ± 0.1. The final concentrations of FeSO4 in MFCs were 32 (control), 100, 150, and 200 μM.

Voltages across the external resistor (1000 Ω) of MFCs were measured using Keithley 2700 multimeter/data acquisition system. All MFCs were operated at 35°C and each Fe2+ concentration have three replicates. Cyclic voltammetry (CV) measurements of MFCs at the 15th day were performed on Autolab potentiostat (Metrohm, Netherlands) with scan rate of 0.01 V/s.

DNA Extraction and Illumina Sequencing of 16S rRNA Gene

After MFCs were operated for 2 months, the anode and cathode biofilms of MFCs (control, fed with 100 and 200 μM Fe2+) were sampled for genomic DNA extraction by using PowerSoil DNA Isolation Kit according the manufacturer’s instructions. DNA concentration and purity were determined by NanoPhotometer P-Class (Implen, GmbH). Prior to polymerase chain reaction (PCR) amplification, DNA of anode and cathode biofilms from three duplicated bioreactors were mixed. The V4 region (length of ∼373 bp) of bacterial 16S rRNA gene was amplified by using a set of bacterial primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). After integrated with barcode, PCR amplification was implemented by using ABI GeneAmp® 9700 PCR system.

Sequencing was performed on Illumina Hiseq platforms according to the standard protocols. Raw Tags were overlapped by using the Fast Length Adjustment of SHort reads (FLASH; V1.2.7)1 software (Magoc and Salzberg, 2011) and filtered following pipelines of Quantitative Insights Into Microbial Ecology (QIIME, V1.7.0; Caporaso et al., 2010). Effective tags were obtained by removing chimeric sequences after aligned using Gold database2. Operational taxonomic units (OTUs) were determined based on the threshold of 97% similarity using UPARSE software (Uparse V7.0.1001). A representative sequence of each OTU was aligned for taxonomic identification using the GreenGene database3 and Ribosomal Database Project (RDP) classifier (version 2.2)4 with the threshold of 80–100% (DeSantis et al., 2006; Wang et al., 2007). The raw Illumina sequencing data were deposited in the Sequence Read Archive (SRA) of National Center for Biotechnology Information (NCBI) under the accession Nos. SRR5266191–SRR5266196.

RESULTS AND DISCUSSION

Electricity Generation and Electrochemical Activity of MFCs

Cyclic voltammetry curves showed that MFCs supplemented with 100 μM ferrous ion (Fe2+) obtained the highest current peak on the 15th day (Figure 1). The results suggested that low concentration of Fe2+ could obviously improve electrochemical activity of MFCs in the start-up period. During another 15 days of operation, MFCs with 100 μM ferrous ion showed the best electrochemical characteristics compared to MFCs with 150 and 200 μM Fe2+, and MFCs without additional Fe2+ supplement (Figure 2). The maximum voltage of 0.55 V was monitored in MFCs fed with 100 μM Fe2+, and then following the order control (0.54 V), 150 μM Fe2+ (0.52 V) and 200 μM Fe2+ (0.47 V). After all MFCs were operated for 30 days, MFCs of control groups maintained the steady voltage output, while other MFCs with Fe2+ addition performed a weaken efficiency.
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FIGURE 1. Cyclic voltammetry curves of MFCs supplemented with different concentrations of ferrous iron on 15th day.
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FIGURE 2. Voltage curves of MFCs supplemented with ferrous iron of different concentrations.



Community Diversity of MFCs with Different Concentrations of Fe2+

Since the power outputs of MFCs with 150 and 200 μM were similar, and the CV result of 200 μM adequately represented the decrease of electrochemical activity of electrode biofilms, the biofilm samples of MFCs with ferrous iron of 150 μM were not used for microbial community analysis. After quality filtering the raw tags, 50,373 to 54,932 effective tags were obtained per sample, with average length of 373 bp. Total OTUs at the 97% similarity were ranged from 630 to 824 per sample with an average of 710 OTUs (Table 1). The anode biofilms in MFCs supplemented with ferrous iron showed slightly lower population diversity than that in control MFCs without ferrous iron supplement. Shannon indices were 3.72, 4.71, and 5.21 for the anodes biofilms with 100, 200 μM Fe2+, and without Fe2+, respectively. By contrast, Fe2+ increased the population diversities of the cathode biofilms, Shannon indices increased from 4.3 (control) to 5.02 (100 μM Fe2+) and 5.54 (200 μM Fe2+), suggesting that Fe2+ affected microbial community structure of the electrode biofilms in MFCs. Principal component analysis based on OTUs showed three clusters, the anode biofilms of MFC without Fe2+ was separated from the anode biofilms of MFC supplemented with Fe2+ of 100 and 200 μM Fe2+ and the cathode biofilms (control, 100, and 200 μM Fe2+; Figure 3).

TABLE 1. Qualities of reads identified by Illumina Hiseq sequencing and bacterial diversity estimates based on OTUs (97% similarity).
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FIGURE 3. Principal component analysis based on operational taxonomic units of the anode and cathode biofilms of MFCs.



Bacterial Composition of the Anode and Cathode Biofilms

The bacterial communities of the anode biofilms were substantially shifted when additional Fe2+ was supplemented in MFCs. Proteobacteria were the most dominant phylum observed both in the anode (71–75%, relative abundance) and cathode biofilms (41–78%) (Figure 4A). Chlorobi (11–14%) and Bacteroidetes (4–8%) were also predominant phyla in the anode biofilms. The relative abundances of Lentisphaerae in the cathode biofilms, were much higher than that in the anode biofilms, reached to 31% (100 μM Fe2+), 22% (200 μM Fe2+), and 4% (control). Deltaproteobacteria, Ignavibacteria, and Betaproteobacteria were the most predominant classes in the anode biofilms and accounted for 75% more or less, of which, the abundance of Deltaproteobacteria in the anode of MFCs with 100 μM reached to 50%, speculating that Deltaproteobacteria were the dominant class since MFC start-up period (Figure 4B). By contrast, microbial community structures of cathodes were different from anodes. Alphaproteobacteria, Gammaproteobacteria, Bacteroidia, and Lentisphaeria were the predominant classes on the cathodes. Cathodes of MFCs with additional Fe2+ had similar communities that were much different with control group.


[image: image]

FIGURE 4. Microbial community taxonomic wind-rose plots based on relative abundance of 16S rRNA sequences of the anode and cathode biofilms in MFCs at the phylum (A) and class levels (B).



The predominant genera varied significantly among all anodes and cathodes biofilms (Figure 5). The majority of predominant populations in the control MFCs were affiliated with Geobacter spp. (30.7%) and Legionella spp. (50.3%). Geobacter was also the predominant genus in the anode of MFC supplemented with 100 and 200 μM Fe2+, the relative abundance of which population reached up to 49.3 and 24.4%. Another predominant genus in the anode biofilms of MFC (200 μM Fe2+) was affiliated to Rhodanobacter (19%). In the cathode biofilms of MFCs with 100 and 200 μM Fe2+, higher relative abundance of predominant genera belonged to Legionella spp. (2 and 6%), and no absolutely predominant populations were present. Hierarchical cluster analysis of microbial communities based on genus taxonomy revealed that the relative abundance of Sphaerochaeta, Dechloromonas, Paracoccus, Thermomonas, and Rhodanobacter increased in the anode biofilms of MFCs supplemented with 200 μM Fe2+ (Figure 6). Meanwhile, the relative abundance of Gordonia, Sphingopyxis, Hydrogenophaga, and Janthinobacterium in the cathode biofilms of MFCs with 200 μM Fe2+ were relatively higher than that in the cathodes biofilms of MFCs without Fe2+ and with 100 μM Fe2+, but higher proportion of Thauera, Dokdonella, Fusibacter, Devosia, and Desulfovibrio were observed in the cathode biofilms of MFCs with 100 μM Fe2+.
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FIGURE 5. Relative abundance of predominant genera in the anode and cathode biofilms in MFCs supplemented with different concentrations of ferrous iron.
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FIGURE 6. Hierarchical cluster analysis of predominant populations in the anode and cathode biofilms in MFCs. The genera with the relative abundance of the top 35 are shown. The species clustering tree is on the left and the sample clustering tree is on the top. Each box of the heatmap represents a Z-score, a positive score indicates a datum above the mean, while a negative score indicates a datum below the mean.



Effect of Fe2+ on Predominant Populations in the Electrode Biofilms

Ferrous iron with appropriate concentration (100 μM) stimulated electrochemical activity of MFCs during the start-up period, but Fe2+ cannot enhance power output after 30 days of operation and higher concentration of Fe2+ had the negative effect (Wei et al., 2013), presumably the Fe2+ facilitated biofilm formation at the early stage. The metal ions may act as redox active sites in the enzymes which catalyze the electron transfer and redox reaction to affect the performance of bio-electrochemical systems (BESs) (Lu et al., 2015). In mature anode biofilms, pH decreased through different growth phases, showing that the pH is not always a limiting factor in a biofilm. Meanwhile, increasing redox potential at the biofilm electrode was associated only with the biofilm, demonstrating that microbial biofilms respire in a unique internal environment (Babauta et al., 2012). Oxidation of ferrous ion by microbes is an important component of iron geochemical cycle (Croal et al., 2004). Recent studies also confirmed that Fe2+ oxidation provides an energetic benefit for some microbes’ growth when using Fe2+ and acetate as the co-substrate (Muehe et al., 2009; Chakraborty et al., 2011). Illumina Hiseq sequencing of 16S rRNA gene indicated that Fe2+ shifted bacterial community and influenced enrichment of exoelectrogenic bacteria in the anode biofilms.

An excessive amount of metal salts may result in negative effects on the performance of BESs by inhibiting the activity of microorganisms (Jiang et al., 2011). The relative abundance of Geobacter increased from 30.7 to 49.3% in MFCs with 100 μM Fe2+ but decreased to 24.4% in MFCs with 200 μM Fe2+, implying higher Fe2+ concentration could not further enrich Geobacter. As a result, the power output of MFC with higher Fe2+ concentration (200 μM) was lower than control and 100 μM Fe2+ during MFC steady operation. Rhodanobacter accounted for a large proportion (19%) in MFCs with Fe2+ concentration of 200 μM. To date, the function of Rhodanobacter was mostly investigated on denitrifying (Green et al., 2012) and thiosulfate-oxidizing (Lee et al., 2007), but little is reported about Fe2+ oxidation especially mediated by C-type cytochromes (Croal et al., 2007; Bird et al., 2011). Whether it participates in interspecies interaction with Geobacter should be further proved. Other exoelectrogenic bacteria also formed a certain proportion in different anode biofilms, such as Pseudomonas (1–6%) and Arcobacter (3–7%) (Fedorovich et al., 2009; Yong et al., 2011). Pseudomonas has a positive role to benefit other exoelectrogens in anode biofilm under a high concentration of salt addition (Liu et al., 2016b). Arcobacter can be selectively enriched in an acetate-fed MFC and rapidly generates a strong electronegative potential (Fedorovich et al., 2009). It indicated that additional ions, like Fe2+, will take part in biofilm metabolism or microbial communication, which resulted in community structure changes.

The microbial communities on the cathodes clearly differed from the anodes biofilms in all MFCs. The most predominant genera in the cathode biofilms of MFCs without additional ferrous iron came from Legionella spp. (50.3% of relative abundance). However, the relative abundance of Legionella on the cathode biofilms declined to 2–6% with Fe2+ addition, suggesting that Legionella was inhibited by high concentration of Fe2+. The abundance of Fe(II)-oxidizing bacteria, Janthinobacterium (Geissler et al., 2011), in the cathode biofilms of MFC with 200 μM Fe2+ were relatively higher than other groups (Figure 6). Hierarchical cluster analysis based on genus taxonomy demonstrated that the response of predominant populations in the electrode biofilms to ferrous iron occurred, indicating the effect of ferrous iron on microbial community in MFCs.

Effect of Environmental Factors on MFC Performances

Some environmental factors, such as nutrients, pH, and temperature, influence the performances of MFCs by changing microbial activity and community structure. Our study indicated that ferrous iron changed microbial community structures of electrode biofilms of MFCs. Other metals (e.g., Ca, Mg, Pt, Au, Pd, Fe, V, Mn) and metal-nanomaterials affected current generation of MECs by changing the metabolism and enzyme activity of microorganisms (Lu et al., 2015). These studies have analyzed effect of single metal on electricity generation by MFCs, however, the effect of combined metals on microbial community structure and performance of MFCs should be further investigated.

Neutral pH is considered as the optimal condition for current generation by MFCs (Gil et al., 2003; Jadhav and Ghangrekar, 2009). However, a higher pH has been demonstrated to enhance the electrochemical activity of riboflavin which is a metabolite responsible for extracellular electron transfer in some species (Yuan et al., 2011; Yong et al., 2013). By contrast, MFCs have also been operated at pH less than 4.0 and produced high current densities by acidophilic bacterium (Malki et al., 2008; Winfield et al., 2016). Previous studies proved that temperate substantially affected the performances of MECs or MFCs by shaping microbial community (Lu et al., 2011, 2012). Synergistic effect of metals, pH and temperature on performances of MECs and correlation analysis of these environmental factors should be further investigated in the future.
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Pseudomonas aeruginosa has gained interest as a redox mediator (phenazines) producer in bioelectrochemical systems. Several biotic and abiotic factors influence the production of phenazines in synergy with the central virulence factors production regulation. It is, however, not clear how the electrochemical environment may influence the production and usage of phenazines by P. aeruginosa. We here determined the influence of the electrochemical potential on phenazine production and phenazine electron transfer capacity at selected applied potentials from -0.4 to +0.4 V (vs. Ag/AgClsat) using P. aeruginosa strain PA14. Our study reveals a profound influence of the electrochemical potential on the amount of phenazine-1-carboxylate production, whereby applied potentials that were more positive than the formal potential of this dominating phenazine (E∘ ′PCA = -0.24 V vs. Ag/AgClsat) stimulated more PCA production (94, 84, 128, and 140 μg mL-1 for -0.1, 0.1, 0.2, and 0.3 V, respectively) compared to more reduced potentials (38, 75, and 7 μg mL-1 for -0.4, -0.3, and -0.24 V, respectively). Interestingly, P. aeruginosa seems to produce an additional redox mediator (with E∘ ′ ∼ 0.052 V) at applied potentials below 0 V, which is most likely adsorbed to the electrode or present on the cells forming the biofilm around electrodes. At fairly negative applied electrode potentials, both PCA and the unknown redox compound mediate cathodic current generation. This study provides important insights applicable in optimizing the BES conditions and cultures for effective production and utilization of P. aeruginosa phenazines. It further stimulates investigations into the physiological impacts of the electrochemical environment, which might be decisive in the application of phenazines for electron transfer with P. aeruginosa pure- or microbial mixed cultures.
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INTRODUCTION

Bioelectrochemical systems (BES) comprise a wide array of technologies that are based on the interaction of microorganisms with electrodes (Schröder et al., 2013). The most common technology is the microbial fuel cell (MFC) in which microbes convert organic materials in, for instance, wastewater into electrical energy. To harness the electrons liberated from oxidation of the organic substrates at an anode, the potentials in BES are set with regard to the terminal electron acceptor at the cathode; mostly oxygen. Microbes are proposed to use different electron transfer strategies to shuttle electrons to the anode: direct electron transfer via c-type cytochromes and other redox proteins or cell-like extensions termed nanowires, and mediated electron transfer via endogenous or exogenous soluble redox mediators (Gorby et al., 2006; Schröder, 2007; Marsili et al., 2008; Malvankar et al., 2011; Wrighton et al., 2011). Soluble redox mediators may include phenazines, riboflavins, and quinones produced by Pseudomonads, Shewanella, and Lactococcus, respectively (Marsili et al., 2008; Pham et al., 2008; Freguia et al., 2009).

Phenazines are promising natural and synthetic redox mediators for enhancing current production in BES, and Pseudomonas aeruginosa is one of the most active producers. P. aeruginosa has indeed shown potential of being used as the phenazine producer in BES co-cultures, allowing partner organisms to utilize the supplied phenazines for metabolic electron discharge (Rabaey et al., 2005; Pham et al., 2008; Bosire et al., 2016). Phenazine production by Pseudomonads is influenced by several biotic and abiotic factors in the ecological niches (van Rij et al., 2004; Mavrodi et al., 2006). Most importantly for BES function, they play important roles in the metabolism of microorganisms in cases where the natural electron acceptor is missing or limiting. In P. aeruginosa, which is not able to ferment, pyocyanin (PYO) has been confirmed to contribute in maintaining the cellular redox balance by oxidizing NADH (Pierson and Pierson, 2010). Under anaerobic conditions, PYO redox cycling may enable P. aeruginosa to survive (Wang et al., 2010).

There are four well known P. aeruginosa phenazines with fairly close redox potentials vs. a Ag/AgCl reference electrode: PCA (-0.24 V), PYO (-0.116 V), 1-hydroxy-phenazine (1-HP; -0.174 V), and phenazine-1-carboxamide (PCN; -0.14 V) [given are formal potentials of standards at the conditions in our bioelectrochemical setups as determined in (Bosire et al., 2016)]. However, they have varying properties and redox reactivities to electron acceptors; suggesting that they may play different roles in, for example, biofilms. PYO reacts more readily with oxygen at neutral pH while PCA and the other phenazines are more reactive to solid electron acceptors like iron oxides and hydroxides (Wang and Newman, 2008). Hence, based on their roles, concentration gradients of the phenazine species might exist in biofilms where oxygen availability-gradients prevail. Considering that the production of phenazines is stimulated by the prevailing environmental factors including oxygen and iron (van Rij et al., 2004), it is probable that P. aeruginosa might produce different gradients of these phenazines depending on need or on the electron acceptor potential or properties. So far, all pure or co-culture observations of P. aeruginosa in BES research have been performed at one fixed electrode potential to guarantee stable electrochemical conditions (typically +0.2 or +0.3 V vs. RE) (Venkataraman et al., 2010, 2011; Bosire et al., 2016). Therefore, it is an important question whether the applied electrode potential, which determines the redox environment, might influence phenazine production or the phenazine spectrum and their capacity in electron shuttling. For other cases, it was even shown that the applied potential might influence electron transfer strategies of the microorganism (Liu et al., 2010). Thus, for Shewanella oneidensis, which is able to employ different electron transfer mechanisms (i.e., direct vs. mediated or a combination), the available potential may influence the use of these mechanisms and subsequently a shift between them. This redox-stimulated switch in electron transfer mechanism is also associated with a change in the level of electric current production (Liu et al., 2010; Lian et al., 2016). Hence, there is great potential in understanding how to correctly poise or regulate the electrodes in BES in order to obtain an optimal metabolic state also for P. aeruginosa for most productive phenazine and current production.

Therefore, the aim of this study was to evaluate the cellular physiology, phenazine production, and subsequent electric current generation of P. aeruginosa strain PA14 at a broad range of applied electrode potentials ranging from potentials more negative than the phenazine formal potentials (i.e., the electrode could serve as electron donor for phenazine reduction) to common electro-positive redox potentials, which allow for electrochemical oxidation of reduced phenazines. The knowledge gained is expected to be instrumental in optimizing future (co-)cultures for efficient electron transfer in BES applications.

MATERIALS AND METHODS

Strain and Culture Conditions

In this study, P. aeruginosa strain PA14 (DSMZ 19882) from the German Collection of Microorganisms and Cell Culture was used. The strain was pre-cultured overnight in AB medium at 37°C and washed three times with equal volume of 0.9% NaCl before being used to inoculate the BES reactors. For BES experiments, strains were cultured in AB medium. Procedure for preparing AB was adopted from Clark and Maaløe (1967). The medium contained the following constituents (per liter): component A: 2.0 g (NH4)2SO4, 6.0 g Na2HPO4, 3.0 g KH2PO4, 3.0 g NaC1, 0.011 g Na2SO4, and component B: 0.2 g MgCl2, 0.010 g CaCl2 and 0.5 mg FeC13 × 7 H20 (Clark and Maaløe, 1967). The two components were autoclaved separately before mixing them. Glucose was supplied as the carbon and electron donor at a concentration of 20–30 mM (see respective experiments).

BES Setup and Electrochemical Procedures

A single-chambered bioelectrochemical cell with a three-electrode configuration as described before was used (Bosire et al., 2016). The Ivium-n-Stat potentiostat (Ivium Technologies, Eindhoven, The Netherlands) was used to perform the electrochemical measurements. Chronoamperometric measurement was used to monitor electric current generation at varying potentials. A total of eight potentials ranging from -0.4 V to +0.4 V (vs. Ag/AgClsat.) were tested in individual triplicate or duplicate (see individual experiments) BES setups in batch mode. Replicate reactor runs were started with the same medium batch and inoculum culture at a starting OD of 0.1. Current generation was recoded over the entire growth period at each set potential. Chronoamperometric measurement was interrupted every 23 h to perform a cyclic voltammetry scan similar as published in Bosire et al. (2016). Cyclic voltammetry was performed at a potential range of -0.5 to 0.5 V at a scan rate of 2 mVs-1. Coulombic efficiency was calculated as the percentage of the collected charge compared to the charge supplied in the carbon source (glucose: 24 electrons per molecule).

Biomass Measurement

Cell dry weight was measured at the end of the experiment by carefully scraping off the biofilm around the electrodes and the reactor walls into the culture medium. The whole culture medium was centrifuged at 10,000 rpm for 20 min and the pellet was washed three times with 0.09% NaCl. The pellet was transferred into pre-weighed aluminum dishes and the containers were carefully rinsed to ensure the transfer of all the biomass. The biomass was dried overnight at 120°C and weighed in a moisture analyzer (RADWAG moisture analyzer, Hilden, Germany).

Analytical Procedures

For phenazine detection and quantification, samples were separated in a waters symmetry column, Symmetry® 5 μm C18 4.6 mm × 250 mm (Waters, Herts, UK) using a Beckman Gold HPLC (Beckman Coulter Inc., Brea, CA, USA) fitted with a photo diode array detector. 0.1% formic acid (pH 5) was used as solvent A and acetonitrile as solvent B at a flow rate of 0.5 mL min-1. A linear gradient was run for 28 min as follows: 5 min 10% acetonitrile, 10 min linear gradient to 100% acetonitrile, 10 min 100% acetonitrile, 1 min linear gradient to 10% acetonitrile, and 3 min 10% acetonitrile. Phenazines were separated and detected at their characteristic wavelengths; PYO-319 nm, PCA-366 nm, 1-HP-247 nm, and PCN-366 nm. Stock solutions of PCA and PCN (Princeton Biomolecular) and 1-HP (TCA Europe), were made by dissolving 1000 μg mL-1 of the phenazines in dimethyl sulfoxide (DMSO, Sigma-Aldrich). For PYO (Cayman Chemical), the stock solutions were made by dissolving 2500 μg mL-1 in 100% ethanol.

For the detection and quantification of carbon sources and metabolites, an organic acid resin column (300 mm × 8 mm polystyrol-divinylbenzol copolymer [PS-DVB], CS-Chromatography) was used to separate the culture supernatants on a Dionex Ultimate 3000 HPLC system (Sunnyvale, CA, USA) equipped with a refractive index (RI-101, Shodex) and UV detector (Ultimate 3000 UV/VIS detector, Dionex). Sulphuric acid (5 mM) was applied as the eluent at a flow rate of 0.8 mL min-1 and a temperature of 60°C.

RESULTS

The most dominating phenazine in all previous work with P. aeruginosa PA14 in our group was PCA with a formal potential of -0.24 V (Bosire et al., 2016). We therefore explored applied electrode potentials more negative and more positive than this potential (eight potentials from -0.4 V to +0.4 V). Anodic (oxidative) behavior was expected at potentials above -0.24 V, where PCA can be electrochemically oxidized at the electrode (results grouped as anodic potentials). Below this potential, it was expected that there will be no electron discharge to the electrode using this phenazine (results grouped as cathodic potentials). To understand the influence of the applied potential on the redox mediator production, the phenazines PCA, PYO, PCN, and 1-HP were quantified. Also, the siderophore pyoverdine, which is involved in iron acquisition and might exhibit redox properties, was detected and quantified. While the phenazines PCN and 1-HP were below detection limit in all the cultures, PCA and PYO were detected in varying concentrations in cultures grown at the different potentials.

Phenazine Production and Current Generation at Cathodic Potentials

At the three most electro-negative applied potentials (-0.4, -0.3, and -0.24 V), an initial cathodic (reducing) current (days 1–2) most likely reflects abiotic oxygen reduction at the cathode. With biological oxygen consumption in the reactor, this initial current subsides around day 2. Thereafter, with culture growth, biotic cathodic currents were observed at these low potentials including the formal potential (-0.24 V) of the dominatingly produced phenazine, PCA (Figure 1). At -0.4 V, an accelerating reduction current was generated at the working electrode over 12 days, at -0.3 V this reduction current increased even faster. It therefore appears that the negative current after day 2 generated can be reconciled with growth.
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FIGURE 1. Current generation and redox mediator production at cathodic (reducing) potentials. Left row depicts current generation over time and right row depicts redox mediator and siderophore production. From top to bottom is a comparison of current and phenazine/siderophore generation for biological replicates poised at (A,D) -0.4 V (n = 3), (B,E) -0.3 V (n = 2), and (C,F) -0.24 V (n = 3).



PCA strongly dominated at all applied potentials even though the concentration was very low when the electrode was poised right at the formal potential of PCA (-0.24 V). Concentrations of PYO were below or very close to the detection limit for all three potentials. Varying low concentrations of pyoverdine were produced at the different cathodic potentials (up to 11 μg mL-1 for -0.4 V and 15.6 μg mL-1 for -0.3 V, respectively (Figure 1).

Phenazine Production and Current Generation at Anodic Potentials

Anodic (oxidative) currents were observed at all potentials more positive than the formal potential of PCA (-0.1 to +0.4 V). A rapid positive increase in current reaching its maximum after 12 days was observed for cultures grown with an applied potential of -0.1 V as compared to -0.24 V (Figure 2). The elevated current production at -0.1 V coincided with very high amounts of PCA compared to the cathodic potentials described above (up to 94 μg mL-1 for -0.1 V). Averagely, except for 0 V, the maximum current densities generated at anodic potentials were fairly similar. At 0.4 V, maximum current density was attained earlier in the experiment compared to all other oxidative potentials, but then the current declined faster (after 10 days). An integration of the recorded current over time delivers the collected electric charge, whereby the most charge with about 3500 C was collected at -0.1 and 0.3 V. Except for 0 V, fairly similar charges (2200–2600 C) were collected at the other anodic potentials (Figure 2).
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FIGURE 2. Current generation and phenazine/pyoverdine production at anodic potentials. Data for -0.1, 0, 0.1, and 0.2 V was obtained from two biological replicates whereas that of 0.3 and 0.4 was from three replicates; the mean current density and standard deviations are shown. Pyoverdines were only detected at 0, 0.1, and 0.4 V. Notice the different phenazines and pyoverdine axis scale for 0.3 V.



The observed current production reflects the production of phenazine redox mediators at the anodic potentials considered (Figure 2, right axes). Except for 0 V, elevated amounts of PCA were recorded at the anodic potentials; with cultures grown at -0.1, 0.2, and 0.3 V recording over 100 μg mL-1. In these cultures, averagely higher current densities were generated over a longer cultivation time. This was in line with the previous findings, where high concentrations of PCA were found to mediate elevated current production (Bosire et al., 2016). Consistent patterns of pyoverdine production could not be drawn.

Cyclic Voltammetric Analysis

Cyclic voltammetry allows the analysis of the redox activity in the BES system. This may provide insight into the redox species employed in electron transfer by the biocatalysts. To decipher the use of redox species and the overall redox activity at different redox potentials, CV measurements were run by regularly (every 23 h) interrupting the potentiostatic current measurements. Redox peak systems obtained at the beginning of the experiment (blank), during rising activity and at the peak activity (in terms of electric current generation) of the culture were compared (Supplementary Figure S1). To obtain a meaningful interpretation of the redox species responsible for the peak systems, the cyclic voltammetric data was further compared to the phenazine quantification data of the time points of CV scans (Table 1).

TABLE 1. Formal potentials (E° ′) of the two peak systems observed at different applied electrode potentials, phenazine concentration, and pH.
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Generally across all applied potentials, two distinct redox peak systems were observed during the peak current production activity, which differed in the current intensity and the peak separation from each other (Figure 3). The mid peak potentials of the redox peak systems slightly shifted from one potential to the other (Table 1). Peak system 1 (PS1) was identified for all applied electrode potentials, while peak system 2 (PS2) was only detected for applied potentials lower than 0 V (Figure 3 and Table 1).
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FIGURE 3. Redox peak systems 1 and 2 (PS1 and PS2) observed for (left) applied electrode potentials below 0 V and (right) potentials above 0 V. Two representative voltammograms obtained during the peak electric current generation are shown (for -0.1 and -0.3 V for below; and 0.1 and 0.3 V for above 0 V, respectively).



The pH of all experiments was fairly similar (Table 1) and thus, cannot simply explain the potential shifts, which are more prominent at low applied electrode potentials. The mean formal potential of PS1 was the same as the formal potential of PCA standards [-0.24 V; (Bosire et al., 2016)]. Indeed, PCA was detected via HPLC as the dominating phenazine species in all experiments. The activity of PS1 can therefore be associated with the activity of PCA (Figure 3 and Table 1). Changes in the chemical environment due to the different redox conditions in the experiments or due to adsorption processes to the electrode might have influenced the formal potential of PCA in the individual experiments.

Since PS2 had a positive formal potential (E°1/2 ∼ 0.052 V), which is not close to the E° of any P. aeruginosa phenazines, it is highly probable that this is not a peak system for a phenazine redox species (Figure 3). The performed HPLC analysis for phenazines and other hydrophobic compounds did not highlight any new, unidentified components. In an attempt to better characterize the compound behind PS2, a CV analysis was performed in the culture supernatants of the -0.3 and -0.1 V grown cultures using clean carbon electrodes. PS2 was not found in the supernatant CVs; hence, PS2 is a redox species that is likely adsorbed to the electrodes or located on the cells that form a biofilm around the electrode (Figure 4).
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FIGURE 4. A comparison of CVs obtained in the culture broth (with cells) and supernatants of the same cultures using clean electrodes for experiments poised at -0.3 V (left) and -0.1 V (right). Representative voltammograms at the peak current activity, the end of the experiments and that of the supernatant are shown. Experiments at -0.3 V and -0.1 V were repeated to collect supernatant. Therefore, the CV traces at these potentials in this figure are not from the same experiments as in Figure 3.



Growth and Carbon Source Uptake

Glucose uptake and the metabolites ketogluconate, gluconate, acetate, and acetoin were quantified during the culture period. The uptake of the carbon source during growth at most of the applied electrode potentials was complete by the end of each experiment (see individual experiments), except for -0.4 V where glucose was not depleted. At applied potentials below 0.1 V (especially at 0 V), the depletion of glucose took longer compared to the other applied potentials. Glucose uptake rates, were significantly higher for more positive electrode potentials (0.1 and -0.3 V), with the exception of 0.4 V where glucose consumption was slower again (Table 2). Instead, at this most positive electrode potential (0.4 V), elevated amounts of ketogluconate accumulated (∼8 mM). For all other potentials, ketogluconate levels – as an indicator for bottlenecks in the glucose consumption – stayed very low (<2 mM). Increased amounts of acetate (∼8 mM) were produced at -0.24 V compared to all other potentials applied (Figure 5).

TABLE 2. Influence of applied potential on the physiology of Pseudomonas aeruginosa.
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FIGURE 5. Glucose uptake at different electrode potentials (left axis) and metabolite production (right axis; ketogluconate, gluconate, acetoin, and acetate) over time.



Growth during cultivation at different applied potentials was determined as total cell dry weight of the biofilm and planktonic cells at the end of the experiment (Table 2). Regular measurements of optical density as a measure for growth of P. aeruginosa is not reliable because of the strong biofilm formation tendency of this organism (especially at the air-liquid interface and around the electrodes; Figure 6). However, trends of total biomass generation at the different applied potentials were not clear. For instance, the most biomass was generated at 0.2 and -0.3 V. The unclear patterns in biomass generation would be partly due to the measurement of the biomass at the end of the culture experiment (time point at which current generation stopped), when most of the cells have attained the death phase. Also, the age of cultures from which the biomass was measured varied between the experiments (10–30 days); hence, the cultures measured were at different physiological states. Oxygen availability might have also influenced biomass generation since only passive aeration through open vent filters was applied, which might lead to stronger oxygen limitation in fast growing cultures.
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FIGURE 6. Biofilm formation at the air-liquid interface and around the electrodes. Representative pictures of biofilm formation: left 0.4 V, where a dense biofilm forms at the air-liquid-interphase and right -0.24 V, where a biofilm additionally forms around the electrode.



Biofilm formation tendency was visually determined for all the cultures. At all potentials considered, a biofilm was formed at the air-liquid interphase at a considerably similar intensity. Cultures grown at negative applied potentials formed additionally a biofilm around the electrode at the liquid interphase. High biofilm intensity around the electrode was observed at -0.3, -0.24, and -0.1 V (Figure 6 and Table 2).

To summarize our study, the overall influence of the applied potential on the current production, the redox species, and the growth was compiled in Table 2.

DISCUSSION

Overall Influence of the Applied Electrode Potential on P. aeruginosa Physiology

The applied potential in a BES exerts an influence on the redox physiology of biocatalysts present (Busalmen et al., 2008; Wagner et al., 2010; Lian et al., 2016). P. aeruginosa might respond by fine tuning its electron transfer mechanism, e.g., by adjusting its spectrum or concentration of redox-active compounds. Furthermore, this might impact the central carbon metabolism and hence alter the overall respiration (Price-Whelan et al., 2007).

As stated above, there were no major differences observed in the biomass generation in cultures grown at the different potentials, except for the tendency to form a biofilm on the electrode at negative potentials (although a representative biomass determination was very difficult – see above). Theoretically, it would be possible that a beneficial use of higher electrode potentials of the extracellular electron acceptor, for instance 0.4 V for this study, would mediate higher biomass yields according to Gibbs energy (Thauer et al., 1977). However, this is only possible if different electron transfer mechanisms are available that can be employed at the different potentials for discharging electrons at these applied potentials. P. aeruginosa, however, uses mainly phenazines to reduce different external electron acceptors. Poising the electrode potential right at the formal potential of the most abundant phenazine (PCA) resulted in reduced production of this phenazine and the lack of a positive current, which is expected because current flow through this redox system is only possible if electron donor and acceptor to this system have a more negative and more positive potential, respectively, compared to its formal potential. High current densities across the potential range clearly coincided with high PCA concentrations, indicating that the dominating redox specie does not change with the applied electrode potential. For the organism, a productive usage of the PCA redox system is only possible at more positive potentials, which is also indicated by increased carbon source uptake rates at positive potentials as compared to negative potentials. Further, the reoxidation rate of the phenazines at the electrode should be higher (e.g., through enhanced electro-migration to the electrode), the more positive the electrode potential is compared to the formal potential of the redox species. In this sense, a potential of 0.3 V seems most appropriate for efficient PCA recycling. This is also reflected by the maximum observed coulombic efficiency, i.e., the fraction of chemical energy input that could be harvested at the anode, which was ∼12% at an applied potential of 0.3 V (Table 2). It appears though that increasing the potential above 0.3 V may not be beneficial for the organism, since the current production, the glucose uptake and the coulombic efficiency were all reduced at 0.4 V (Figures 2, 5 and Table 2).

PCA Can Also Be Involved in Cathodic Electron Transfer

At lower electrode potentials, the electron transfer to the electrode expectedly was impaired. Considering PCA (the most abundant phenazine) as the main electron transfer route to the electrode, it was expected that at and below -0.24 V no positive (anodic) current will be generated. Indeed at -0.24 very low amounts of PCA were detected and the cultures were barely electroactive. Instead, a cathodic reduction current was recorded at -0.24, -0.3, and -0.4 V. In this case, the electrode might have reduced the PCA redox mediator, which donated these electrons to suitable electron acceptors. Whether this reduction current was biologically utilized, is an important question to be answered. There is an indication that the current increased over time and reduced during the death phase, which might coincide with the growth of the culture and phenazine (PCA) production. Besides the microbial cells, also oxygen or minerals in the medium likely served as electron acceptor for these electrons in our study. It is widely accepted that Pseudomonas phenazines mediate electron transfer to distant oxygen in oxygen limited environments (Price-Whelan et al., 2006; Pierson and Pierson, 2010; Wang et al., 2010). Overall, below 0.1 V the oxidation of glucose is somewhat impaired; depicted in the reduced uptake rates, which might point to a lack of access to a required electron acceptor under these conditions, where the phenazine redox mediators are not available to discharge metabolic electrons to the electrode. This viewpoint is generally in agreement with our data, except for the experiment performed at -0.1 V, where high levels of PCA and the second highest levels of anodic currents were found. Identifying soluble redox species that can also mediate cathodic electron uptake is also an important question for current consuming BES applications such as microbial electrosynthesis or electrofermentation. For these systems, the mode of electron transfer from the cathode to a biocatalyst is still widely uncharacterized (Nevin et al., 2010, 2011; Moscoviz et al., 2016). This work indicates that PCA indeed can mediate cathodic electron flow, however, further work will have to show to what extend the mediated electrons flow to oxygen, minerals or into microbial processes.

Unknown Redox Specie Involved in Cathodic Electron Transfer

Another important growth aspect in BES is the biofilm formation around the electrode. For BES microorganisms that depend on direct electron transfer, it is paramount that they are attached to the electrode. Even though P. aeruginosa is not known to depend on direct electron transfer, observations in this study suggest that negative potentials allow the formation of a biofilm around the electrode (to a higher degree at -0.24 V, see Figure 6 and Table 2). Interestingly, at these potentials, an additional redox peak system (PS2) was observed with a more positive formal potential than that of PCA (0.052 V). Since the peak system was absent in the CVs of the supernatant, it is likely that PS2 is a redox species that is located at the electrode or the biofilm that formed around the electrode (Figure 6). Since this observation was only made for applied electrode potentials more negative than the formal potential of PS2, this may imply that P. aeruginosa employs additional redox species in maybe consuming electrons from the electrode. The electrons taken up from the electrode might be used to reduce other available electron acceptors for instance oxygen and minerals in the medium or feed into the microbial metabolism. It will be very interesting to further elucidate, which redox species is responsible for this additional redox peak system in future work and if this process represents a productive interaction of the microbial biocatalyst with the cathode. Overall, the results show that the applied potential influenced the electron transfer physiology, which might also be linked to carbon metabolism physiology. This implies that, for every BES investigations, it is important to determine the appropriate potential, which will be beneficial in steering the physiology of the biocatalyst for efficient current generation. From the data presented here, it can be concluded that 0.3 V was the most appropriate potential under the conditions of the BES used. 0.3 V allows a rapid generation of maximum current density, more charge and overall higher coulombic efficiency is attained. An applied anode potential of 0.3 V (∼0.5 V vs. SHE) is representative of the cell potential the bacteria would also encounter in a well-functioning MFC with an oxygen reduction cathode, where cell potentials are expected to reach 0.4–0.5 V. Thus, in such well-functioning MFCs, P. aeruginosa can find optimum electrochemical conditions to participate in electron transfer.

CONCLUSION

Pseudomonas aeruginosa has demonstrated potential as a redox mediator producer for application in current generation in BES. To harness the full potential of the production of these mediators and their usage in electron shuttling, it is important to fully understand the influence of the applied electrode potential. This study reveals a profound influence of the applied potential on the levels and rate of current production for P. aeruginosa PA14 at different electrode potentials. Higher potentials (up to 0.3 V) increase the rate of anodic peak current generation, while potentials more negative than the formal potential of the dominating redox specie result in cathodic electron uptake. Thereby, the redox mediator PCA was identified as the dominating redox specie at all tested potentials. Further, P. aeruginosa activates an additional redox species at lower potentials, of which activity and specific role is yet to be identified.
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It was hypothesized that a lack of acetogenic biomass (biocatalyst) at the cathode of a microbial electrosynthesis system, due to electron and nutrient limitations, has prevented further improvement in acetate productivity and efficiency. In order to increase the biomass at the cathode and thereby performance, a bioelectrochemical system with this acetogenic community was operated under galvanostatic control and continuous media flow through a reticulated vitreous carbon (RVC) foam cathode. The combination of galvanostatic control and the high surface area cathode reduced the electron limitation and the continuous flow overcame the nutrient limitation while avoiding the accumulation of products and potential inhibitors. These conditions were set with the intention of operating the biocathode through the production of H2. Biofilm growth occurred on and within the unmodified RVC foam regardless of vigorous H2 generation on the cathode surface. A maximum volumetric rate or space time yield for acetate production of 0.78 g/Lcatholyte/h was achieved with 8 A/Lcatholyte (83.3 A/m2projected surface area of cathode) supplied to the continuous flow/culture bioelectrochemical reactors. The total Coulombic efficiency in H2 and acetate ranged from approximately 80–100%, with a maximum of 35% in acetate. The overall energy efficiency ranged from approximately 35–42% with a maximum to acetate of 12%.

Keywords: microbial electrosynthesis, acetate, hydrogen, chemicals from CO2, biocathode, industrial biotechnology

INTRODUCTION

The desire to mitigate carbon dioxide emissions (32.1 billion tons CO2 emitted globally in 2015) (IEA, 2016) and find sustainable energy sources for increasing global demand have stimulated research in alternative electricity generation and non-fossil fuels. In 2015, 90% of new global electricity generation capacity was renewable (IEA, 2016). With stranded and off peak power, there is a need to balance the energy in the grid and take advantage of every renewable kWh available. One technology that may help address this in the future is microbial electrosynthesis. Utilizing any electricity source, but preferably a sustainable one, different anaerobic microbes have produced several chemicals of interest by using CO2 as the sole carbon source when operating at the cathode of an electrochemical cell (Nevin et al., 2010; Logan and Rabaey, 2012; Marshall et al., 2012, 2013; Lovley and Nevin, 2013; LaBelle et al., 2014; Blanchet et al., 2015; Jourdin et al., 2015; Schröder et al., 2015; Ammam et al., 2016; Deutzmann and Spormann, 2016).

Ultimately, products from microbial electrosynthesis would include high value chemicals and liquid fuels. However, simply producing a single C-C bond such as in acetate would be worthwhile and much of the work done thus far has focused on electroacetogenesis (Conrado et al., 2013; May et al., 2016). Closely related to this is the bioconversion of syngas (H2, CO, and CO2) to fuels and chemicals (Daniell et al., 2012, 2016; Hu et al., 2013, 2016), and within this area of research is the study of H2:CO2 transformation to acetate by acetogenic bacteria. Acetate itself is of commercial importance and it can be transformed further into other products (Andersen et al., 2014; Hu et al., 2016; Pal and Nayak, 2016). For these reasons there has been a significant effort recently to improve the rates and efficiency of acetogenesis with H2:CO2 or bioelectrochemically.

Previous work in gas fermentations has illuminated reaction conditions that can limit or enhance the rates of acetogenesis. Demler and Weuster-Botz (2011) achieved a volumetric productivity or space time yield (STY) of 0.31 g/L/h with Acetobacterium woodii in a batch stirred tank reactor pressurized with H2:CO2. Later Kantzow et al. (2015) achieved an impressive STY of 6.16 g/L/h in continuous flow stirred tank reactors (CSTR). The investigators demonstrated that increasing the dilution rate and increasing biomass retention led to higher acetate productivity. Hu et al. (2013) showed that in bubble columns, electron transfer to Moorella thermoacetica was limited by the mass transfer of CO into solution at rates below 30 mM/h, which is a volumetric current density equivalent to 1.6 A/L. Hu et al. (2016), an improved design led to a STY of 1.1 g/L/h of acetate from H2:CO2 by M. thermoacetica first grown with CO. The investigators integrated the process with Yarrowia lipolytica to produce biodiesel precursors, thereby demonstrating the feasibility of linking syngas fermentation with an acetate-consuming biofuel-producing process. Overall, these investigations indicate that fuel and chemical production could be driven by H2 gas fermentations at industrially relevant rates. Could this be accomplished with microbial electrosynthesis?

The objective of this study was to improve the productivity and efficiency of microbial electrosynthesis through reactor design and operation (galvanostatic mode, H2 mediation, continuous flow). Data from previous studies with an acetogenic community used in bioelectrochemical systems with graphite granule cathodes (Marshall et al., 2012, 2013; LaBelle et al., 2014) generally indicated that the early reactors were of an inefficient design and that more biomass at the cathode was likely needed to improve performance. Patil et al. (2015) discussed and demonstrated the utility of delivering electrons in a MES with galvanostatic operation, and this also resulted in faster startup times and improved scalability. Instead of waiting for higher rates of H2 evolution from the electrode as in previous MES studies operated potentiostatically, here it was hypothesized that using a high volumetric current density surpassing the 1.6 A/L elucidated from Hu et al. (2013) would result in shorter startup times, faster biomass growth rate, and faster acetate production. Biomass growth would also benefit from a continuous flow of nutrients, and a nitrogen limitation was indicated by the upregulation of nitrogen fixing enzymes in batch-fed bioelectrochemical reactors (Marshall et al., 2016). Continuous flow of media will also alleviate product inhibition (Demler and Weuster-Botz, 2011; Kantzow et al., 2015), decrease the reactor footprint, and facilitate pH control; this acetogenic community has an acetate and H2 product ratio that is affected by pH in potentiostatic systems (LaBelle et al., 2014). Thus, galvanostatic control and continuous flow were applied to a reactor designed for better energy efficiency and STY, which are also important to decrease capital and operating costs (Krieg et al., 2014; Papoutsakis, 2015). The goal was to develop a system that could be used to reach g/L/h productivity while maintaining a high energy efficiency. This was done with high current density normalized to surface area (projected and geometric). However, since the acetate product is soluble, the volumetric current density is important when considering the reactor productivity as well as product titer needed to devise an efficient extraction scheme (Krieg et al., 2014; Gildemyn et al., 2015; Papoutsakis, 2015; Patil et al., 2015). The approach resulted in a considerable enhancement of productivity and efficiency.

MATERIALS AND METHODS

Bioelectrochemical Reactor

The modular and scalable reactors were designed and constructed as depicted in Supplementary Figures S1A,B. The 45 pores per inch (17.7 pores per cm) reticulated vitreous carbon (RVC) foam cathode (KR Reynolds Company) was 0.6 cm × 6 cm × 8 cm (surface area to volume ratio of 26.2 cm2/cm3 per manufacturer). It was pretreated in 2N nitric acid and rinsed thoroughly with MilliQ water. It was then attached to a 6 × 6 mesh, 0.89 mm wire diameter 316L stainless steel mesh (6 cm × 8 cm) current collector that was coated with a conductive graphite and carbon black acrylic glue (Ted Pella Inc. #16050) thinned with 1:1 (v/v) acetone. Two applications were coated onto the mesh before the same glue was used to attach the RVC foam. The anode was a mixed metal oxide (IrO2/Ta2O5) catalyzed titanium anode (MMO; Magneto).

Custom machined polypropylene spacers were used with customized Viton gaskets to sandwich a cation exchange membrane (CMI-7000, Membranes International Inc.) between the electrodes with a 316L stainless steel endplate and a poly(methyl methacrylate; PMMA) cathode viewing plate held together by stainless steel nuts, bolts and washers. The polypropylene spacers were 0.95 cm × 10 cm × 10 cm, with a square opening of 8 cm × 8 cm. The steel plate was 0.95 cm × 15.2 cm × 15.2 cm. The PMMA cathode viewing plate was 1.25 cm × 15.2 cm × 15.2 cm. The membrane and exposed anode surface area were each 64 cm2. The projected cathode surface area was 48 cm2. Polypropylene Luer fittings (McMaster Carr) were used as ports to connect tubing. Reference electrodes were constructed using a AgCl coated silver wire immersed in 3M KCl saturated with AgCl in a glass capillary tube with a Vycor frit attached via heat shrink tubing. A Luggin capillary was integrated in the reactor using 1 M KCl as supporting electrolyte, and its Vycor frit was ∼2 mm from the cathode.

The anolyte was 75 mL of 50 mM sodium sulfate acidified with sulfuric acid to pH = 2. The catholyte was 50 mL of a phosphate-based medium initially prepared at pH 7 under 100% N2 as described in LaBelle et al. (2014). It contained salts, vitamins and trace metals and minerals. 50 mM NaCl was used instead of sodium bromoethanesulfonate. No yeast extract, sulfide or cysteine was used.

Reactor Operation

An acetogenic microbiome previously enriched on graphite granule cathodes at potentials from -590 to -800 mV vs. SHE was used to inoculate the bioreactors (LaBelle et al., 2014). The cells were drawn from the cathode compartment of an active reactor and were concentrated using tangential flow filtration using a 0.2 μm polyethersulfone filter (Sartorius), spun at 5000 (RCF) for 10 min and re-suspended in fresh medium before transfer to the RVC cathode reactors. The culture, inoculum and reactor, were treated as an open, non-aseptic system.

The reactor was operated at 25°C with constant current supplied from a VMP3 Potentiostat (BioLogic) set in galvanostatic mode and the voltage monitored with EC Lab software. A galvanostatic operation of 8 A/Lcatholyte was chosen to overcome electron limitation to a biofilm immobilized on the cathode and promote fast colonization. Humidified 100% CO2 was passed through the catholyte headspace using Norprene tubing at an initially set rate of 25 mL/min. Filter sterilized medium was flowed into the base of the cathode compartment and exited just above the top of the RVC cathode at a rate of 250 mL/day (a dilution rate of 5 day-1) using a peristaltic pump and PharMed BPT tubing. Deionized water was added to ports made from syringe housing on the anolyte compartment daily to compensate for water oxidation and evaporation.

Sampling and Analysis

The gas flow rate was monitored with an Agilent gas flow meter when sampling headspace for gas chromatographic analysis, and fatty acids were analyzed via HPLC (LaBelle et al., 2014). The pH of samples drawn from the cathode chamber was checked with a pH meter (Mettler Toledo). Optical density of the planktonic cells (OD600nm) was measured at 600 nm using a Genesys UV/Vis spectrophotometer.

Space time yield was calculated as the STY = concentration times flow rate divided by catholyte volume (Krieg et al., 2014). The Coulombic efficiencies were calculated from the partial current densities of each product divided by the total applied current. Energy efficiencies were obtained by using the higher heating value (HHV) of product multiplied by the STY and then divided by the applied electrical energy to the reactor per time (Krieg et al., 2014).

RESULTS AND DISCUSSION

Biomass Growth

The initial inoculum resulted in an optical density (OD600nm) of 0.34 ± 0.01 (n = 3) within the cathode chamber of three inoculated reactors (Figure 1A). The continuous flow of media through the reactors, and perhaps adsorption of biomass to the electrode surface, drove the OD600nm down by more than an order of magnitude. Shortly thereafter the OD600nm began to steadily increase and eventually remained near or above 0.1 within the reactors, indicating a constant production of bacterial cells including those that remained planktonic and were washed away with the effluent. A coating of the unmodified cathode surface with yellow and off-white material became apparent within a week of inoculation and grew heavier until the end of the experiment (Figure 1B). Microscopic examination of the material from the electrode surface and from within the interstitial space revealed that it was densely populated with bacterial cells similar to Acetobacterium in morphology, the genus that dominated the inoculum (LaBelle et al., 2014). Although the biomass on the electrodes was not quantified, visually it was apparent that the colonization of the electrode continued until the experiment was terminated.
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FIGURE 1. (A) Optical density (600 nm) of planktonic cells in triplicate bioelectrochemical reactors (SD, n = 3). (B) Biofilm growth on RVC cathode. Photographs of uninoculated (left) and inoculated (right) 45 ppi RVC cathodes at 36 days.



While graphite granule cathodes were effective at enriching the community (Marshall et al., 2012, 2013; LaBelle et al., 2014), and are a relatively inexpensive and high surface area electrode for electroactive biofilms, their drawbacks include gas hold up, high resistance, high granular void volume, and restriction of liquid flow for continuous operation, thus warranting a different electrode geometry. RVC was chosen because of its high surface area to volume ratio, low solid void volume due to the glassy carbon (97% air-liquid void volume), and this electrode material performs well for flow through systems (Krieg et al., 2014). Unmodified RVC has been reported to be a poor surface for bioelectrochemical systems (Flexer et al., 2013), and it did not support the electrosynthesis of any acetate with another microbial community (Jourdin et al., 2014) unless its glassy carbon surface was coated with carbon nanotubes (Jourdin et al., 2015). For the latter case a current density of 0.055 A/L (102 A/m2 projected surface area) and an acetate rate of 0.015 g/L/h and electron recovery of 100% were achieved under poised potential conditions in a batch-fed reactor. In contrast, the microbial community used under the conditions described here (8 A/L, 83 A/m2 projected surface area) readily colonized the unmodified RVC and generated acetate (see below) with this material serving as a biocathode. Microbubbles vigorously effervesced throughout and larger bubbles coalesced on the cathodes during the start-up. One may expect this to limit or even prevent the formation of a biofilm on the surface and within the honeycomb of the cathode (Blanchet et al., 2015; Bergel, 2016). However, biofilm became clearly visible on the cathodes following inoculation (confirmed by optical microscopy) while no visible changes were observed for more than a month with uninoculated RVC maintained under the same conditions. It is likely that biological and non-biological material was deposited on the cathode, but this was only visible when the cathodes were inoculated and the key to improved productivity was probably due to the increase in biomass on and within the RVC. Furthermore, there were no indications at the end of the experiment that the biomass/biofilm could not be increased further, which may additionally improve productivity and efficiency. How this biofilm forms and how it influences hydrogen formation and transfer, acetogenesis, and overall performance will require further inquiry.

Productivity

The STY of acetate was monitored in the three inoculated continuous flow/constant current reactors (Figure 2). Within the first 4 days of operation, the STY rapidly increased to >0.4 g/Lcatholyte/h. From this point forward the rate steadily increased and was accelerating at the end of the experiment (day 36) when the STY reached a maximum of 0.78 g/Lcatholyte/h, 0.74 ± 0.05 g/Lcatholyte/h in replicates (n = 3). The maximum acetate produced per electrode surface area was 8.2 g/m2projected/h. Hydrogen was co-produced at 0.2 g/Lcatholyte/h at the end of the experiment. Other products included formate, propionate, and butyrate produced at <0.02 g/Lcatholyte/h (Supplementary Figure S2). No methane was detected and biomass growth and acetate production were sustained without the addition of methanogenic inhibitors, yeast extract, or chemical reducing agents.
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FIGURE 2. Space time yield of acetate and pH of triplicate bioelectrochemical reactors (SD, n = 3).



Shortly after inoculation, the pH of the biotic reactors rose abruptly to 8.88 ± 0.53 due to the production of base at the cathode of the electrochemical cell. However, the continuous supply of CO2 and medium flow returned the pH to 6.75 ± 0.03 within 24 h. The pH decreased as the microbial production of acetic acid increased and the change in pH was more rapid at the end of the experiment. A single uninoculated reactor was maintained under the same conditions as the three inoculated reactors (Supplementary Figure S3). After an initial upward spike in pH during the 1st day, the pH stabilized at 6.67 ± 0.03 for the remainder of the experiment.

Efficiency

Following the initial start-up, the overall Coulombic efficiency (CE) ranged from approximately 75–85% with about 20% in acetate (Figure 3). From then to the end of the experiment the overall CE ranged between approximately 80 and 100% with most of the variability in the measurement of H2 (the CE for the single uninoculated control reactor was 88%). The electron recovery in acetate steadily increased to 33.2% ± 2.3% (n = 3) at day 36 with 35% in one reactor.
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FIGURE 3. Coulombic efficiency of triplicate bioelectrochemical reactors (SD, n = 3).



The trend in energy efficiency (Figure 4) generally followed that of the CE (Figure 3), and both efficiencies paralleled the increase in the STY of acetate (Figure 2). Following the initial increase in productivity during the first 4 days of incubation the energy efficiency fluctuated between 30 and 35% with approximately 7% invested in acetate. From then to the end of the experiment, the overall energy efficiency varied between 35 and 42% while the energetic efficiency in acetate steadily increased to 11.2% ± 0.8% (n = 3) with a 12.1% maximum in one reactor at the end of the experiment. Both the CE and energy transferred to acetate were increasing at the end of the experiment.


[image: image]

FIGURE 4. Energy efficiency of triplicate bioelectrochemical reactors (SD, n = 3).



Voltage ranged from 3.2 to 3.6 over time with all three reactors, and potential at the cathodes was -1.1 to -1.3 V vs. SHE (Standard Hydrogen Electrode) with no clear trend up or down. The power consumption of the reactors is depicted in Supplementary Figure S4. Better electrode spacing and a more efficient anode may improve the efficiency of the reactors. What would likely most improve the efficiency to acetate for these bioelectrochemical reactors is to avoid the loss of H2; this may be related to retaining more biomass in the reactor. Adding pH control and additional cell retention to the system may be the solution. The RVC is enabling some cell retention in the reactor in addition to efficient electron delivery, but the contribution from cells on the electrode vs. within the honeycomb of the electrode or suspended in the medium is unknown, and there is a significant fraction of planktonic biomass that is presently lost with the continuous flow (∼0.1 OD600nm). Hence further cell retention in the cathode chamber may additionally enhance productivity and efficiency and the results warrant a more detailed examination of the biofilm formation on the cathodes in relation to productivity and efficiency. For example, attaining a 100% CE to acetate under the current presently applied could result in a STY of 2.2 g/L/h and an energy efficiency >30% to acetate.

Microbial Electrosynthesis vs. Gas Fermentations

When comparing the supply of electrons (H2) supplied to gas-liquid contacting (GLC) bioreactors (Demler and Weuster-Botz, 2011; Hu et al., 2013, 2016; Kantzow et al., 2015), it became apparent that the electrons supplied to the bioelectrochemical reactors in the past (Marshall et al., 2012, 2013; LaBelle et al., 2014) were limited and this precluded any chance of high productivity and likely blunted the growth of biomass; hence the remedy described above. Abiotic and biotic activity may functionalize the surface of the cathode, thereby facilitating the production of H2 or formate for the eventual generation of acetate and other products (LaBelle et al., 2014; Yates et al., 2014; Deutzmann et al., 2015; Marshall et al., 2016; May et al., 2016), and the results presented here were dependent upon the addition of the microbial community, but the electrochemical bioreactors were intentionally operated through H2 with the goal of improving productivity and efficiency. Therefore, it is reasonable to compare microbial electrosynthesis with H2 gas fermentations (Blanchet et al., 2015; Tremblay et al., 2016).

Microbial electrosynthesis may be indirectly approached by the coupling of a H2 producing electrolyzer with a GLC bioreactor such as a CSTR or a continuous flow bubble column where H2 is delivered to a fuel or chemical producing microbe (e.g., an acetogen). Alternatively, during direct MES the microbes are incubated with the cathode of an electrochemical cell where they capture H2 or possibly electrons directly from an electrode (Butler and Lovley, 2016; Tremblay et al., 2016). Productivity and efficiency data from these two approaches are presented in Table 1. A 70% energy efficiency for an electrolyzer (Körner et al., 2015), based on a HHV of H2, was assumed for calculating the efficiency of an indirect MES with two reactors. Following growth with CO in a continuous flow bubble column with cell retention, the thermophile M. thermoacetica produced acetate at 1.1 g/L/h when supplied with H2:CO2, but there was a trade-off with efficiency when examining it as part of an indirect MES. The M. thermoacetica system was designed for use with hot syngas and the high temperature (60°) lowered the solubility of the H2 (Hu et al., 2013, 2016), which required high sparging rates to overcome mass transfer and reduced efficiency.

TABLE 1. Indirect vs. direct microbial electrosynthesis of acetate.

[image: image]

When assessed as an indirect MES, a CSTR with A. woodii (Kantzow et al., 2015) produced acetate at nearly the same rate (0.76 g/L/h) but with substantially higher efficiency than M. thermoacetica in a bubble column. The highest acetate productivity (6.16 g/L/h) in combination with a high CE (55.9%) and energy efficiency (26.4%, estimated as an indirect MES including stirring energy) was achieved with A. woodii incubated in a CSTR with cell retention and a high rate of dilution (Kantzow et al., 2015). This energy efficiency does not match the 39–50% reported for a membraneless direct MES reactor operated in batch under constant applied voltage (Giddings et al., 2015), but due to its productivity the CSTR coupled with an electrolyzer is for now a more feasible approach. The energy efficiency of the direct MES described in the present study does exceed many of these other systems while maintaining high productivity, but its performance does not yet match that of the CSTR run with cell retention and a high dilution rate. However, as noted above the productivity and efficiency of the direct MES may be improved with more pH control and cell retention.

The results described here indicate the productivity and efficiency of a direct MES operating through H2 in a single reactor is approaching that of an indirect MES using two reactors. Furthermore, rates of acetogenesis from H2:CO2 within GLC bioreactors are now on par with the productivity of ethanol fermentation and direct MES is approaching it. Starch (corn) ethanol is commercially produced at 1.25 to 3.75 g/Lreactor volume/h (Graves et al., 2006; Richter et al., 2013), but this rate of production ignores the time, arable land, and energy needed to grow, harvest, transport, and pretreat the substrate prior to fermentation (Fast and Papoutsakis, 2012; Conrado et al., 2013). Ethanol and acetate do not possess the same energy or commercial value and absolute comparisons of their production cannot be made. But the aforementioned comments are insightful since bioethanol from starch is the largest biorefinery process scaled to date, and if electrosynthesis of acetate or any other chemical is to ever be viable then productivity must be within the range of bioethanol production.

Cost, Titer, and Extraction

At the efficiency and rates described here for electroacetogenesis, 33.6 kWh are needed to produce 1 kg of acetate with a direct MES and 15.4 kWh with an indirect MES using a CSTR. At $0.02 per kWh (national average levelized price of wind power purchase agreements) (Wiser and Bolinger, 2016), the electricity cost for 1 kg of acetate would range from $0.31 to $0.67; as with any system, the need for extraction and purification would undoubtedly add to this cost (Gildemyn et al., 2015; Papoutsakis, 2015; Xu et al., 2015). The global price of acetic acid has ranged from $0.35 to $0.95 per kg between 2010 and 2015 (Wakatsuki, 2015), while U.S. domestic acetic acid spot pricing was at $0.49 per kg and U.S. spot export pricing was at $0.60–$0.63 per kg in September of 2016 (Raizada, 2016). Prices from $0.90 to $1.60 per kg were also reported in a variety of countries during 2015 and 2016 (Nayak and Pal, 2015; Nayak et al., 2015; Pal and Nayak, 2016). While these quotes indicate a range of possible commercial values for acetate, they also show that further improvements in electrosynthesis performance remain desirable. Selling the excess hydrogen and oxygen simultaneously produced could attain additional revenue, and increases in efficiency will help. For example, achieving 100% CE under the same conditions in this work would lower the energy requirement to 12 kWh per kg, with $0.24 in electricity costs per kg acetate produced. However, titer is another factor that affects purification costs. The titer reached 3.6 g/L in the present experiment and 10.5 g/L in past batch experiments with the same microbial community (Marshall et al., 2013). Optimizing the dilution rate in relation to nutrient supply, pH control, and cell retention will increase the titer in the continuous flow/constant current reactors, but significantly higher titer still needs to be achieved.

A promising approach to increase titer has been demonstrated by Gildemyn et al. (2015), who reported on a galvanostatic microbial electrosynthesis system in batch mode that produced acetate at 0.024 g/L/h, and simultaneously extracted the acetate across an anion exchange membrane to concentrate the product in an integrated extraction compartment of equal volume to the catholyte. This method obviates the need for an external pH control system, and the 13.5 g/L titer achieved with this method is the highest reported for a direct MES. The energy efficiency to acetate, including the extraction, reached an impressive 21%.

Another possible solution is to supply the acetate to a second bioreactor that produces higher value products that may be produced at a higher titer and are more readily extracted, such as demonstrated by Hu et al. (2016) for the production of biodiesel precursors. Chemocatalytic upgrading has also been used to produce ethyl acetate by combining biphasic esterification with an integrated electrolytic membrane extraction of acetate from fermentation of thin stillage biomass (Andersen et al., 2014). This process was also adopted to utilize acetate made from electricity and CO2 to produce the ethyl acetate (Andersen et al., 2016).

Additional Considerations

Yeast extract has been required for the growth of acetogens in some studies (Kantzow et al., 2015; Hu et al., 2016), and at the concentrations and dilution rates used would be cost prohibitive (Lawford and Rousseau, 1997; Lau et al., 2012). A metagenomic analysis indicated that the microbial community used here possesses the full complement of genes required for the synthesis of all amino acids and vitamins needed for growth (Marshall et al., 2016), and yeast extract has never been used with this community.

The experiments reported here were done with a phosphate buffer, and to continuously supply that would also be cost prohibitive at the dilution rates in this study. Past batch-fed experiments were done with a bicarbonate buffer in place of the phosphate (LaBelle et al., 2014), which would be far more cost effective (est. 80% media cost reduction).

Both hydrogenotrophic and acetoclastic methanogens would divert electrons away from acetate synthesis. Inhibition of methanogenesis can be costly, but no inhibitor was needed for this experiment or for preparation of the inoculum. Operating a direct MES reactor through H2 under galvanostatic control may offer a competitive advantage for the acetogens versus methanogens in that high H2 partial pressure favors acetogenesis. Furthermore, allowing the pH to drop below 6 may also favor the acetogens since lower pH can also inhibit methanogenesis (Ni et al., 2010; Zhang et al., 2013; Spirito et al., 2014). Methanogens initially present in the community enriched for this biocathode were eliminated by repeated exposure to high H2, low pH, and the addition of the inhibitor sodium bromoethanesulfonate (NaBES) (Marshall et al., 2012, 2013; LaBelle et al., 2014). The use of NaBES with this microbial community was ended in 2014, it was not used at any time in this study, and the inoculum used was transferred more than three times without NaBES before use in this study. The community used in this study has always been maintained in an open system (non-aseptic) in a laboratory with methanogenic cultures and sediments under investigation nearby.

The scalability and economics of MESs has been addressed in several studies and reviews (Foley et al., 2010; Desloover et al., 2012; Logan and Rabaey, 2012; Conrado et al., 2013; Brown et al., 2014; Harnisch et al., 2014; ElMekawy et al., 2016; Zhang and Angelidaki, 2016). Additionally, current legislation concerning whether the CO2 is obtained from renewable or waste gasses can vary geographically (Daniell et al., 2016; Dürre, 2016). This can affect whether the product can qualify for credits and incentives, and thus be sold competitively. However, a life cycle analysis has shown that ethanol produced from CO2 recycled from a fossil fuel waste stream can still attain a net carbon emission reduction (Daniell et al., 2016; Handler et al., 2016). Further improvements in performance are still desired and product selection should go beyond acetate, but with productivity and efficiency for a direct single reactor MES approaching the best reported for an indirect MES with two reactors, successful scaling and improved performance of microbial electrosynthesis is now more feasible. Building and operating one reactor versus two may reduce capital and operating costs, and the performance of the reactor systems for acetogenesis compared in Table 1 suggest such a consolidation warrants further consideration. What is needed is a systematic laboratory comparison of direct and indirect MES systems. Such data will help develop practical process systems and better inform life cycle assessments and technoeconomic analyses to contribute to proper implementation of MES.

CONCLUSION

This work contributes practical operating conditions for microbially producing acetic acid from electricity and carbon dioxide, with hydrogen as co-product, bringing the technology closer to real world implementation. Additionally new benchmarks in STY and efficiency are presented. Acetate was produced at a maximum STY of 0.78 g/L/h, and in replicate 0.74 ± 0.05 g/L/h (n = 3). The growth of this technology and its promise in complementation to other established and emerging technologies indicate the viability of microbial electrosynthesis to aid in carbon and energy management.
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Microbial fuel cells (MFC) have recently received increasing attention due to their promising potential in sustainable wastewater treatment and contaminant removal. In general, contaminants can be removed either as an electron donor via microbial catalyzed oxidization at the anode or removed at the cathode as electron acceptors through reduction. Some contaminants can also function as electron mediators at the anode or cathode. While previous studies have done a thorough assessment of electron donors, cathodic electron acceptors and mediators have not been as well described. Oxygen is widely used as an electron acceptor due to its high oxidation potential and ready availability. Recent studies, however, have begun to assess the use of different electron acceptors because of the (1) diversity of redox potential, (2) needs of alternative and more efficient cathode reaction, and (3) expanding of MFC based technologies in different areas. The aim of this review was to evaluate the performance and applicability of various electron acceptors and mediators used in MFCs. This review also evaluated the corresponding performance, advantages and disadvantages, and future potential applications of select electron acceptors (e.g., nitrate, iron, copper, perchlorate) and mediators.

Keywords: microbial fuel cell, cathodic electron acceptors, cathodic reaction, electricity production, renewable energy, wastewater treatment

INTRODUCTION

A microbial fuel cell (MFC) is a bioelectrochemical device that can generate electricity by the use of electrons obtained from the anaerobic oxidation of substrates. Generally, the MFC consists of two parts, an anode and a cathode, which are separated by a proton exchange membrane (PEM). Anaerobic oxidation of organic substances such as acetate, glucose, lactate, ethanol (summarized by Pant et al., 2010) occurs in the anode compartment, during which process protons, electrons and carbon dioxide are released. In this case, the protons and electrons pass through the anode chamber to the cathode chamber via the PEM and an external circuit respectively. This electron transfer from the anode to the cathode produces an electricity current (Logan et al., 2006; Venkata Mohan et al., 2008; Kim and Lee, 2010; Mao et al., 2010; Samrot et al., 2010; Ishii et al., 2013). MFCs can be used for wastewater treatment since organic materials can be easily oxidized as fuel in the anode compartment. In recent years, MFC-based systems have also been used in a number of new applications such as hydrogen production, seawater desalination, biosensors and microbial electro synthesis (Cheng and Logan, 2007; Cao et al., 2009; Rabaey and Rozendal, 2010; Zhang and Angelidaki, 2011).

Despite promising initial results, MFCs have not been able to go further than the pilot scale due to a number of limitations (Liu and Logan, 2004; Donovan et al., 2011). The power output of the MFC depends on several factors such as type of substrate, exoelectrogenic microorganisms, circuit resistance, electrode material, reactor configuration and electron acceptors (Pant et al., 2010; Kim et al., 2011). Different electron acceptors exhibit physically and chemically different properties (e.g., oxidation potential) and therefore affect the efficiency of electricity production. Therefore, investigation of the applicability of new electron acceptors in MFCs has gained importance in recent years as they have a significant impact on electricity generation.

Oxygen is the most common electron acceptor used in the cathode compartment due to its high oxidation potential and the fact that it yields a clean product (water) after reduction. However, most studies show that the oxygen supply to the cathode compartment is energy consuming (Strik et al., 2010). Although the oxygen in the air can be used directly by using an air cathode, contact difficulties in the cathode-air surface and the need for expensive catalysts are the disadvantages of oxygen utilization (Heijne et al., 2007).

The use of alternative electron acceptors may not only increase the power generation and reduce the operating costs, but also expands the application scope of MFCs. It has been recently found that some recalcitrant compounds can be treated in the cathode as an electron acceptor (Gu et al., 2007). These findings suggest that MFCs can be used to control environmental pollutants. For example, nitrate is a well-known pollutant in wastewater streams. Since the redox potentials of nitrate and oxygen are very close to each other, nitrate can be used as an electron acceptor in the cathode compartment (Jia et al., 2008). In this case, the nitrate is reduced to nitrogen gas by the denitrification process in the cathode compartment. Apart from nitrate, some heavy metals such as copper (Tao et al., 2011b), iron and mercury (Wang et al., 2011) can also be used as electron acceptors and thus reduced to less toxic forms. Thus, electricity generation and wastewater treatment take place simultaneously. Recently, Rahimnejad et al. reviewed the effect of anode, cathode, and membrane portions on MFC performance. In addition, the electrode materials used in the anode and cathode compartments are summarized together with some cathodic reactions such as denitrification and iron reduction (Rahimnejad et al., 2015).

Electron acceptors receive electrons from the cathode, and therefore they make a significant contribution to the performance of the MFC. Although there are many studies on different electron acceptors in the literature, no comprehensive review of this field is available. For this reason, the various electron acceptors used in MFCs have been systematically compiled in this paper and evaluated in terms of performance, advantages and application areas in wastewater treatment. Finally, this paper suggests prospects for future development.

STRUCTURE OF MFC AND OXYGEN AS TERMINAL ELECTRON ACCEPTOR

A typical MFC consists of two chambers, an anode and a cathode, separated by a PEM membrane (Figure 1). Electrons are transported from the anode compartment to the cathode compartment by external circuit, where they combine with protons and oxygen to form water according to the following reaction
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As can be seen in Equation (1), oxygen is continuously consumed to maintain the potential for electricity generation. Oxygen can be provided in the cathode compartment by bubbling the water or by using an air cathode. Oxygen has a higher redox potential than many other electron acceptors, and therefore it is widely regarded as a good cathodic electron receiver (Oh et al., 2004). However, the poor contact of oxygen with the electrode and the slow rate of reduction of the oxygen on the normal carbon electrode are disadvantages that limit the use of oxygen in MFCs (Rhoads et al., 2005). Although the cathodic reaction can be improved by the use of catalytic-coated electrodes, catalysts are often expensive and rare metals (Zhou et al., 2011).
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FIGURE 1. Schematic representation of a two-chambered MFC.



ALTERNATIVE ELECTRON ACCEPTORS

Ferriciyanide

Besides oxygen, ferricyanide is another common electron donor used in MFC studies since its concentration is not limited to solubility like in the case of oxygen (Rhoads et al., 2005). Although the standard redox potential of ferricyanide (given in Equation 2) is not as high as that of oxygen, it has much lower overpotential, which results in not only a faster reaction rate but also much higher power output (Rabaey et al., 2003; Schröder et al., 2003; Aelterman et al., 2006). It was reported that ferricyanide with the carbon electrode produced 50–80% higher power than oxygen with Pt-carbon cathode due to increased mass transfer efficiencies and larger cathode potential (Oh et al., 2004).

[image: image]

Although ferricyanide is an excellent electron acceptor in terms of power generation, it has been understood that potassium ferricyanide is not practically sustainable. It is toxic, and chemical regeneration/recycling is difficult. For this reason, the use of ferricyanide is limited to basic laboratory studies (Logan et al., 2006). However, ferricyanide is still an important cathodic electron acceptor to prove some important concepts in the laboratory due to its stability and high system performance. For example, Aelterman et al. (2006) conducted performance experiments with MFCs operated in series and in parallel to each other. They used hexacyanoferrate cathode, and six independent continuous MFC units produced the maximum hourly average power output of 258 W/m3 in the stacked configuration (Aelterman et al., 2006). Ferricyanide has also been used to compare the performance of electrode materials due to its catalytic activity. In a recent study, three different MFC processes were used to remove nitrogen and carbon from wastewater. The tested MFC types were (1) continuous operation, (2) continuous operation with ferricyanide and (3) continuous operation with oxygen, and the highest current, carbon and nitrogen removal was observed in continuously operating MFC with ferricyanide. The currents obtained are 0.833 and 0.589 V for ferricyanide and oxygen respectively. With ferricyanide, the carbon and nitrogen removals are 36 and 9% higher than that removed with oxygen respectively (Zain et al., 2015).

Nitrogen Species

Nitrate is one of the common types of nitrogen that is widely found in waters, and causes a variety of serious environmental and health problems that threaten human and animal health (Demirel et al., 2014; Sahinkaya et al., 2015). In this respect, nitrate in drinking water is limited to 44.43 mg/L in the US and 50 mg/L in Europe (Shen et al., 2009). The application of biocathots has made nitrate usable as an electron acceptor in MFCs for denitrification and electricity generation. The feasibility of nitrate as a cathodic electron acceptor in MFCs was first demonstrated by Clauwaert et al. (2007). In this study, the denitrification by microorganisms took place in a tubular reactor without an energy input (Clauwaert et al., 2007). In the same period Lefebvre et al. (2008) investigated the same cathodic process in a two-chambered MFC. In their study, 95.7% of nitrate was removed at the cathode using acetate as an anodic substrate, and 73 ± 4% of the total nitrogen was converted to N2 gas through electrochemical denitrification according to Equations (3–6). However, only 0.095 V was obtained as the maximum cell potential at external resistance of 1000 Ω, which was much lower than that of oxygen reported previously. This may be due to the fact that nitrate has a relatively low redox potential (0.74 V).
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In order to further investigate the concept and broaden this application, Virdis et al. (2008) demonstrated a novel process which is an integration of MFC and aerobic nitrification technology for simultaneous carbon and nitrogen removal. In this process, the wastewater containing ammonium and organic matter was initially fed to the anode compartment for the oxidation of the organic material and release of the electrons. The effluent from the anode was then fed to an external aerobic nitrification vessel for oxidation of ammonium to nitrate. This nitrate-enriched stream was finally fed to the cathode compartment of the MFC for denitrification where electrons degraded nitrate. The electrons produced at the beginning were transported to nitrate, which was used as an electron acceptor at the end of the process. In this system, which is called loop configuration, a volumetric power density of 34.6 ± 1.1 W/m3 and a nitrogen removal rate of up to kg COD/(m3 NCC.d) were obtained (NCC: Net cathodic compartment; Virdis et al., 2008). However, this process has its own drawback, which is the low nitrogen removal in the effluent due to the crossover of ammonia from the anode to the cathode through the cation exchange membrane.

To further address this shortcoming, Virdis et al. (2010) integrated the nitrification stage into the cathode chamber where simultaneous nitrification and denitrification (SND) were accomplished. In such a system, denitrification can still occur at a higher dissolved oxygen level than that of a conventional SND process. The main explanation for this finding was the formation of a micro-environment on the porous surface of graphite granule where denitrifying bacteria could grow (Virdis et al., 2010). Studies on simultaneous nitrification-denitrification in MFCs are becoming more successful and various systems are being developed. A combined use of the membrane aerated biofilm process and MFC process was proposed by Yu et al. (2011) for simultaneous nitrification, denitrification and organic carbon removal in a single two-chambered MFC system. In this system, 97 and 52% removal efficiencies for total carbon and nitrogen respectively were obtained. Xie et al. (2011), developed an oxic/anoxic biocathode system for simultaneous carbon and nitrogen removal. The idea behind the rearrangement is to remove ammonium and nitrate in the oxic and anoxic biocathode respectively, while COD is being oxidized in the anode compartment. With this system, the maximum power densities for oxic and anoxic biocathots were 14 and 7.2 W/m3 respectively. On the other hand, the maximum COD, [image: image] and TN removal rates were 98.8, 94.7, and 97.3% respectively.

Beside the denitrification of nitrate at the cathode, the electrochemical reduction of nitrate at an abiotic cathode has also been explored. Fang et al. (2011) reported that nitrate can be reduced from 49 to 25 mg N/L in the cathode compartment and a power density of up to 7.2 mW/m2 can be obtained in this process at 470 Ω resistance (Fang et al., 2011). The reduction products of nitrate were mainly ammonia (51.8%) and trace amounts of nitrite (0.6%).

While nitrate reduction at the cathode has been extensively studied, nitrite as an important intermediate product from nitrate reduction has received little attention so far. Virdis et al. (2008) suggested that nitrite as an efficient terminal electron acceptor at the cathode of a MFC could reduce the carbon to nitrogen ratio (Virdis et al., 2008). Puig et al. (2011) demonstrated that nitrate and nitrite can be used interchangeably as an electron acceptor by exoelectrogenic bacteria for nitrogen reduction. However, nitrite is oxidized in the presence of oxygen by biological or electrochemical processes at the cathode, which affects the electricity production (Puig et al., 2011).

Up-to-date studies on MFC for nitrate removal can include field applications. Organic pollutants in river X in Romania were used for electricity generation and the nitrate in the same river was used as an electron receiver. A power density of 88 mW/m2 was achieved at a current density of 310 mA/m2 in a single compartment MFC. Organic pollution and nitrate removal efficiencies were 97 and 96%, respectively (Cucu et al., 2016).

Nitrous oxide is an important intermediate between the steps of the denitrification process shown in Equations (3–6). Reducing N2O emissions is an urgent issue as it is an important greenhouse gas. According to the thermodynamic principle, N2O has the potential to be a more suitable electron acceptor compared to the other oxidized nitrogen intermediates in the denitrification pathway. In a study conducted by Desloover et al. (2011), N2O removal rates ranging from 0.76 to 1.83 kg N/m3 NCC were obtained at the cathode chamber.

Persulfate

Persulfate is used in many applications such as clarifying swimming pools, hair bleaching, micro-etching of copper printed circuit boards, total organic carbon analysis and destructing soil and groundwater contaminants. It is considered to be hazardous waste because it is an oxidizing agent (Li J. et al., 2009). Applicability of persulfate in MFCs is possible with its standard oxidation reduction potential of 2.12 V, which is higher than many electron acceptors (e.g., permanganate) used in MFCs. When persulfate is used as the electron acceptor, 1 mole S2[image: image] receives 2 electrons and forms [image: image] (Equation 7).
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Because of the above properties, persulfate was used as electron acceptor. It was found that power density was doubled when K3Fe (CN)6 was replaced with persulfate in MFC (166.7 vs. 83.9 mW/m2). One drawback of MFC with K2S2[image: image] could be the lower cell performance than MFC with K3Fe(CN)6 at medium to high current densities. This case was explained by the faster electron reduction kinetics of ferricyanide solution on the surface of the carbon electrode (Li J. et al., 2009).

Permanganate

Under both acidic and alkaline conditions, permanganate is reduced to manganese dioxide by receiving three electrons as shown in the Equations (8, 9). This property of permanganate makes it a potential electron acceptor. In acidic conditions, permanganate is expected to show higher power output since its oxidation potential is higher than it is in alkaline conditions. Therefore, studies in different pH values were done to investigate the performance of permanganate in MFCs (You et al., 2006).
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In a previous study, a power density of 115.60 mW/m2 at a current density of 0.017 mA/cm2 was observed by using permanganate as an electron acceptor, which was 4.5 and 11.3 fold higher than that produced from hexachnoferrate (25.62 mW/m2) and oxygen (10.2 mW/m2) respectively. Moreover, in the same study, a bushing MFC using permanganate as the electron acceptor achieved the maximum power density of 3986.72 mWm2 at 0.59 mA/cm2. Therefore, it is worth pointing out that permanganate can be an efficient cathodic electron acceptor in MFCs (You et al., 2006).

However, there are also some drawbacks existing in this application. For example, like other soluble electron acceptors, depletion of permanganate during electricity generation requires continuous liquid replacements. Moreover, since the cathode potential is mainly dependent on the solution pH, pH control is required for stable power output, which may only be applied to small-scale power supplies as suggested by the authors. On the other hand, the advantage of this system is that it does not require catalysis (You et al., 2006). In a more recent study, the best permanganate concentration was studied in terms of electricity production. The maximum power density with 400 mM of potassium permanganate and the current density at this power density were found to be 93.13 mW/m2 and 0.03 mA/cm2 respectively (Eliato et al., 2016).

Manganese Dioxide

Studies have reported that manganese dioxide is a good cathode material and catalysis for battery and alkalinine fuel cells (Li et al., 2010). MnO2/Mn2+ redox couple can be used to transfer electrons from the cathode to an electron acceptor. Rather than direct utilization of oxygen, the use of electron mediators between cathode and oxygen is more efficient because of the difficulties in the direct utilization of oxygen (i.e., low solubility). The possibility of biomineralized manganese oxides was investigated by Rhoads et al. (2005). The reaction begins with the accumulation of manganese dioxide on the cathode surface and subsequent reduction with electrons from the anode. The reaction results in the release of manganese ions which are subsequently reoxidized to manganese dioxide by manganese-oxidizing bacteria (Lepthothrix discophora SP-6), and the cycle continues (Equations 10–12). Maximum power density of 126.7 ± 31.5 mW/m2 was obtained (with 50 Ω resistor) from above redox cycle (Rhoads et al., 2005).
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Manganese dioxide can be used not only in the electron mediator mechanism but also as an alternative cathode catalyst to platinum due to its low cost (Liew et al., 2015). Using manganese dioxide as an alternative catalyst, the maximum volumetric anode density of 3,773 ± 347 mW/m3 was obtained with a tube MFC. It could be, therefore, noted that using MnO2 instead of Pt could serve as a suitable option for real applications due to its low cost (Zhang L. et al., 2009).

Mercury (Hg)

Since the redox potential of mercury, which is about −320 mV (Hg2+), is higher than that of NADH/NAD+, it can be accepted as an alternative electron acceptor (Wang et al., 2011). By using mercury in MFC, its removal from the aquatic environment can be achieved simultaneously with electricity production. The possible removal mechanism is to precipitate Hg2+ in the presence of Cl− as shown in Equation (13), and subsequent reduction by the electrons at the cathode (Equation 14). Maximum power density of 433.1 mW/m2 was obtained from the above process, while the end products were elemental Hg in the cathode surface and Hg2CI2 as deposits on the bottom of the cathode chamber (Wang et al., 2011).
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Iron (Fe)

Iron can be used as an electron mediator to enhance the performance in the cathode compartment. The most common redox couple used in MFCs is Fe+3/Fe+2. Ferric iron can be reduced to ferrous iron in the cathode chamber according to Equation (15).
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This reversible electron transfer reaction provides several advantages such as fast reaction, high standard potentials, biological degradability (Heijne et al., 2006) and release of some valuable compounds such as Phosphate (Fischer et al., 2011). In a study where this redox was coupled together with a bipolar membrane and graphite electrode combination, the maximum power density of 0.86 W/m2 at a current density of 4.5 A/m2 was obtained (coulombic efficiency and energy recovery were 80–95 and 18–29% respectively; Heijne et al., 2006). In order to complete the Fe3+/Fe2+ redox cycle, an oxidative mechanism is needed. To achieve this, Heijne et al., used an acidophilic chemolithoautotrophic microorganism—Acidithiobacillus ferrooxidans to oxidize ferrous iron and investigated the performance of the MFC with continuous ferrous iron oxidation (Heijne et al., 2007). Oxidation of ferrous iron to ferric iron resulted in a 38% higher power output (1.2 W/m2 and a current of 4.4 A/m2) than that which was obtained in their previous study.

Besides being an electron mediator, iron can also be used as an electron acceptor. In another study, iron in the form of FePO4 was used (Figure 2). FePO4 is a compound found in sewage sludge, which not only has a potential as an electron acceptor due to its Fe3+ content, but also has a great importance due to its orthophosphate content (Equation 16; Fischer et al., 2011).
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Phosphorus is an essential element for both agricultural and industrial production. This important element, however, is assumed to be depleted within 50–100 years (Cordell et al., 2009). Since it is also one of the primary causes of eutrophication, it is essential to consider the recovery of phosphate rather than its disposal (Usharani and Lakshmanaperumalsamy, 2010).
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FIGURE 2. MFC for the mobilization of orthophosphate from FePO4 (Fischer et al., 2011).



The MFC could reduce FePO4 by delivering necessary electrons and protons. When iron cations are reduced by the electrons, iron and phosphate are separated and mobilized orthophosphate ([image: image]) is released into the solution. Released orthophosphate can be further precipitated as struvite (NH4MgPO4) by adding stoichiometric amounts of Mg2+ and [image: image]. By this method, 82% orthophosphate recovery was achieved with a varied current density of 0.1 and 0.7 mA (Fischer et al., 2011).

Compared to other electron acceptors and mediators, ferric iron provided relatively high power densities (Table 1). However, MFC with ferric iron requires a bipolar membrane instead of a cation exchange membrane (CEM). CEMs are not suitable for pH adjustment in the cathode chamber since they carry other cations together with protons. Therefore, either a bipolar membrane or acid addition is required when ferric iron is used (Heijne et al., 2006).


Table 1. Cathodic electron acceptors and the maximum power densities.
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The main advantage of this process is that the phosphate is obtained in pure form. Thus, phosphate can be separated from iron and other toxic materials such as As, Pb, Cr. However, low pH is required to keep ferric iron soluble since ferric iron is tent to be precipitated as ferric iron hydroxides at pH values higher than 2.5. These precipitates are reported to be harmful to membrane use. Additionally, in order to shuttle electrons and protons to the Fe3+, a cathodic mediator such as methylene blue needs to be supplied, which may hinder its wide application (Fischer et al., 2011). While iron was used as an electron acceptor, up-to-date studies show that it can also be used to prepare efficient catalysts (Nguyen et al., 2016; Santoro et al., 2016).

Copper

Copper is one of the widespread heavy metals in the soil and aquatic environment, which are mainly emitted from mining and metallurgical industries. Trace amounts of copper is an essential micronutrient to all plants and animals, but high levels of copper can become toxic to all life forms (Alaoui-Sossé et al., 2004). Therefore, the removal of copper is of great importance. Simultaneous copper recovery and energy production in a two-compartment MFC were investigated (Heijne et al., 2010; Tao et al., 2011b). The copper reduction in its basic form is shown in Equation (17).
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Copper recovery in MFC was done by Heijne et al. (2010) by using a bipolar membrane as a pH separator. The maximum power density was 0.80 W/m2 at a current density of 3.2 A/m2 and over 99.88% removal efficiency was achieved. Pure copper crystals were observed as the main products formed on the cathode surface and no CuO or Cu2O was detected. As noted in the previous work of the authors, the bipolar membrane provided low pH in the cathode compartment.

Tao et al. investigated Cu2+ reduction in an MFC using a PEM and cupric sulfate solution as catholyte (Tao et al., 2011b). The maximum power density at the initial copper concentration of 6412.5 ± 26.7 mg Cu2+/L in glucose-fed MFC was measured as 339 mW/m3. High copper removal efficiency (>99%) was obtained when the initial copper concentration was 196.2 ± 0.4 mg Cu2+/L and 15 Ω external resistance. In order to further lower the construction cost for this process, Tao et al. (2011a) developed a lab-scale membrane free buffled MFC. At an initial copper concentration of 500 mg/L, a removal efficiency of 70% was observed over a period of 144 h (Tao et al., 2011a). Copper is an attractive electron receiver that can compete with oxygen (Tao et al., 2011b). For this reason, the cathodic copper reduction has broadened the field of MFC applications.

Copper reduction and electricity generation may vary depending on the architectural structure and operational parameters of the reactors. In an up-to-date study, electricity production was investigated by multiple batch cycle operations with different cathode materials (Wu D. et al., 2016). For the copper removal, a carbon rod, a titanium sheet, and stainless steel woven mesh materials were tested as cathode material. Stainless steel woven mesh was found as the most effective and cheap cathode material. When copper reduction is desired in MFC, the deposition of copper on the cathode has a great effect on power density and copper removal.

However, this technology is still in an early stage of development, more developments such as cost-effective reactor design and study of the catalytic behavior of copper for oxygen reduction at the cathode are required. Studies on copper removal in MFC indicate that the power density can be up to 33.6 W/m3 depending on parameters such as reactor type, electron source, anode and cathode materials (Wu D. et al., 2016).

Chromium

The use of chromium as an electron acceptor has been demonstrated in several studies (Li et al., 2008; Li Y. et al., 2009; Sahinkaya et al., 2016). Real and synthetic wastewaters containing chromium were treated in MFCs and chromium reduction and electricity production were accomplished simultaneously. In acidic conditions Cr(IV) can be reduced to Cr(III) by the transfer of six electrons as illustrated in Equation (18).
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This reduction reaction is thermodynamically feasible with a redox potential of 1.33 V. In a study, with a synthetic wastewater containing 200 mg Cr(IV)/L, the maximum power density of 150 mW/m2 was obtained (0.04 mA/cm2) and the maximum open circuit voltage was reported as 0.91 V. In this study, low pH was found to have a positive effect on Cr(VI) reduction (Wang et al., 2008). In another study, Li et al., investigated the same process with real electroplating wastewater containing Cr(VI) (Li et al., 2008). In this study, Cr(VI) removal was found to be influenced by the electrode material. Graphite paper and graphite plates were used as cathode material in chrome removal and graphite paper gave better results than graphite plate (power density: 1,600 and 99.5% chromium removal rate for electroplating wastewater containing 204 mg Cr(VI)/L).

Different from conventional Cr(VI) reduction in MFCs, Li Y. et al. (2009) studied the Cr(VI) reduction in an MFC photoelectrochemical cell coupled system. Under light irradiation, 97% Cr(IV) removal was achieved within 26 h at the initial concentration of 26 mg/L (Li Y. et al., 2009). The maximum potential generated under light irradiation and dark controls were 0.80 and 0.55 V, respectively. The authors used rutile coated cathode for waste treatment and solar energy conversion in a single unit of MFC. These synergies between a biocatalyzed anode and a rutile coated cathode promoted the power output and Cr(IV) reduction (Li Y. et al., 2009).

In an up-to-date study, the microbial concentration was increased to improve chromium reduction performance in the cathode chamber. For this, the exoelectrogenic biofilm was enriched in the anode compartment and the system was subsequently established using the anode as biocathode. This new method has increased Cr(VI) reduction efficiency by 2.9 times compared to common biocathots (Wu et al., 2015). Other recent studies on Cr(VI) reduction were focused on self-assembled graphene biocathode applications (Song et al., 2016) and on electrode material modification (Wu X. et al., 2016). Current studies are usually focused on the cathode material for chromium removal. Cr(VI) removal was studied in MFC operated with an alumina (AA)/nickel (Ni) nanoparticles (NPs)-dispersed carbon nanofiber electrode. With the developed electrode, a power density of 1,540 mW/m2 was achieved together with the complete reduction of 100 mg Cr(VI)/L at a reduction rate of 2.12 g/(m3 h). The columbic efficiency was 93% (Gupta et al., 2017). In another study with abiotic cathode, a power density of 21.4 mW/m2 was obtained in the treatment of alkaline Cr(VI) wastewater, while 10 mg/L chromium reduction was achieved within 45 h (Xafenias et al., 2015).

Triiodide

Similar to Fe+3/Fe+2 discussed in Section Copper, iodide/iodine redox couple is another redox couple that can serve as the electron mediator (Equation 19). There are some advantages of using this redox couple in the cathode. Since it can be regenerated in the catholyte, there is no depletion of triiodide ([image: image]). This regeneration could be done by a photo-driven reaction between I− and oxygen (Equation 20) presented in Figure 3. After the formation of iodine, the combination of iodide anion with an iodine molecule in water forms triiodide ([image: image]) and the cycle continues (Equation 21). It also demonstrates the feasibility of using carbonaceous materials as the cathode. Triiodide is stable at both acidic and alkaline conditions. Because of all these properties, iodide/iodine redox couple could easily apply as an electron mediator in the cathode chamber for accepting and transferring electrons. The feasibility of this redox couple as the electron acceptor or mediator was first demonstrated using a two-chambered MFC (Li J. et al., 2010). Maximum power density of 484.0 mW/m2 was obtained with 1.2 mM [image: image] and 0.2 M KI. (Li J. et al., 2010).
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The present investigations are mainly carried out with H type MFCs, more efficient reactor design for high power generation is still required. It should be noted that [image: image] ion is toxic to electrochemically active microbes in the anodic chamber. Therefore, this negative effect should be taken into consideration when designing a new configuration for better performance (Li J. et al., 2010).
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FIGURE 3. Schematic view of the MFC using aqueous iodide ion solution as the catholyte (Li et al., 2010).



Hydrogen Peroxide

Because of its strong oxidizing properties, H2O2 is used as an electron acceptor and its mechanism is presented in the following equation.
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The oxygen concentration used in the cathode section can also be added to hydrogen peroxide. The use of hydrogen peroxide has been reported to provide stability in long-run operations in MFC (Tartakovsky and Guiot, 2006).

In a comparison of air with hydrogen peroxide, the power density in the air-operated MFC was 7.2 mW/m2 while it increased to 22 mW/m2 with hydrogen peroxide. Liquid hydrogen peroxide provides high levels of oxygen. This ensures high performance in long-run operation (Tartakovsky and Guiot, 2006).

While H2O2 is used to remove contaminants with hydroxyl radicals formed as a result of reaction with fenton, the remaining H2O2 must be removed. For this purpose, Zhang et al. have developed an innovative bioelectro-fenton system that uses an alternative switching to operate the system in microbial electrolysis cell (MEC) or MFC mode. In the MEC mode, methylene blue was removed with H2O2, while the residual H2O2 was removed in the cathode as an electron acceptor. In this system, 50 mg/L of methylene blue was removed in the MEC system while 180 mg/L of residue H2O2 was used as an electron acceptor in MFC to produce a maximum current density of 0.49 A/m2. With the study, H2O2 was effectively controlled and contaminant removal was ensured (Zhang Y. et al., 2015).

Carbon Dioxide

Thermodynamically, CO2 reduction has a very low redox potential and its use in the cathode compartment produces a very low voltage. The CO2 reduction potential is −0.420 V at neutral pH. However, the cathode potential must be higher than the anode potential in order to generate electricity. For this reason, external energy must be supplied in order to provide CO2 reduction (Cao et al., 2009).

Cao et al. (2009) demonstrated the CO2 reduction driven by sunlight with a biocathode MFC. Electrons could be received by the carbon dioxide, according to the following equation (Equation 23), where (CH2O) represents the biomass. In this way, CO2 reduction is provided together with biomass production. This bio-reaction allows the CO2 sequestration.
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Another application of CO2 in the cathodic chambers is to reduce carbon dioxide to methane (Equation 24; Villano et al., 2010). Since both electrons and CO2 are released during the oxidation of organic matter, these substances may participate in the production of methane. Villano et al. (2010) first demonstrated the feasibility of this concept using a two-chambered MFC. This process has some advantages. Firstly, the methanogens are protected from possible inhibitors present in the wastewater by separating the oxidation part of the organic matter from the methane production. Secondly, this process consumes less energy because there is no need to heat the cathode section to maintain the temperature. In addition, this process leads the operation of anaerobic digestion and methane producing steps in the series. Therefore, the system is also effective at low substrate concentrations (Villano et al., 2010).
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In recent years, reduction of CO2 to biofuels or commodity chemicals in the cathode with the help of microbes and externally supplied electricity has gained tremendous attention. Researches in this area have opened a new door for biofuel or chemical production by overcoming the limitation in natural photosynthesis processes and corresponding processes have been commonly named as microbial electrosynthesis or recently as artificial photosynthesis. Via these processes, multicarbon compounds such as acetate (Patil et al., 2015), acetic acid (Gildemyn et al., 2015), butyrate (Ganigué et al., 2015) and ethanol (Pant et al., 2010) could be produced as a form of energy storage.

Perchlorate

Perchlorate is a drinking water contamination of interest due to its high mobility and inhibitory effect on thyroid functions (Cetin et al., 2015; Ucar et al., 2017). Among the treatment alternatives, biological reduction is a cost effective method (Ucar et al., 2015a,b, 2016). Reduction of [image: image] is shown as illustrated in Equation (25) (Ye et al., 2012).
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Butler et al. (2010) reported the reduction of perchlorate to chloride by using highly active perchlorate reducing microbial community in the cathode chamber (Butler et al., 2010). In a MFC operated using acetate and perchlorate, 0.28 mA average current was obtained. The maximum perchlorate removal rate at this point was 24 mg/(L.d).

With this method, it is possible to purify perchlorate, which can be found in ground waters. However, in sediment waters, perchlorate is usually found in μ/L range, and electricity production with such low concentrations can be difficult. Nitrate is the most common pollutant found in groundwater. Thus, perchlorate and nitrate removal can be considered together in MFC.

In a recent study conducted for this purpose, nitrate and perchlorate removal were investigated in the autotrophic denitrification biocathode. In acetate-fed MFC, 87.05 and 53.14% of the influent nitrate and perchlorate were removed respectively. The optimum [image: image]/[image: image] ratio is reported as 1:1 (Jiang et al., 2017). Acetate has been reported as the most suitable electron source for perchlorate and nitrate reductions (Lian et al., 2017). Reduction of nitrate and perchlorate with acetate can be carried out at high efficiency, but in the case of nitrates in drinking water, the use of organic electron sources such as acetate is likely to lead to unused acetate in the effluent. In such cases, the use of inorganic electron sources such as sulfur may be more appropriate. Inorganic electron donors also have their own disadvantages, for example, when sulfur is used, sulfate and acidity can occur in the effluent. However, in recent studies, the use of the advantages of both systems in the removal of nitrate and perchlorate from drinking and underground waters and the elimination of disadvantages are becoming increasingly widespread (Ucar et al., 2015b, 2017).

Vanadium

Another example of the use of MFC in pollutant removal is vanadium removal. Vanadium is usually found in wastewaters of vanadium mines and pentoxide processing activities (Carpentier et al., 2003). Vanadium has high redox potential in acidic conditions and can be successfully used in MFC (Zhang B. et al., 2009). At the vanadium reduction, both organic and inorganic compounds can be used as electron donors (Zhang et al., 2010). Zhang B. et al. (2009) used sulfide and glucose as the electron source to reduce vanadium (Equations 26–30).

The authors demonstrated the removal of sulfide and vanadium in the anode and cathode chambers of MFC respectively (Equations 26–30). Sulfur and vanadium removal rates were 84.7 ± 2.8 and 25.3 ± 1.1%, respectively, with the maximum power density of 572.4 ± 18.2 mW/m2.

Anode chamber
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Cathode Chamber
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Zhang et al. (2010) further studied the factors affecting the removal of sulfide and Vanadium (V) in MFCs respectively. It has been reported that the initial sulfur concentration has an effect on microbial activity (Zhang et al., 2010). As the initial sulfide concentration increased, microbes in the anode compartment became less effective, which resulted in a long lag time and decreased sulfide removal efficiency from 95.2% (50 mg/L) to 47.5% (200 mg/L) while average V(V) removal was 23.7 ± 4.7% in terms of V(IV) formation (with an initial V(V) concentration of 500 mg/L).

Anodic electrolyte conductivity is another factor affecting vanadium (V) removal and electricity production (Zhang et al., 2010). Increased anode electrolyte conductivity considerably raised the sulfur and vanadium reduction rates. This can be explained by the increased electron transfer rate at enhanced conductivity. Increasing anode electrolyte conductivity to 12.3 mS/cm increased V(IV) generation up to 36.0 ± 1.6%. The initial concentration of Vanadium (V) is also the factor affecting the system performance. When the initial V(V) concentration is increased, the rate of V(IV) formation is also increased. The authors noted that the optimum initial V(V) concentration for 100 mg/L sulfide was 500 mg/L. Further increases in V(V) concentration resulted in a saturation in V(IV) generation. In addition, Vanadium (V) removal rate increased with the decrease of pH. Acidic conditions were necessary to compensate for the slower proton transport rate through the membrane. Under optimized conditions, average removal rates of sulfide and V(V) were 82.2 and 26.1% respectively, while the maximum power density was 614.1 mW/m2 (Zhang et al., 2010).

Similar power densities were found in more recent studies. Hao et al. obtained a power density of 543.4 mW/m2 at the end of 12 h of operation with a vanadium reduction of 93.6% (Hao et al., 2015). In another study, V was simultaneously reduced in both anode and cathode compartments. Power density of 419 ± 11 mW/m2 was achieved while initial vanadium concentrations in the anode and cathode were 75 and 150 mg/L respectively. The total vanadium removal rate was reported as 76.8 ± 2.9 while the final reduction product was V(IV) (Zhang B. et al., 2015).

Uranium

Leachate in uranium processing areas have low but stable uranium concentrations and can contaminate water resources, groundwater and sediment (Williams et al., 2010). To solve this problem in situ, metal reducing bacteria are usually used together with the acetate feed (Vrionis et al., 2005). While uranium removal can be done by adsorption, biological reduction or membrane filtration, cathodic U(VI) reduction seems also to be a promising method. Williams et al. (2010) set an acetate fed-MFC system which consisted of a reference electrode in a uranium contaminated aquifer sediment and another electrode at the surface. This inexpensive and minimally invasive system demonstrated 10 mW/m2 power density during sulfate reduction and U(IV) removal (Williams et al., 2010). The removal pathway of U(IV), however, is still uncertain. The removal mechanism of the uranium may be explained as reductive immobilization of U(IV) by non-acetate oxidizing sulfate reducers (N'Guessan et al., 2008).

Chloroethenes

Chlorinated aliphatic hydrocarbons (CAHs), which are widely used as solvents and degreasing agents, could become a huge risk due to their toxic and carcinogenic properties. These pollutants can be removed by some anaerobic bacteria which remove chlorines from CAHs by degrading them with the electrons obtained from an external electron donor or externally supplied voltage (Holliger and Schraa, 1994). An alternative version of this approach is to use insoluble electrodes to provide electrons to dechlorinating communities. Studies with two different communities (mixed culture of dechlorinating bacteria and pure culture of Geobacter lovleyi) showed that in a mixed culture, dechlorination of TCE was successfully achieved under acetate fed conditions (Aulenta et al., 2009). The formed dechlorination products were cis-DCE (83.9 ± 8.0%, on a molar basis), VC (3.5 ± 2.0%), as well as ethene and ethane (12.6 ± 7.0%). It has been proved that polarized carbon paper electrode can be used as the sole electron donor for the complete dechlorination of TCE with a mixed culture (Aulenta et al., 2009). Supplying external electron donors to the contamination zone may result in some unwanted processes and accumulate byproducts. In that case MFC with a solid electrode has a great advantage since bacterial oxidation happens in the anode and no external organic matter is added to the site (Aulenta et al., 2007).

2-Chlorophenol

As reported in the case of chloroethens, using solid electrode as the sole electron donor is more advantageous than using soluble electron donors directly (Aulenta et al., 2009). Application of electrodes to support necessary electrons for pollutant reduction, could be used for bioremediation of chlorinated contaminants and metals (Strycharz et al., 2010). Geobacter is one of the typical species used for this purpose. Strycharz et al. (2010) reported that Anaeromyxobacter dehalogenans could also transfer electrons to 2-chlorophenol and finally dechlorinate it to phenol. In their study, acetate was initially applied (10 mM) as a substrate for Anaeromyxobacter dehalogenans while 80 μM 2-chlorophenol was used as an electron acceptor. The most rapid rates of dechlorination were 40 μM Cl/d (in 200 mL) which shows that bioremediation of contaminants with electrodes acting as an electron donor could be useful (Strycharz et al., 2010). More recently, dechlorination of 2-chlorophenol has also been examined by Akbulut et al. (2012). One hundred fifty micro molar 2-chlorophenol was removed with a crude laccase enzyme under optimum dechlorination conditions (Akbulut et al., 2012). There are several advantages to use solid electrodes as an electron donor for chloroethens reduction (Strycharz et al., 2010). Firstly, electrons can be effectively transferred to microorganisms for reducing the pollutant. Secondly, the electrode as electron donor can be easily applied to the site. Thirdly, if contaminants are reacted directly with electrode, unwanted reaction can be eliminated. Lastly, contaminant metals can be extracted from the electrode surface where they precipitated.

CONCLUSIONS AND FUTURE PERSPECTIVES

This review summarizes the various cathodic electron acceptors that have been used in MFCs Some of these electron acceptors are also pollutants in aquatic systems. Therefore, a treatment process is also possible with MFC. A list of different cathodic electron acceptors used in MFC and the resulting power generation are summarized in the Table 1. Yet, the list is by no means exhaustive as newer electron acceptors may emerge accompanying the development of cathodic catalysts, electrode materials and solution chemistry. In the early applications of MFC, oxygen was commonly used as a terminal electron acceptor in the cathode chamber. However, in recent years, researchers are exploring more unconventional cathodic electron acceptors with an aim of improving MFC voltage potential on one hand and treating special wastewater or recovering valuable chemical on the other hand. The production of electricity with the reduction of specific electron acceptors in the cathode has promising potential in terms of bioenergy production as well as reducing the cost of special pollutant treatment (e.g., nitrogen species, persulfate, mercury, copper, chromium and perchlorate) Thus, contaminants that have high redox potential could be removed by reduction in the cathode compartment. MFC could be more efficient by using specific electron acceptors. Ferricyanide or hydrogen peroxide may be used for high power output or iron could be used to release of some valuable compounds such as phosphate from wastewaters.

Cathodic electron acceptors being used in MFCs have grown in diversity. The aim of alternative electron acceptors exploration shifted from initial high voltage output to both energy production and recalcitrant pollutant treatment or valuable chemical recovery.

Similar application of MFC configuration in the contaminated site remediation is to apply electrodes into the land and providing the voltage externally to transfer electrons to microorganisms as mentioned in Section Chloroethenes and 2-Chlorophenol. This application could provide the effective delivery of electrons. By this way, electrodes can also place to site according to the remediation requirements. On the other hand, reduced metals and other pollutants can be effectively removed from the site by precipitating on the electrode surface.

Electricity current is an indication of the microbial activity in MFC. Thus, biosensors can be developed on the basis of MFC to detect substances which may directly affect the microbial activity (i.e., BOD or toxic compounds). This process is related to activity in the anode compartment, and MFCs can also be developed as cathodic biosensors for monitoring specific pollutants in the cathode compartment according to varied redox potentials.
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Microbial fuel cells (MFCs) have attracted much attention due to their ability to generate electricity while treating wastewater. The performance of a double-chamber MFC with simultaneous nitrification and denitrification (SND) in the cathode for treating synthetic high concentration ammonia wastewater was investigated at different dissolved oxygen (DO) concentrations and high temperatures. The results showed that electrode denitrification and traditional heterotrophic denitrification co-existed in the cathode chamber. Electrode denitrification by aerobic denitrification bacterium (ADB) is beneficial for achieving a higher voltage of the MFC at high DO concentrations (3.0–4.2 mg/L), while traditional heterotrophic denitrification is conducive to higher total nitrogen (TN) removal at low DO (0.5–1.0 mg/L) concentrations. Under high DO conditions, the nitrous oxide production and TN removal efficiency were higher with a 50 Ω external resistance than with a 100 Ω resistance, which demonstrated that electrode denitrification by ADB occurred in the cathode of the MFC. Sufficient electrons were inferred to be provided by the electrode to allow ADB survival at low carbon:nitrogen ratios (≤0.3). Polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) results showed that increasing the DO resulted in a change of the predominant species from thermophilic autotrophic nitrifiers and facultative heterotrophic denitrifiers at low DO concentrations to thermophilic ADB at high DO concentrations. The predominant phylum changed from Firmicutes to Proteobacteria, and the predominant class changed from Bacilli to Alpha, Beta, and Gamma Proteobacteria.

Keywords: aerobic denitrifying bacteria, dissolved oxygen, microbial fuel cell, predominant species, simultaneous nitrification and denitrification

INTRODUCTION

Microbial fuel cells (MFCs) have gained widespread attention as an innovative wastewater treatment and energy recovery technology that combines sewage purification and electricity production (Janicek et al., 2014; Li et al., 2014). Recent studies have shown that nitrate and nitrite can be removed from wastewater as electron acceptors in the cathode of an MFC through electrochemical reduction or autotrophic denitrification (Zhang and Angelidaki, 2012). Several developments of nitrogen removal with MFCs have been achieved with various designs and configurations (He et al., 2009; Virdis et al., 2010; Zhang and Angelidaki, 2013). In the studies of Bernardino Virdis et al., the cathodic process with in situ nitrification through specific aeration attained simultaneous nitrification and denitrification (SND) in one half-cell (Virdis et al., 2010). Although, nitrogen recovery with MFCs through NH3 stripping has been successfully developed to simultaneously produce energy and recover ammonium (Kuntke et al., 2012; Zhang and Angelidaki, 2015), SND in cathode of MFCs and its some new biochemical mechanisms still remain valuable to explore. Studies of simultaneous phenol removal, nitrification and denitrification using MFCs have indicated that phenol-degrading bacteria, nitrifiers, and denitrifiers in the aerobic cathode chamber are responsible for phenol oxidation, aerobic nitrification and aerobic denitrification, respectively (Feng et al., 2015). The impact of dissolved oxygen (DO) on the SND process in the cathode of an MFC has also been investigated comprehensively (Virdis et al., 2010). Because the bacteria may evolve during long-term operation, the impact of DO on the performance of cathode denitrification is different from that over shorttime periods. The SND mechanism in the aerobic cathode chamber is complex and remains unclear.

In the traditional theory of biological nitrogen removal, ammonia is first oxidized to nitrate by autotrophic nitrifiers, and the nitrate is then reduced to nitrogen by heterotrophic denitrifiers (Robertson and Kuenen, 1984). Based on the different growth conditions of nitrifiers and denitrifiers, the traditional theory of biological nitrogen removal makes a strict distinction between the nitrification and denitrification processes. The former is carried out under aerobic conditions, while the latter requires anaerobic conditions. Therefore, it is impossible for the two reactions to occur simultaneously in the same reactor. However, the discovery of heterotrophic nitrifiers and aerobic denitrifiers has made it possible for nitrification and denitrification to occur simultaneously (Huang et al., 2013; Li et al., 2015). Heterotrophic nitrifying bacteria can produce hydroxylamine, nitrite and nitrate by nitrification using organic carbon as a source for growth, and most of these bacteria can also directly convert nitrifying products to nitrogen gas through the process of aerobic denitrification (Papen and Von Berg, 1998). Aerobic denitrification bacterium (ADB) can use aerobic denitrifying enzymes for denitrification under aerobic conditions (Robertson et al., 1988; Bell and Ferguson, 1991).

In the 1980s, Robertson and Kuenen (1984) isolated the aerobic denitrifiers Thiosphaera pantotropha, Pseudomonas spp. and Alcaligenes faecalis for the first time and reported the existence of the aerobic denitrifying enzyme system (Robertson et al., 1988). They also confirmed that the growth rate of Paracoccus denitrificans will be higher in the presence of O2 and [image: image]. Bell and Ferguson (1991) demonstrated that aerobic denitrifying enzymes were more active in the presence of O2, and Meiberg et al. (Ferguson, 1994) reported that denitrification could be carried out by Hyphomicrobium X under aerobic conditions. Many studies have proved the existence of ADB (Chen et al., 2003; Kim et al., 2005) and found that some denitrifiers survive under high O2 concentration conditions (Takaya et al., 2003). Certain groups of bacteria, such as Bacillus, P. putida, P. stutzeri, Hydrogenophaga, and Achromobacter, have been shown to have heterotrophic nitrification and aerobic denitrification abilities and to convert ammonium to nitrogen aerobically in the cathode chamber of an MFC (Feng et al., 2015). Nevertheless, few attempts have been made to attain SND at high temperatures. Because some wastewater, similar to sludge digestion solutions and effluents of anaerobic reactors that treat landfill leachate, contains high concentrations of ammonia at high temperatures, studies of SND and the performance of ADB in the cathode of an MFC at high temperatures are important.

This study investigated the performance of a double-chamber MFC with SND in the cathode at fluctuating high temperatures (36–48°C). Synthetic wastewater that contained organics and high concentrations of ammonia was fed into the anode chamber and then turned into the cathode chamber. The denitrification characteristics were studied by comparing scenarios with two ranges of DO concentrations (0.5–1.0 and 3.0–4.2 mg/L) and scenarios with two external resistances (50 and 100 Ω) at high DO concentrations. The microbial communities at the two DO concentrations in the cathode of the MFC were identified with polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) to explore the evolution of the dominant bacteria.

MATERIALS AND METHODS

Experimental Set-up

The MFC device was constructed with cathode and anode chambers. The anode and cathode chambers were both made of organic glass tube 8 cm high and 9 cm in diameter and had an effective volume of 0.452 L (Figure 1). Each chamber used a carbon brush as the electrode. The two chambers were separated by a proton exchange membrane (Nafion 117) and placed in a water bath. The temperature was initially set to 31 ± 1°C and then changed to a dynamic temperature (36–48°C) later in the operation. The cathode and anode chambers were connected with a manual variable resistor (0–9999 Ω) to close the circuit. The cathode chamber was exposed to air, and blast aeration was used. The influent was injected into the anode chamber using a peristaltic pump (YZ1515X, Lange), and the effluent from the anode was fed into the cathode chamber.


[image: image]

FIGURE 1. Schematic of the double chamber MFC.



Influent Component

The influent for the MFC reactor was an artificially simulated high strength ammonia sludge digestion solution with components of 0.38 g/L CH3COONa, 2.708 g/L NH4HCO3, 0.33 g/L KH2PO4, 1 g/L K2HPO4·3H2O, 1 g/L KCl, 1.5 g/L NaHCO3, 0.016 g/L CaCl2, and 1 ml/L trace nutrient solution. CH3COONa and NH4HCO3 were added to maintain the chemical oxygen demand (COD) and the ammonia nitrogen concentrations in the influent at 300 and 480 mg/L, respectively.

Start-up and Operation

The anode and cathode chambers of the MFC were inoculated with aerobic sludge from the aeration tank of the Fourth Wastewater Treatment Plant in Xi'an, China. Before operating the MFC, the anode and cathode were soaked in the inoculation sludge for 24 h. Once the reactor was filled with synthetic wastewater, the MFC entered the stage of static culture without the influent while keeping the cathode aerated and the inner circuit open. The concentrations of DO, [image: image]-N, [image: image]-N, and [image: image]-N and the pH of the cathode electrolyte were measured daily. After more than half of the original [image: image]-N was converted to [image: image]-N in the cathode electrolyte, the aeration mode was changed from continuous to intermittent (2 h aeration and 2 h static), and the wastewater was pumped continuously into the anode chamber with hydraulic retention times (HRTs) of 10.4 h for both the cathode and the anode chambers. After a period of continuous operation, stable partial nitrification was obtained in the cathode chamber of the MFC. An external resistance of 100 Ω was then connected, following which the operation of MFC with SND started.

Analytical Method

The anode potential was monitored with a saturated calomel electrode (SCE, +0.242 V standard hydrogen electrode; Type 232, Leici Instrument Factory, Shanghai, China). [image: image]-N, [image: image]-N and [image: image]-N were measured according to Standard Methods for the Examination of Water and Wastewater (Clesceri et al., 1998). DO was determined using a Hach-HQ30d DO analyzer (HACH, America). The voltage and anode potential were monitored and recorded using a PCI1717 voltage collector (Yanhua Company, Shenzhen, China). An N2O microsensor (Unisense, Denmark) was used for the N2O analysis.

Samples from the biofilm of the cathode were collected on day 27 and day 83 to investigate the microbial community with DGGE, and DNA was extracted using a fast DNA spin kit (SK8233) for soil according to the manufacturer's instructions. The bacterial 16S rRNA genes were amplified by PCR with the universal primers F357-GC (5′-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCG
CCCCCCTACGGGAGGCAGCAG-3′) and R518 (5′-ATTACCGCGGCTGCTGG-3′). A polyacrylamide gel (8%) with a 30–60% denaturing gradient was used to separate the PCR products (7 mol L-1 urea and 40% formamide comprising 100% denaturant), which were analyzed using DGGE technology and washed with ultrapure water to flush the gel and dye. Eight representative DGGE strips were selected by a clean scalpel and transferred to a 1.5 mL centrifuge tube. The target DNA fragments were then excised and reamplified using the primer sets F357 (5′-CCTACGGGAGGCAGCAG-3′) and R518 (5′-ATTACCGCGGCTGCTGG-3′), and the obtained sequence was matched with the Seqmatch database for sequence alignment. The homology information of each strip was obtained by Sangon Biotech Co., Ltd. (Shanghai, China).

RESULTS AND DISCUSSION

Performance of the MFC

The results of the continuous operation test are shown in Figure 2.


[image: image]

FIGURE 2. Profiles of [image: image]-N, [image: image]-N and [image: image]-N in the effluent of the cathode chamber and voltages of the MFC.



In stage 1 (first 5 days of the test), the MFC with SND was operated at 31 ± 1°C, 100 Ω resistance and intermittent aeration (2 h aeration and 2 h static), and the DO of the catholyte was 0.5–1.0 mg/L. The concentrations of [image: image]-N and [image: image]-N decreased with a gradual increase in the release voltage of the MFC. However, the removal of total nitrogen (TN) was much greater than that with the electrical current of the MFC. This finding implies that the traditional heterotrophic microbial denitrification with COD was more efficient at removing nitrogen than the electrode denitrification in the cathode chamber. The moderate temperature (31 ± 1°C) and low DO (0.5–1.0 mg/L) in the cathode may be beneficial for SND with COD still present in the anode effluent.

In stage 2 (days 6–34), the temperature of the reactor increased and fluctuated over the range of 36–48°C. The removal of TN began to increase sharply, and the concentration of [image: image]-N in the cathode effluent began to decrease correspondingly from the 6th day, while the voltage of the MFC increased slightly and then stabilized. This might have been due to the high temperature in the cathode (36–48°C), which was harmful for the growth of normal ammonia oxidizing bacteria (AOB). Because the suitable range of temperatures for AOB metabolism is 20–30°C, the nitrification rate decreased, and the [image: image]-N concentration decreased to approximately 30 mg/L. The increase in the TN removal was mainly caused by the volatilization of ammonium at high temperature. The TN removal from the denitrification in the electrode during stage 2 was lower and similar to that at the end of stage 1 (not greater than 7 mg/L·d based on the MFC voltage). The biofilm was sampled, and the bacteria were identified with PCR-DGGE. The predominant species was found to be Ureibacillus thermosphaericus of the genus Ureibacillus, which grows at temperatures of 37° to 60°C (Fortina et al., 2001).

In stage 3 (days 35–77), the reactor was set to continuous aeration instead of intermittent aeration. As a result, the DO increased to 3 ± 0.6 mg/L. The amount of TN removed per day began to decrease, but the voltage continued to increase. This might have occurred because the heterotrophic denitrification with COD as the electron donor was inhibited by the increase of DO, and the partial oxygen accepted electrons from the electrode. In stage 3, the release voltage initially increased, then dropped and finally steadied at approximately 100 mV, which was much higher than that in stage 2. The following strain sampling clearly demonstrated that the predominant species changed to aerobic denitrifiers (a detailed analysis is provided later). The curves in Figure 2 suggest that the aerobic denitrifiers might have replaced the anaerobic denitrifiers in the latter phase of stage 3. The aerobic denitrifiers appeared to be much more receptive to the electrons from the electrode than the anaerobic denitrifiers, which was determined by comparing the voltage of stage 2 with that of stage 3, in which the effects of electron acceptance by oxygen was taken into account. In contrast, TN removal by anaerobic denitrifiers was much greater than that by aerobic denitrifiers. The heterotrophic denitrification with COD might have mainly caused TN removal, excluding the effect of volatilization in the cathode. Depending on the voltage, the TN removal by electrode denitrification was 8.5–9.0 mg/(L·d), which represented only a small part of the TN removal in stage 3.

The conditions in stage 4 (days 78–88) remained the same as those in stage 3 except for the change in the resistance of the MFC from 100 to 50 Ω. The results showed that the concentrations of [image: image]-N and [image: image]-N in the cathode effluent decreased, and the amount of TN removed increased in the latter part of this stage (Figure 2). The voltages were greater than those in stage 3, but the TN removal by electrode denitrification was 13.5–14.6 mg/(L·d), which was greater than that in stage 3.

Electricity Production and Nitrogen Removal Performance under High DO Conditions

The electricity production performance of the MFC under high DO conditions and different external resistances was investigated as a case study (Figures 3–5, which correspond to days 75, 82, and 97 in Figure 2, respectively). The voltage was positively related to the increase in temperature under external resistances of 50 Ω and 100 Ω, while it was independent of the temperature under open circuit conditions. Regardless of whether the resistances were applied or an open circuit was used, the N2O emissions were always positively related to the increase in temperature, while the DO was always negatively related to the increase in temperature. The characteristics of denitrification and electricity production of the MFC can be evaluated using these factors.
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FIGURE 3. Profiles of temperature, DO, N2O, voltage, and anode potential of the MFC with 100 Ω external resistance at temperatures of 36–48°C (day 75 in Figure 2). (A) Temperature profile; (B) DO and N2O profiles; (C) voltage profile; (D) anode potential profile.



The fluctuations in the concentrations of DO and N2O caused by the temperature (Figures 3, 5) show that the DO fluctuation amplitude was approximately 1.2 mg/L, whereas the corresponding N2O fluctuation was approximately 0.4 mg/L in the open circuit. With a 100 Ω resistance, the DO and N2O fluctuation amplitudes were 1.5 mg/L and 0.3 mg/L, respectively. This demonstrated that the reduction in oxygen caused by the voltage fluctuation was approximately 0.3 mg O2/L, and no N2O was produced by electrode denitrification. The concentrations of N2O were similar in both scenarios (0.7–1.1 mg/L), whereas the concentrations of DO with a 100 Ω resistance were 0.7–1.0 mg/L, which was lower than that in the open circuit (Figures 3, 5). This indicated that the decrease in DO was dependent on the electrode reaction, while the production of N2O was independent of the electrode reaction. Using Coulomb's law, with a 100 Ω resistance, the electrode reduction rate of oxygen was calculated to be 1.6–2.3 mg O2/(L·d), whereas the rate of electrode reduction of nitrite to nitrogen gas was 8.5–9.0 mg N/(L·d) with no production of N2O.

The fluctuations in the concentrations of DO and N2O caused by temperature (Figures 4, 5) show that the decrease of DO and the increase of N2O were both dependent on the electrode reaction. Using Coulomb's law, with a 50 Ω resistance, the electrode reduction rate of oxygen was calculated to be 2.8–4.4 mg O2/(L·d), whereas the rate of electrode denitrification was 13.5–14.6 mg N/(L·d), in which approximately 10% of the nitrogen removed was converted to N2O and 90% was converted to nitrogen gas.
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FIGURE 4. Profiles of temperature, DO, N2O, voltage, and anode potential of the MFC with 50 Ω external resistance at temperatures of 36–48°C (day 82 in Figure 2). (A) Temperature profile; (B) DO and N2O profiles; (C) voltage profile; (D) anode potential profile.
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FIGURE 5. Profiles of temperature, DO, N2O, voltage, and anode potential of the MFC in open circuit at temperatures of 36–48°C (day 97 in Figure 2). (A) Temperature profile; (B) DO and N2O profiles; (C) voltage profile; (D) anode potential profile.



The N2O production and TN removal efficiencies with a 50 Ω external resistance were higher than those with a 100 Ω resistance, which illustrates that electrode denitrification occurred in the cathode of the MFC. These analyses indicate that both oxygen and nitrite can obtain electrons simultaneously from the electrode in the cathode of the MFC.

Performance of the Microbial Community at Low DO and High Temperature

Biofilm samples were collected from the cathode chamber of the MFC on day 27 in stage 2 (Figure 2) and day 83 in stage 4 (Figure 2). The representative DGGE strips are shown in Figure 6. The closest species and classification of each representative band in the DGGE profile were deposited in the GenBank database (Tables 1, 2). Sequences from DGGE bands are shown in Supplementary Material.
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FIGURE 6. Representative DGGE strips of samples. (A) Sampling at low DO levels (first sampling); (B) sampling at high DO levels (second sampling).




Table 1. Identification of DGGE bands under low DO conditions (the first sampling; Figure 6A).
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Table 2. Identification of DGGE bands under high DO conditions (second sampling; Figure 6B).
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In the first microbial identification (27th day), which corresponded to the low DO and high temperature MFC operating conditions (stage 2 in Figure 2), 12 bands were identified (Table 1). The results showed that the microbial community could be divided into 4 phyla, 4 classes and 8 genera. The phylum Firmicutes (bands 2, 3, 4, 5, 7, 8, 9, 10, and 13) was the predominant bacteria, while the phyla Ignavibacteriae (band 1), Chloroflexi (band 6) and Proteobacteria (band 14) were the subdominant groups.

Within the Firmicutes phylum, bands 2, 4, 5, 7, 8, and 9 belonged to the genus Ureibacillus, related to a species of U. thermosphaericus (similarity 91.2–100%), which was reported to be a thermophilic bacteria (37–60°C, optimum 50–60°C) with heterotrophic growth in aerobic environments and no ability for nitrate reduction (Fortina et al., 2001). This species was inferred to dominate the nitrification in the cathode of the MFC under low DO and high temperature conditions.

Bands 1 and 6 belonged to the genera Ignavibacterium and Unclassified Anaerolineaceae, respectively, which grow under anaerobic conditions, are heterotrophic and cannot utilize nitrate as electron acceptors (Yamada et al., 2006; Iino et al., 2010). These species were inferred to dominate the anaerobic degradation of COD.

Bands 3 (1) and 13 belonged to the genera Geobacillus and Anoxybacillus, respectively, which grow under aerobic conditions, are heterotrophic and can reduce nitrate (Poli et al., 2006; Inan et al., 2013). These species were inferred to dominate the aerobic denitrification.

Bands 3 (2) and 10 belonged to the genera Anoxybacillus and Bacillus, respectively, which grow under anaerobic conditions, are heterotrophic and can reduce nitrate (Kim et al., 1998; Cihan et al., 2014). These two species were inferred to be responsible for the anaerobic denitrification in stage 2 (Figure 2).

Band 14 belonged to the genus Cucumibacter, which grows under aerobic conditions, is heterotrophic and cannot utilize nitrate as electron acceptors (Hwang and Cho, 2008). This species was inferred to be responsible for the aerobic degradation of COD in stage 2 (Figure 2).

Performance of the Microbial Community at High DO and High Temperature

In the second microbial identification (83th day), which corresponded to the high DO and high temperature MFC operating conditions (stage 4 in Figure 2), 7 bands were identified (Table 2). The results showed that the microbial community could be divided into 1 phylum, 7 classes and 8 genera. The phylum Proteobacteria (bands 15, 18, 24, 25, 26, 27, and 28) was the predominant and unique phylum. This result agrees with other studies that indicated that Proteobacteria dominates some cathodic denitrifying biofilms (Wrighton et al., 2010).

In the phylum Proteobacteria, bands 15, 24 and 27 belonged to the genera Aquamicrobium, Alishewanella, and Brachymonas or Comamonas, respectively. These three species can grow under aerobic conditions, are heterotrophic, can utilize nitrate as electron acceptors (Hiraishi et al., 1995; Roh et al., 2009; Jin et al., 2013)and were inferred to dominate the aerobic denitrification under the high DO conditions of stage 4 (Figure 2). In particular, Comamonas denitrificans (band 27) has been reported to switch the metabolic pathway for extracellular electron transfer (Xing et al., 2010). A species in the Comamonas genus is known to be an aerobic denitrifier, and C. denitrificans is the only species in the Comamonas genus that can reduce nitrate to nitrogen gas and contains cd1-type nitrite reductase (Gumaelius et al., 2001). Therefore, we propose that C. denitrificans be considered a species of ADB. The other two species were inferred to belong to ADB.

Bands 18, 26 and 28 belonged to the genera Pelomonas, Altererythrobacter and Acinetobacter, respectively. These three species can grow under aerobic conditions, are heterotrophic, cannot utilize nitrate as electron acceptors (Xie and Yokota, 2005; Kwon et al., 2007; Nemec et al., 2009) and might have dominated the aerobic degradation of COD in stage 4 (Figure 2).

Band 25 belonged to the genus Brevundimonas, which grows under aerobic conditions and cannot reduce nitrate, and 90% of the strains are autotrophic (Segers et al., 1994). This species was inferred to be a nitrifier.

Based on this analysis, at high temperatures, the increase in DO resulted in a change in the predominant species from thermophilic autotrophic nitrifiers and facultative heterotrophic denitrifiers at low DO concentrations to thermophilic ADB at high DO concentrations during the operation of the MFC. Three species from the genera Aquamicrobium, Brachymonas or Comamonas, and Alishewanella were inferred to belong to ADB and dominate the aerobic denitrification at high levels of DO. Some aerobic denitrifiers were known to be heterotrophic nitrifiers, which might benefit SND under aerobic conditions. Therefore, autotrophic nitrifiers were replaced, and ADB evolved to be the predominant bacteria at high DO concentrations in stage 4 of the operation. This result is similar to the study by Feng et al., who indicted that aerobic denitrification in the cathode chamber is an important pathway for nitrite and nitrate removal (Feng et al., 2015).

Mechanism of the Cathode Chamber

Based on the analysis of the composition of the microbial community and the experimental results, we speculated on the possible reactions in the cathode of the MFC (Figure 7).


[image: image]

FIGURE 7. Mechanisms in the cathode chamber of the MFC. The numbers in the circles represent the quantities of DGGE bands that correspond to the identified bacteria.



The mechanism of aerobic denitrification was determined by studying the aerobic denitrifier T. pantotropha. The cooperative breathing theory, which was proposed by Robertson et al. (1988), is widely recognized as the aerobic denitrification mechanism. Cooperative breathing theory means that both [image: image] and O2 can be used as the final electron receptors. Therefore, the denitrifiers can transfer electrons from the reduced substance to [image: image] or O2, and the denitrification can occur in an aerobic environment. According to the electron transport model proposed by Willson and Bouwer (1997), both [image: image] and O2 can be used as the final electron receptors, while the denitrifiers can transfer electrons from the reduced substance to O2 or [image: image] through nitrate reductase. Moreover, a carbon source is required for ADB. The higher the concentration of the carbon source is, the faster the aerobic denitrification rate will be (Robertson and Kuenen, 1983). Huang and Tseng (2001) indicated that the denitrification rate was highest when C/N was 5 and decreased with increasing C/N when C/N was greater than 5 and acetate was used as the carbon source. However, ADB did not appear to be required at such a high C/N ratio in our study. The influent C/N for the cathode chamber of the MFC was less than 0.3, possibly because the electrons provided by the electrode of the MFC were sufficient for the growth of aerobic bacteria. The aeration cathode chamber of the MFC may be beneficial for the growth of ADB.

Huang et al. indicated that DO was a key factor for aerobic denitrification (Xing et al., 2010). DO concentrations of 2–6 mg/L were beneficial for the growth of aerobic bacteria and the denitrification performance. As a result of the coexistence of aerobic respiration and the denitrifying reductase in one system, both O2 and [image: image] were indispensable for the growth of ADB and were used as electron acceptors. Therefore, at the high DO levels in this study (3.0–4.2 mg/L), the activity of ADB improved, and the denitrification performance of ADB was enhanced. The results that showed that the production of N2O and the TN removal efficiency were higher with a 50 Ω external resistance than with a 100 Ω resistance at high levels of DO demonstrated that electrode denitrification with ADB occurred in the cathode of the MFC.

CONCLUSIONS

The increase of DO resulted in a change in the predominant species from thermophilic autotrophic nitrifiers and facultative heterotrophic denitrifiers at low DO levels to thermophilic ADB at high DO levels in the cathode of the MFC. The predominant phylum changed from Firmicutes to Proteobacteria, and the predominant class changed from Bacilli to Alpha, Beta, and Gamma Proteobacteria.

ADB is beneficial for achieving higher MFC voltages under high DO conditions, while traditional heterotrophic denitrification is conducive to higher TN removal under low DO conditions.

SND in the aeration cathode of the MFC may be beneficial for the growth of ADB.
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Electrode respiring bacteria (ERB) possess a great potential for many biotechnological applications such as microbial electrochemical remediation systems (MERS) because of their exoelectrogenic capabilities to degrade xenobiotic pollutants. Very few ERB have been isolated from MERS, those exhibited a bioremediation potential toward organic contaminants. Here we report once such bacterial strain, Stenotrophomonas maltophilia MK2, a facultative anaerobic bacterium isolated from a hydrocarbon fed MERS, showed a potent hydrocarbonoclastic behavior under aerobic and anaerobic environments. Distinct properties of the strain MK2 were anaerobic fermentation of the amino acids, electrode respiration, anaerobic nitrate reduction and the ability to metabolize n-alkane components (C8–C36) of petroleum hydrocarbons (PH) including the biomarkers, pristine and phytane. The characteristic of diazoic dye decolorization was used as a criterion for pre-screening the possible electrochemically active microbial candidates. Bioelectricity generation with concomitant dye decolorization in MERS showed that the strain is electrochemically active. In acetate fed microbial fuel cells (MFCs), maximum current density of 273 ± 8 mA/m2 (1000 Ω) was produced (power density 113 ± 7 mW/m2) by strain MK2 with a coulombic efficiency of 34.8%. Further, the presence of possible alkane hydroxylase genes (alkB and rubA) in the strain MK2 indicated that the genes involved in hydrocarbon degradation are of diverse origin. Such observations demonstrated the potential of facultative hydrocarbon degradation in contaminated environments. Identification of such a novel petrochemical hydrocarbon degrading ERB is likely to offer a new route to the sustainable bioremedial process of source zone contamination with simultaneous energy generation through MERS.

Keywords: electrode respiring bacteria, microbial electrochemical remediation systems, Stenotrophomonas maltophilia MK2, facultative hydrocarbon degradation, dye decolorization, catabolic genes (alkB, rubA)

INTRODUCTION

Due to their toxicity and ubiquitous nature, petroleum hydrocarbons (PH) are of serious concern to the environmental and public health. Of these PH contaminants, diesel range organics (DRO) is constitute one of the most prevalent organic pollutants that are biodegradable in various environments. Medium chain hydrocarbons from octane to the long chain hydrocarbon dotriacontane are the constituents of DRO. They are usually assumed to be the fractional middle distillate of crude oil and are known to be highly noxious, hazardous, and carcinogenic (Chilcott, 2011). Increasing anthropogenic activities of these compounds leading to spillages, and leakages from underground storage tanks constitute the two dominant sources of penetration of DRO compounds from surface soils to subsurface. As an ultimate result, DRO became the most encountered environmental pollutants in groundwater and soils (Gallego et al., 2001). Consequently, horizons of subsoil, aquifer and groundwater systems are prone to long-term contamination of these hydrophobic contaminants. Microbial clean-up of these DRO compounds is claimed to be an efficient, economical, and versatile alternative to the established physicochemical treatments that are prone to cause recontamination by secondary contaminants (Hong et al., 2005; Megharaj et al., 2011). The biodegradation of these compounds at the surface has been well documented for a century whereas subsurface biodegradation awaits further research on deeper insights into the metabolic activities involved and the extent and rate of hydrocarbon degradation (Röling et al., 2003). Subsurface hydrocarbon contaminated reservoirs are primarily dominated by obligate and facultative anaerobic microbial communities. These microbial communities can adjust their metabolism to take account of the availability of final electron acceptors and can have more complex enzymatic systems involved in the degradation of contaminants. However, the rate of microbial utilization of these PH compounds is very slow especially under anaerobic environments where the availability of relevant electron acceptors is limited (Morris et al., 2009).

Recent research on removal of such recalcitrant contaminants using advanced microbial electrochemical systems is gaining new interest in its practical applications involved in subsurface hydrocarbon bioremediation. These microbial electrochemical remediation systems (MERS) transform the chemical energy available in organic pollutants into electrical energy by capitalizing on the biocatalytic potential of a peculiar group of microbes called “electric communities” (Logan, 2008; Morris et al., 2009). These electric microbial communities have received much attention in the field of electromicrobiology because of their exoelectrogenic capabilities to degrade substrates that range from easily degradable natural organic compounds to xenobiotic compounds such as PH contaminants (Venkidusamy and Megharaj, 2016; Venkidusamy et al., 2016; Zhou et al., 2016). Many studies have shown the predominance of many strains and species of Geobacter in microbial fuel cells (MFCs) fed with different types of substrates. However, the microbial community composition is divergent in MERS (Morris et al., 2009; Venkidusamy et al., 2016), and the physiology of such populations remains to be explored in detail. The identification of such bacterial population with dual functions of electrode respiration and petrochemical degradation highlights the biotechnological potential involved in sustainable remediation of PH contaminated sites and MERS. We have therefore attempted to (i) find representative microbial candidates with such abilities of hydrocarbonoclastic electrode respiration through the anode enrichment of MERS, (ii) demonstrate the bioremediation potential of isolated bacteria to completely mineralize DRO compounds in anoxic environments and (iii) also investigate the presence of catabolic genes responsible for hydrocarbon degradation in these bacteria.

MATERIALS AND METHODS

Source of Chemicals

Refined fossil fuels such as DRO and other PH products used throughout the study were obtained from local BP outlet (Australia). Aliphatic hydrocarbon standards, solvents such as hexane and methylene chloride, redox indicators such as 2–6, dichlorophenol indophenol (DCPIP), and tetrazolium violet (2, 5-diphenyl-3-[α-naphthyl] tetrazolium chloride) and diazo dyes were purchased from Sigma Aldrich Trading Co. Ltd (Australia). All the solvents used were of HPLC grade.

Bacterial Strain, Media, and Culture Conditions

The bacterial strain MK2 was isolated from the anodic biofilm of a MERS fed with hydrocarbons operated in a fed-batch mode over a period of 12 months. Hydrocarbons contaminated groundwater (RAAF Base, Williamstown, NSW, Australia) and activated sludge (WTP, South Australia) served as inoculum for these PH fed MERS. Bacterial cells from the anodic biofilm were extracted into a sterile phosphate buffer and shaken vigorously to separate cells from the electrode. Aliquots of the extracted cell suspensions were serially diluted and plated onto mineral salt medium (MSM) agar (Grishchenkov et al., 2000) containing 1% DRO compounds and incubated for 3 weeks. Single colonies were selected and transferred to Luria Bertani (LB) agar plates. Unless otherwise stated all incubations were performed at room temperature. Media used throughout the study were Bushnell Hass (Hanson et al., 1993), mineral salts medium (Grishchenkov et al., 2000) and Luria-Bertani medium (Sambrook et al., 1989). Nitrate served as the terminal electron acceptor in anaerobic biodegradation experiments. A chemically defined medium supplemented with Wolfe's trace elements and vitamins was used in the microbial electrochemical studies as previously described (Oh et al., 2004). One liter of growth medium contains (g l−1) KCl 0.13, Na2HPO4 4.09, NaH2PO4 2.544, NH4Cl 0.31. The pH of the medium was adjusted to 7 ± 0.2 and further fortified with Wolfe's trace elements and vitamins. The purified strain was stored in glycerol: Bushnell Hass broth and glycerol: Luria-Bertani broth (1:20) at −80°C. Biolog-GN2 (Biolog., USA) plates were used to determine the utilization of various carbon sources according to the manufacturer's instructions.

Bacterial 16S rRNA Gene Sequencing

Genomic DNA of strain MK2 was extracted from aerobically grown cells using the UltraClean microbial DNA isolation kit (MO BIO, CA, USA) following the manufacturer's instructions. The polymerase chain reaction (PCR) mediated amplification of 16S rRNA gene fragments was performed using the combination of universal primers, E8F (5′-AGAGTTTGATCCTGGCTCAG3′) and 1541R (5′AAGGAGGTGATCCANCCRCA 3′) (Weisburg et al., 1991). The PCR products were purified using the UltraClean PCR clean-up kit (Mo Bio, Carlsbad, CA, USA) following the manufacturer's instructions and sequenced in both directions using an automated sequencer, ABI3130 Sequencer (Applied Biosystems, USA) at the Southern Pathology Sequencing Facility, Flinders Medical Centre (South Australia). 16S rRNA sequences were analyzed using the BLAST programme against the NCBI databases. The highest hit obtained through blastn match for the strain MK2 was used for ClustalW multiple alignment and generating a phylogenetic relationship. The neighbor joining tree was constructed using the molecular evolutionary genetic analysis package version 5.0 based on 1000 bootstrap values (Tamura et al., 2011). The 16S rRNA sequence of strain MK2 was deposited in GenBank under accession number JQ316533.

Assessment of Biodegradation Potential and Electrochemical Activity

The hydrocarbonoclastic potential of strain MK2 was evaluated by measuring the reduction of metabolic indicators such as dichlorophenol indophenol and tetrazolium salts (Pirôllo et al., 2008). Experiments were also conducted to pre-screen the possible candidate electroactive bacterial strains by in vivo biodecolourization assay using diazo dyes as stated earlier (Hou et al., 2009). Experiments were carried out in both aerobic and anaerobic environments using 20 ml of nutrient broth with different concentrations (50, 100, 150 mg l−1) of an azo dye, Reactive Black5 (RB5). The dye degradation was monitored by observing the decrease in absorbance of suspension at 595 nm under a UV-visible spectroscopy system (Agilent model 8458). All decolorization studies were conducted in triplicate for each experiment, and the activity was expressed as percentage degradation as follows:
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where Ai = initial absorbance and At = observed absorbance at designated intervals.

Hydrocarbon Biodegradation Experiments

To obtain 1 OD culture, overnight grown bacterial cells were centrifuged for 20 min at 4500 rpm. The cell pellet was washed three times and re-suspended in MSM until the OD600 was equivalent to 1.00. One percent of the 1 OD culture of strain MK2 was transferred to 100 ml of MSM with a concentration of 8000 mg l−1 of DRO and incubated at 25 °C for time course experiments with shaking at 150 rpm. The cell growth was determined by the comparison of optical density against the control at designated time intervals. Hydrocarbonoclastic potential was also monitored under anaerobic nitrate reducing environments. The inoculum size was 1% of the anaerobically grown bacterial cells with nitrate (10 mM) and 8000 mg l−1 of DRO as an electron acceptor and donor, respectively from an anoxic sterile stock solution. All cell cultures were maintained in triplicate for each experiment. All procedures for anoxic growth experiments, from medium preparation to manipulating the strain were performed using standard anoxic conditions. All culturing was done in sealed serum vials with nitrogen/carbon dioxide (80:20, v/v) in the headspace. The sealed vials were incubated at 25°C for time course experiments with shaking at 150 rpm. An uninoculated control was prepared for each set of biodegradation experiments. The samples from the time course experiments of aerobic and anaerobic incubations were extracted three times with 1:1 solvent mixture of acetone-methylene chloride, dewatered and concentrated by an evaporator. The evaporated hydrocarbons were taken as residual hydrocarbons and dissolved in n-hexane, filtered through 0.25 μm membrane filters and analyzed by gas chromatography.

Fuel Cell Experiments

MFC Construction and Operational Conditions

Single chamber MFC systems were constructed from laboratory bottles (320 ml capacity, Schott) as previously described (Logan et al., 2007) with a modification to increase electrode area. The anode electrodes composed of carbon fiber brushes with wire titanium cores that had an initial surface area of 6.99 m2 g−1. These fiber electrodes were cleaned by soaking overnight in acetone followed by pre-treatment with sulfuric acid (concentrated, 100 ml l−1) and heat treatment to improve the geometric surface area of the electrodes as described by Feng et al. (2010). The cathode was fabricated using flexible carbon cloth coated with a hydrophobic PTFE layer (Cheng et al., 2006) with additional diffusional layers on the air breathing side to cut down fouling rate and evaporation of hydrocarbons. In contrast, the hydrophilic side was coated using a mixture of nafion perfluorinated ion exchange ionomer binder solution, carbon, and platinum catalyst (0.5 g of 10% loading). The electrodes were connected using copper wire with all exposed metal surfaces sealed with a non-conductive epoxy resin (Jay Car, Australia). All the reactors were sterilized before use. Strain MK2 was used for microbial electrochemical experiments with acetate (1 g l−1) as the electron donor in 50 mM PBS buffer. The anodic chamber was flushed for 30 min with nitrogen gas before the operation. The anolyte was agitated using a magnetic stirrer operating at 100 rpm. Open circuit MFC studies were also carried out and then switched to the closed circuit with a selected external load (R-1000 Ω unless stated otherwise). Reactive Black 5 was used as sole source of energy in dye degradation experiments using the strain MK2 at a concentration of 50 mg l−1 in MFC studies. LB medium was used in biodecolorization studies with an external load of 1000 Ω. MFCs were operated in a fed-batch mode until the voltage fell to a low level (≤10 mV), and then the anolyte solution was replaced under anaerobic chamber (10% hydrogen, 10% carbon dioxide and 80% nitrogen) (Don Whitley Scientific, MG500, Australia) conditions. All the reactors were maintained at room temperature in triplicates.

Cloning and Phylogenetic Analysis of Possible Catabolic Genes for Hydrocarbon Degradation

Genes encoding alkane hydroxylase enzyme complex including alk and rub genes were amplified by a polymerase chain reaction (PCR) method using oligonucleotides listed in Table S1. The PCR mix of 50 μl contained the following: 10 μl of Gotaq 5X buffer, 2.0 μl of MgCl2 (25 mM), 1 μl of dNTP mix (10 mM), 2 μl of each primer (100 mM), 10–15 ng of purified DNA and 2.5 U taq DNA polymerase (Promega, Australia). Cycling was performed with an initial denaturation for 5 min, followed by 35 cycles of 60 s at 94°C, 30 s of annealing at 40–60°C, 60 s of extension at 72°C and a final extension at 72°C for 10 min, using a Bio-Rad thermal cycler. The primers were designed based on the available draft genomes of S. maltophilia using Primer—BLAST tool from NCBI and assessed by Oligo 6 software. The amplification products were purified using the UltraClean PCR clean-up kit (Mo Bio, CA) and ligated into the PGEM-T-Easy vector. After transformation into E. coli DH5α individual plasmid inserts were sequenced. In silico analysis was done by using the blast programs to search the GenBank and NCBI databases (http://www.ncbi.nlm.nih.gov).

Analytical Methods and Calculations

Cell voltage was monitored using a DMM (Keithly Model 2701, USA) linked to a multi-channel scanner (Module 7700, Keithly Instruments, USA). Data were recorded digitally on an Intel computer via IEEE 488 input system and Keithly cable. To measure the current under closed circuit conditions, the external resistance was connected (R-1000 Ω unless stated otherwise). Polarization curves were obtained using various external loads ranging from 10 Ω to open circuit. Current was calculated by using I = V/R. The power density was calculated as follows; where V was the cell voltage, I was electrical current and A denoted the electrode surface area. Power density and current density were normalized to the projected surface area of a cathode (Logan, 2008).
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Coulombic efficiency (CE) was calculated at the end of the cycle from COD removal as follows (Logan, 2008),
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where, M is the molecular weight of the substrate, F = Faraday's constant, b = number of electron exchanged/1 M of oxygen, Vn = volume of liquid in the anode chamber, ΔCOD = difference in the COD of initial and end batch samples from MFCs. Graphite fiber surface area was also measured using a Brunauer–Emmett–Teller (BET) isotherm (Mi micromeritics, Gemini V, Particle and Surface Science Pty Ltd.) DRO degradation experiments were conducted using data from triplicate analyses. The DRO was extracted in acetone-methylene chloride (1:1) mixture, dewatered and concentrated by an evaporator, and then analyzed with GC-FID (Flame Ionization Detector) using an HP-5 capillary column (15 m length, 0.32 mm thickness, 0.1 μm internal diameter) (USEPA, 1996). The estimated recovery was more than 70%.The GC programme was set up according to USEPA (USEPA, 1996). The carrier gas was helium. The operational temperature ranged from 50 to 300°C with a programmed temperature gradient of 25°C/min. The resulting chromatograms were analyzed using Agilent software (GC-FID Agilent model 6890) to identify the petroleum degradation products (Venkidusamy et al., 2016).

RESULTS

Strain Isolation and Physiology

From the anodes of enriched PH fed MERS, a pure culture of facultative, hydrocarbonoclastic bacterial strain MK2 was isolated by serial dilution and plating techniques. Cells of strain MK2 contains double membrane bilayers, produces polar flagella in tufts or as single (Figure 1A) and grow as bacillus shaped (Figure 1B). Cell growth on nutrient agar medium produces large gleaming colonies which are pale yellow in color. The bacterial strain grew at temperatures ranging from 25 to 37°C at a neutral pH (optimum temperature 30°C), while no growth was detected above 40°C. The strain was negative for oxidase and catalase is present. The bacterial strain was shown to be capable of anaerobic growth through amino acid fermentation and anaerobic nitrate reduction through quantitative biochemical analysis. However, it was unable to metabolize sugars such as glucose and lactose through the anaerobic fermentation process. Cell growth was accompanied by the strong ammonia odor with pale green discoloration in old LB plates. The strain MK2 displayed a limited nutritional spectrum as highlighted by its genus name (Table S2). The strain was unable to utilize arabinose, adonitol, fructose, xylose, rhamnose, gluconate, etc., Salient properties of the strain MK2 were direct electrode respiration and the ability to degrade n-alkane components of PH in both aerobic and anaerobic environments.
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FIGURE 1. Transmission electron micrographs of S. maltophilia MK2. Bar scale, 500 nm. (A) Cells with flagella. (B) Bacillus shaped cells of strain MK2.



Phylogenetic Analysis and Taxonomy

An almost complete 16S rRNA gene sequence (1448 bp) was obtained for strain MK2 and analyzed phylogenetically using ClustalW alignment. Using this multiple alignment, the neighborhood phylogenetic tree was constructed (Figure 2). The taxonomic position shows that the strain MK2 was a member of the Stenotrophomonas subgroup in the class of γ-proteobacteria. From a BLAST analysis, the highest level of sequence similarity (98%) matched with Stenotrophomonas maltophilia strain ATCC 13637.
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FIGURE 2. Phylogenetic tree based on 16S rRNA sequences showing the positions of the strain MK2 and representatives of other Stenotrophomonas spp. The tree was constructed from 1448 aligned bases. Scale bar represents 0.005 substitution per nucleotide position.



Redox Indicator Assays for the Assessment of Hydrocarbonoclastic Potential

The hydrocarbonoclastic potential of strain MK2 was assessed through a preliminary investigation of hydrocarbon consumption, a concomitant increase in biomass and reduction of redox electron acceptors such as DCPIP and tetrazolium indicators. The strain MK2 discolored the redox indicator from the blue to violet during the first 24 h and complete discoloration was observed by the end of 120 h when DRO was the sole carbon and energy source. Also, the formation of a red precipitate formazan from the tetrazolium was observed while the abiotic controls remained unchanged. It is evident from the above screening assays that the strain MK2 can utilize diesel derived hydrocarbons.

Screening Assays for the Assessment of Electrochemical Activity

To pre-screen the electrochemical activity of the strain MK2, aerobic and anaerobic cultures were grown in nutrient broth supplemented with 50 mg l−1 of RB5. This concentration was found to be supportive for a higher growth rate and rapid decolorization among the various concentration of RB5 tested. The complete disappearance of the characteristic absorption peak at the region of λmax (597 nm) and simultaneous decolorization were observed in aerobic and anaerobically incubated samples (Figure 3). Figure 3A shows dynamic changes of the absorption spectra observed during the decolorization process under anaerobic conditions. RB5 azoic dye was almost completely decolorized (96.23%) in 48 h by S. maltophilia MK2 under anaerobic environments while it took 72 h for nearly complete decolorization (97.99%) under aerobic conditions (Figure 3B). The blue pigmented dead cell pellet from the heat-killed cells in the control showed a passive adsorption of dye, whereas colorless cell pellets obtained from the living cultures demonstrated that reduction of the RB5 indicator had occurred.
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FIGURE 3. (A) Time overlaid absorbance spectra of RB5 biodecolourization by the strain MK2. (B) Biodecolourization of diazoic dye RB5 by the strain S. maltophilia MK2 under aerobic and anaerobic environments.



Energy Generation by S. maltophilia MK2 in Microbial Electrochemical Cells

Current Generation in Acetate Fed MFCs

Current was generated in all the MFCs inoculated with S. maltophilia MK2 within a few hours using acetate as an energy source. After 3 days, voltage started to follow a constant pattern and then stabilized. The fuel cell electrodes were connected through a resistor (R = 1000 Ω) once it reached the plateau voltage generation stage. The maximum output range of voltage and current density were 414 ± 7 mV, 273 ± 8 mA/m2 (R = 1000 Ω) after four cycles of operation. After five refilling batches with a fresh substrate, the maximum current output of each batch became stable (270 ± 5 mA/m2). Few representative cycles (average current density from triplicates) of current density are shown in Figure 4A. The maximum CE was 34.8% which corresponded to the maximum current density of 272.96 mA/m2.
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FIGURE 4. (A) Few representative cycles of current density generated by S. maltophila MK2 in acetate fed microbial fuel cells. (B) Current generation and simultaneous dye decolorization in dye fed MERS using S. maltophila MK2.



Current Generation and Simultaneous Dye Decolorization in Dye Fed Microbial Electrochemical Cells

The current was rapidly generated in azo dye fed MFCs inoculated with S. maltophilia MK2 cells within few hours of using azoic dye as an energy source at 1000 Ω. The maximum output range of voltage and current density were 145 ± 6 mV, 94 ± 6 mA/m2. Constant and repeatable power cycles were obtained during five changes of the contents of the anode chamber. Using RB5 concentration of 100 mg l−1 in MFC, 59.3 ± 1.25% was removed during the first 12 h of operation. After 24 h, almost 97.2 ± 1.64% of RB5 was decolorized and it was below detection limits at the end of the batch operation when the voltage of the batch reached >10 mV as shown in Figure 4B.

Hydrocarbonoclastic Potential of S. maltophilia MK2

Aerobic Biodegradation of DRO

To evaluate the hydrocarbon degradation potential of the strain MK2, experiments were performed under two different environments viz., aerobic and anaerobic. The rate and extent of biodegradation were interpreted from GC chromatograms of the residual hydrocarbons. The aerobic incubation experiments indicated that the biodegradation of hydrocarbons by strain MK2 was more efficient than anaerobic incubations. Figure 5A shows the possible cell growth and its associated substrate degradation by strain MK2. For a substrate concentration of 8000 mg l−1, cells started growing within 24 h with a rapid decrease in DRO concentration of about 53%. After 84 h, the strain reached as second peak of growth while the DRO degradation was 88%. The temporal removal of DRO reached >90% after 100 h of incubation. In general, the rate of degradation increased consistently with increasing cell biomass during the early stage of the exponential phase and then, it reached a plateau at stationary and death phase of cell growth. Abiotic loss of DRO was measured under each stage was less than 5%. The GC profile of the residual n-alkanes of DRO after the incubation was compared with that of the original as shown in Figure S1. At the end of the incubation period (150 h), the n-alkane members of C8 to C36 were almost completely metabolized in the samples inoculated with the strain MK2.


[image: image]

FIGURE 5. (A) Biodegradation of DRO compounds by aerobically grown cells of S. maltophila MK2 (Blue circle shows DRO degradation in MK2 inoculated samples; Red square shows the biomass density; Green triangle shows the DRO degradation in uninoculated controls). (B) Biodegradation of DRO compounds by anaerobically grown cells of S. maltophila MK2 (Blue circle shows DRO degradation in MK2 inoculated samples; Red square shows the biomass density; Green triangle shows the DRO degradation in uninoculated controls).



Anaerobic Biodegradation of DRO

The hydrocarbonoclastic activity of the strain MK2 was examined under anaerobic conditions with DRO as the sole source of carbon and nitrate as the final electron acceptor. The results indicated that the biodegradation of DRO (8000 mg l−1) in anaerobic environments is slower in comparison to the aerobic degradation. Figure 5B shows the quantitative growth experiments with depletion of DRO at a time course within 14 days. The growth of strain MK2 was slow until 96 h of incubation and then reached a log phase by 100 h. The hydrocarbonoclastic potential was closely coincided with the phase of cell growth, as a result, degradation efficiency increased from the 2nd day to the 8th day of incubation, before leveling off from the 10th to the 12th day. By the 10th day, a complete degradation of the substrate had occurred. Figure S2 depicts the residual DRO concentration before and after incubation under anaerobic conditions.

Detection of Possible Catabolic Genes Involved in Hydrocarbon Degradation

The presence of specific catabolic genes (alkB and the related, alkM, alkA) encoding alkane hydroxylase enzyme complex was investigated by a PCR-mediated amplification with various oligonucleotide primers. Of the 15 different oligonucleotides combinations tested for PCR amplification, only the primer combination of the ALK3 set provided a positive result. Blastn searches in the GenBank database showed that the PCR product was similar to a number of known alkB genes, had a 96% match with the alkB gene encoding a putative alkane -1-monooxygenase from Burkholderia (Figure 6). In order to explore the presence of other functional genes from the strain MK2, new primers were designed to amplify the second cluster of the alkane hydroxylase complex (Table S1). A PCR product of the expected size was obtained when the primer combinations rubF, rubR used. Blastx alignments showed that this PCR product had 100% similarity to the corresponding region of the S. maltophilia rubredoxin type Fe(Cys)4 protein (Figure 6).
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FIGURE 6. Alignment of alkane monooxygenase (alkB) and rubredoxin (rubA) gene sequences generated using CLUSTALW multiple alignment in S. maltophilia MK2.



DISCUSSION

The enrichment of hydrocarbonoclastic Electrode respiring bacteria (ERB) able to utilize hydrocarbons as a sole source of carbon and energy in MERS led to the isolation of hydrocarbonoclastic bacterial strain identified as S. maltophilia MK2. Stenotrophomonas spp. are often considered to be ubiquitous, however, these species are frequently found in marine, soil, rhizosphere of diverse plants (Denton and Kerr, 1998) and polluted environments (Binks et al., 1995; Dungan et al., 2003; Lü et al., 2009) as their main environmental reservoirs. The representative candidate, S. maltophilia MK2 is a free living, facultatively anaerobic bacterium and phylogenetically placed in the phylum of Proteobacteria, Gammaproteobacteria, Xanthomonadales, Xanthomonodaceae (Palleroni and Bradbury, 1993). The environmental isolate S. maltophilia MK2 reduces nitrate in anoxic environments as reported earlier in some strains of this genus (Woodard et al., 1990). However, the additional distinctive features make this strain different from the existing members of the family include (i) growth by anaerobic fermentation of the amino acids present in tryptone and peptone (ii) electrochemically active under acetotrophic environments (iii) ability to degrade n-alkane components of DRO in anaerobic conditions (iv) Biodecolorization of synthetic dyes. The regular growth mode of this bacterial strain S. malotophilia MK2 is aerobic heterotrophy; however, the strain MK2 can grow in anaerobic environments either through amino acid fermentation or nitrate reduction. The previous studies on strain ZZ15 belongs to S. maltophilia showed a microaerophilic growth under denitrifying environments (Yu et al., 2009). In contrast, the pure cultures of many Stenotrophomonas strains are unable to grow in oxygen lacking conditions (Assih et al., 2002; Dungan et al., 2003).

Metabolic Versatility vs. Environmental Bioremediation

Bioremediation Potential

The genus Stenotrophomonas has been studied as a promising candidate for biotechnological applications involved in the detoxification of various man-made pollutants because of its broad spectrum of metabolic properties (Ryan et al., 2009). These include utilization of N-aromatic rings (Boonchan et al., 1998), alkyl benzene sulfonates of organophosphate pesticides (Dubey and Fulekar, 2012), phenyl urea herbicides (Lü et al., 2009), chlorinated compounds (Somaraja et al., 2013), heavy metals (Pages et al., 2008; Ghosh and Saha, 2013) and other groups of xenobiotic pollutants (Tachibana et al., 2003; Li et al., 2012). Aliphatic hydrocarbons including straight and cycloalkanes, unsaturated hydrocarbons and aromatic hydrocarbons, are the building blocks of diesel oil (Air Force, 1989) and n-alkanes are the most dominant fraction. The degradation of these hydrocarbon compounds in anoxic environments by the genus Stenotrophomonas is previously unknown. Here, we demonstrate for the first time evidence for the occurrence of hydrocarbonoclastic behavior in the strain MK2 under anaerobic, nitrate reducing environments.

The preliminary screening assays reveal that the strain MK2 possess the hydrocarbonoclastic potential by involving redox reactions in which electrons are donated to terminal electron acceptors during the cell respiration. The reduction of a lipophilic mediator such as DCPIP (blue to colorless) coupled with the formation of oxidized products showed that the biodegradation had been carried out by metabolically active cell growth, not by adsorption to cells associated with the water-carbon interface (Kubota et al., 2008). The respiratory reduction of tetrazolium salts is another criterion employed by many researchers (Olga et al., 2008; Pirôllo et al., 2008) to determine the dehydrogenase activity of hydrocarbonoclastic bacterial strains. Upon reduction of this salt, the color changed to red due to the formation of insoluble formazans by the production of superoxide radicals and electron transport in the bacterial respiratory chain (Haines et al., 1996). In order to corroborate the potential hydrocarbon degradation by the strain MK2, GC scan was performed using heterotrophically incubated samples grown under aerobic and anaerobic conditions. The highest rate of degradation of the light end hydrocarbons of DRO was observed at 24 h with aerobic incubations, whereas this tended to be slower (96 h) under anaerobic conditions. GC resolved n-alkanes from C8 to C36 peaks (Figure S1) in inoculated samples demonstrated the occurrence of the enhanced hydrocarbon degradation when the bacterial strain grown under the aerobic conditions. It was quite possible to achieve a complete degradation of DRO under aerobic conditions by appropriately increasing the incubation time of the experiment. Such hydrocarbonoclastic behavior is in contrast to the earlier findings of Saadoun (2002) and Ueno et al. (2007) where their strain of S. maltophilia was unable to degrade hydrocarbons as a sole carbon source. On the other hand, members of this genus have been found along with other predominant genera of hydrocarbon degraders including Acinetobacter, Pseudomonas, Alcaligenes, Sphingomonas in oil contaminated environments as stated earlier (Van Hamme et al., 2000; Zanaroli et al., 2010). The previous studies on the microbial electrochemical remedial process of hydrocarbons have also demonstrated the ubiquity of Stenotrophomonas spp. and their dominance in the anodic microbial communities (Morris et al., 2009; Venkidusamy et al., 2016). The capability of hydrocarbon degradation has also been demonstrated earlier in a soil isolate of S. maltophilia strain DJLB only under aerobic conditions (Ganesh and Lin, 2009). It is of interest that, the present study reveals the complete mineralization of n-alkane members of DRO (C8–C36) for the first time, including the biomarkers pristine, phytane, and a short chain to long chain aliphatic hydrocarbons under anaerobic incubations by the strain MK2 during a 12 days period in the presence of nitrate.

Exoelectrogenic Potential

The characteristics of diazoic dye decolorization were used as a simple criterion for pre-screening the possible electrochemically active microbial candidates in the present study as stated earlier (Hou et al., 2009). The present study showed the simultaneous decolorization and decreased dye concentrations from batch culture studies of anaerobic and aerobic incubations with strain MK2 inoculum. The efficiency of color removal was more than 95% under anaerobic conditions as reported in another exoelectrogenic strain of Shewanella spp. (Pearce et al., 2006). This is in agreement with the previous studies on the assessment of electrochemically active microbial strains using MFC arrays (Hou et al., 2009). Dye decolorization occurs because of a reductive electrophilic cleavage of the chromophore, a functional group of azo linkage, by biocatalysts as reported earlier (Sun et al., 2009; Satapanajaru et al., 2011). To confirm the extracellular access to the insoluble electron acceptors, the exoelectrogenic property of the strain MK2 was also investigated in two different environments (i) acetotrophic (ii) dye decolorization, using microbial electrochemical systems. The present study exhibited a maximum power density of 113 ± 7 mW/m2 with a recovery of 34.8% as an electrical current using the strain MK2 in acetotrophic conditions. In the case of the reactors fed with azoic dye demonstrated the potential of generating current (99.93 ± 6 mW/m2) with the concurrent decolourization using the strain MK2 in MFCs for the first time. The results presented in this study suggest that the strain MK2 is capable of utilizing insoluble electron acceptors such as electrodes through extracellular electron transfer mechanisms. Recent investigations have revealed the potential of using such pure cultures of heterotrophic biofilms in microbial electrochemical remediation cells for dye detoxification (Chen et al., 2010a,b). For instance, Chen et al. (2010a), reported the possibility of using pure cultures of Proteus hauseri in MFC, however, decolorization efficiency and power densities generated were much lower. The performance of these microbial electrochemical cells using pure cultures of exoelectrogens are considerably affected by a number of reactor parameters and operating conditions as reported earlier (Min et al., 2005; Logan, 2008).

Genetic Potential

To gain deeper insights into the hydrocarbon degradation mechanism by the strain MK2, we carried out a gene specific PCR analysis to identify the possible catabolic genes encoding alkane degrading enzymes using different degenerate oligonucleotides. The mechanisms of these alkanes activation vary according to the lifestyle of representative candidate microorganisms and growth environments. Under aerobic environments, the biodegradation typically occurs through a sequential oxidation of n-alkanes resulting in corresponding alcohol and aldehydes groups. These aldehydes further metabolized into fatty acids and conjugated with CoA through β oxidation process which then enter into the tricarboxylic acid cycle as shown in Figure 7 (Van Hamme et al., 2003; van Beilen et al., 2004). Such a successional oxidation process is activated by a family of integral membrane proteins called alkane hydroxylase enzyme system, and this was first studied in Pseudomonas putida GPo1. This is of particular interest being a three component biocatalyst and composed of alkane monooxygenase (alkB group), dinuclear iron rubredoxins (rubA, rubB) and mononuclear rubredoxin reductase (rubR) (Rojo, 2009; Teimoori et al., 2011). These genes encode the alkane hydroxylase (alk) system in the enzyme complex which activates the terminal carbon atoms in the chain of hydrocarbons. While searching the catabolic genes that encode alk system in the strain S. maltophilia MK2, we found for the first time a conserved chromosomal region of alkB and rubA (Figure 6). Insilco analysis of this gene showed that the alkB region was highly similar to the region observed from an alkB gene of Burkholderia spp. and this is presumably the gene providing this activity, supporting the close relationship between S. maltophilia and Burkholderia spp. (84%) at the genomic level. This result suggests that the genes involved do not correspond in terms of their sequence to the same genes as per the published Stenotrophomonas malotophilia genome and were instead derived from some other organism with different gene sequences (and the discovery that the alkB gene sequence comes from Burkholderia supports this). In contrast, the earlier studies on catabolic genes for alkane degradation in Stenotrophomonas spp. have shown negative results for the amplification of alkB gene (Smits et al., 1999; Vomberg and Klinner, 2000). The presence of a rubA gene with 100% homology to Rubredoxin-type Fe(Cys)4 protein of S. maltophilia R551-3, shows that the bacterial strain MK2 likely possesses an essential electron transfer components for alkane hydroxylation. Together, these results perhaps indicate the presence of the two conserved domains of alkB-rubA fused proteins in a contiguous open reading frame as shown earlier in metagenomic analysis of alk genes of different microbial genomes from diverse environments (Nie et al., 2014). Such a fusion would be responsible for the extended spectrum of alkane degradation up to C36 hydrocarbons shown in the present study, as alkB often reported to be responsible for <C16 length (van Beilen and Funhoff, 2007). Also, the earlier studies on the disruption of the rubA encoding genes in bacterial strains lead to the failure of alkane degradation (Haspel et al., 1995; Ratajczak et al., 1998) which supports the aforementioned theory on fused proteins in hydrocarbon biodegradation.
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FIGURE 7. Degradation pathways of DRO compounds in aerobic environments.



Our present findings demonstrate the facultative hydrocarbonoclastic and exoelectrogenic properties in different environments (acetotrophic and dye detoxification) associated with genus S. maltophilia MK2. These species include both environmental non-pathogenic isolates and opportunistic clinical isolates of nosocomial origin. An increasing number of studies demonstrate the potential use of opportunistic human pathogenic bacteria in microbial electrochemical systems that include, Ochrobactrum anothropi (Zuo et al., 2008), Pseudomonas aeruginosa (Venkataraman et al., 2010), Acrobacter butzleri (Fedorovich et al., 2009). The production of lipopolysaccharides, flagella or fimbriae —mediated interactions (Brooke, 2012) may involve in colonization and biofilm formation on the electrodes of microbial electrochemical systems, however their role, lifestyle and pathogenicity of the strain MK2 await further research. It will be interesting to examine the molecular mechanism of such biofilm attachment to electrodes and extracellular electron transfer potential of this strain MK2.

CONCLUSIONS

The members of Stenotrophomonas spp. are found to be cosmopolitan opportunists as their presence often been detected in soil and water systems. Our findings demonstrate that the hydrocarbonoclastic and exoelectrogenic potential associated with genus Stenotrophomonas is novel and expands the range of microbial phyla known to degrade hydrocarbon contaminants. The strain is notable in that its alkB gene seems to have been derived from Burkholderia while its rubA gene originated from Stenotrophomonas. Additionally, the decolorization of diazoic dyes also makes a supplement to the phylogeny knowledge on bioleaching agents and showing further potential in the treatment of wastewater from textile industries using MERS. On a global scale, the strain provides many exciting opportunities for increasing our understanding on bioremediation that underpins the molecular mechanism of contaminant degradation in a relevant environmental context.
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Microorganisms performing extracellular electron transfer (EET) show electroactivity and are the fundament of primary microbial electrochemical technologies (MET) (Schröder et al., 2015) as well as key players of geochemical cycles (Newman and Banfield, 2002; Melton et al., 2014). However, only a few electroactive microorganisms, like Geobacter or Shewanella, are studied in detail, e.g., for their electron transfer mechanisms (Gorby et al., 2006; Brutinel and Gralnick, 2012; Lovley, 2012). Many more species are only globally assigned to be electroactive (Koch and Harnisch, 2016), but mechanistic knowledge is generally missing and the natural importance of this trait not comprehensively understood.

However, there is no common definition of electroactivity and a genetic or metabolic marker or even a gold standard does not exist. This lack together with the high diversity of electroactive microorganisms—with regard to their phylogeny but also their physiology—challenges a systematic assessment and comparison (Koch and Harnisch, 2016). This difficulty is furthermore accelerated by the diversity of experimental setups and techniques exploited (Harnisch and Rabaey, 2012). The deficit of a stringent definition of electroactivity may sound purely academic from an application or engineering perspective. However, it is not. A consensus on electroactivity combined with good craftsmanship (Egli, 2015) for studying and engineering electroactive microorganisms as well as MET has to form the fundament of future research and development. The following treatise is certainly not comprehensive, but we will show that a better understanding of the linkage between EET, microbial metabolism, and system performance is necessary to form this fundament or in other words “To distil the essence of electroactivity.”

AGONY OF CHOICE OR HOW WOULD YOU DECIDE?

Considering two electroactive microbes A and B, which one can be defined to be more electroactive? Microbe A being psychrophlic and performing (slow) EET (hence low current density1 j) at 10°C with a coulombic efficiency2 (CE) close to 100%—or—microbe B being thermophilic and performing fast EET (hence high j) at 60°C with low CE? The decision is not straightforward and would usually depend on the respective process as well as j and CE required or feasible for its application. Interestingly this example illustrates the common sense in the perception of electroactivity of microorganisms. In the outmost majority of studies system level parameters are used for characterization. These numbers related to the engineering or electrochemistry viewpoint are (i) the overall yield of electrons from a substrate (at anodes) or stored in a product (for cathodes) as expressed in CE and (ii) the “speed” of EET, i.e., electrons per time unit usually expressed as current, i, or normalized to electrode surface area respectively volume as current density, j (Harnisch and Rabaey, 2012; Schröder et al., 2015). Noteworthy, these performance parameters can be, but not have to be linked to the metabolic level of microbes A and B as will be discussed in the following section and hence are not generally suitable for assessing what electroactivity is. As shown below, the answer to the introductorily question will strongly depend on the individual perspective (see also Figure 1).
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FIGURE 1. Different viewpoints on electroactivity. As there is no common definition or marker defining species as electroactive, different disciplines have different viewpoints.



WHAT ARE TYPICAL CHARACTERISTICS THAT DEFINE MICROORGANISMS AS ELECTROACTIVE (OR NOT)?

Let us consider our model organism Geobacter sulfurreducens and its relatives: they form biofilms at anodes while oxidizing acetate and performing direct electron transfer and most express conductive nanowires. Under anodic growth conditions with the electrode as only electron acceptor the microbial metabolism is completely dependent on the EET as this is the only pathway of energy generation. This species can be clearly defined as electroactive. But how to compare it to other species differing from this model organism? Choosing an adequate measure is difficult as summarized by the different viewpoints on electroactivity in Figure 1.

FROM MICROBIAL CELLS TO ELECTROCHEMICAL CELLS AND BACK AGAIN

For microorganisms forming biofilms at electrodes like Geobacter sulfurreducens, the biofilm thickness3 might seem as a measure of electroactivity, as a higher cell number might go along with an increased current flow. However, differences in cell density and biofilm thickness can be specific for microbial species (and already obvious differences exist within the family of Geobacteraceae), thereby being dependent on its (local) environment, growth state etc. (Bonanni et al., 2013; Tan et al., 2016). From a practical perspective measuring typical parameters like, e.g., cell number, dry weight, etc. of biofilms is not simple and mostly destructive for the object of study. Hence, time resolved analyses are challenging, especially when considering what a “representative” sample is. For mixed culture biofilms it was shown that shear stress can effect the biofilm thickness and the biomass density (Pham et al., 2008). This can lead to differences regarding the substrate turnover and electron flow for an individual cell which is not necessarily reflected by the anodic current density. In this case, the coulombic efficiency might seem a good objective measure of electroactivity being independent of cell number and also considering potential electron losses within the cell. Experimentally, even harder to determine would be the electron transfer per single cell (Liu et al., 2010; Jiang et al., 2013; Gross and El-Naggar, 2015), which from our perspective could be considered an excellent measure. On the technical scale, biomass respective number of cells, Ncell, or formed product, P, is often in focus. Here in analogy to established parameters in biotechnology (Doran, 1995) we propose that yields per electron (e.g., cell yield per electron, YNe−, or product yield per electron, YPe−) can be defined based on the number of transferred electrons ne−. This number is derived from the transferred charge, q, and the Faraday constant, F.
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as ne−, 0 = 0 it follows:
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analogously it follows:
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From the electrochemical viewpoint the microbial overpotential, ηmicrobe, can be defined similar to the electrochemical overpotential (Bard et al., 2012) and can be used for a thermodynamic comparison of electroactive microorganisms. For microbial anodes it is the difference between the formal potential of the substrate, Esubstrate, and the formal potential of the EET site, EEET, i.e., the potential at which the electrons are released by the microbe, with ηmicrobe = Esubstrate− EEET. However, ηmicrobe sets only the upper limit of the microbial energy gain. Yet, the true energy gain, i.e., being stored for instance in ATP or reduction equivalents and subsequently used for anabolic reactions, is decreased due to losses, like heat dissipation (Korth et al., 2016). Here species specific differences can be expected or in other words: Is a microbe more electroactive performing fast EET that strives for its living or one that harvests a lot of energy per electron but at a very slow rate?

Another potential measure of electroactivity, so far described for G. sulfurreducens but easily transferable to other species, is the capacity for electron storage in the cell (Esteve-Núñez et al., 2008; Malvankar et al., 2012). This capacitor principle reflects the size of the cellular redox pool to store electrons. Compared to the above described possible measures of electroactivity on the cellular level also the subcellular level can be considered, as e.g., by measuring the apparent electron transfer rate of, e.g., cytochromes (Bonanni et al., 2012), or the conductivity of, e.g., nanowires (Adhikari et al., 2016). While the presence of cellular appendices is not sufficient for claiming a microbe as being electroactive the exact determination of the specific conductivity could prove the EET capacity and also differences in transfer efficiency and transfer kinetics could potentially be explained. So far there are only a few studies on nanowire conductivity and yet no threshold value is available.

When considering full or partly planktonic living cultures, e.g., the well-studied Shewanellaceae, the definition of a measure of electroactivity becomes not simpler either. Here, cell density and inhomogeneities and gradients of substrates, metabolites or mediators as well as access to the electrode surface play an additional role that makes systematic comparison even more complex (Borole et al., 2011; Harnisch and Rabaey, 2012; Patil et al., 2015).

These few considerations and surely not comprehensive treatise already shows that even for the model organisms of Geoabacteraceae and Shewanellaceae there is no straightforward measure of electroactivity.

THE DIVERSITY OF ELECTROACTIVE LIVINGS

When considering less systematically studied microorganisms differing from the model organisms the definition of electroactivity becomes even more challenging. Up to now 94 microbial species are assigned to be electroactive and presumably significantly more electroactive species exist in nature (Koch and Harnisch, 2016). There is strong evidence that some electroactive microbes can only exist in microbial consortia. Therefore, the questions arises what makes the cells forming electroactive biofilms? Is it the sole presence of a potential electron acceptor or donor, as described for 54 electroactive pure cultures. In these cases, the electrode might serve as substitute to a syntrophic electron accepting or donating partner organism in a natural setting. But also in nature, microorganisms can be selective and not match with every potential partner organism. There is hardly anything known, which kind of communication, recognition or additional metabolite transfer might take place between the partners involved in consortia. These additional signals will not be provided by a sole electrode and therefore microorganisms performing EET, but not on electrodes, might accordingly not be identified as electroactive, but shouldn't they?

The comparison of electroactive microorganisms becomes even more vague when we consider electroactive microorganisms as all microorganisms that are able to lead to a Faradaic current flow at electrodes. This current flow can result from the connection of the electron flow to the microbial metabolism but also from a solely catalytic reaction performed within the cells, but being independent from their growth, maintenance or even metabolism. Interestingly, recently also ionic currents have shown to play an important role in microbial communities, especially their communication (Prindle et al., 2015). Further, even current flow resulting obviously from cell burst can be found in literature claiming species as electroactive. Here we disagree on their inclusion. Considering microbial electroactivity in a catalytic sense, i.e., based on chemical transformations taking place independently from the metabolism, seems a very artificial approach from a microbial physiology viewpoint and far away from any natural significance. At the same time these transformations can be considered as highly promising from the technical perspective, e.g., in bioelectrosynthesis. This also holds true for the concept of steering the microbial metabolism by interfering in the cellular redox balance, e.g., by redox mediators, in case the microorganisms do not interact with electrodes naturally (Park and Zeikus, 2000). This is nothing we observe in nature or that we could explain by its natural relevance, but still it results in an obvious wiring of microbial metabolism and electron flow. Is this microbial electroactivity?

There are plenty of examples in nature where microorganisms communicate, fight for resources and invade new habitats by producing redox active compounds like e.g., phenazines in Pseudomonas spp. (Price-Whelan et al., 2006). In this case, the primary aim (from the viewpoint of the microbial cell) is to communicate with other cells of the own species (quorum sensing), to defend a habitat against competitors, detoxify toxic compounds or access new resources. However, the same chemicals can also serve as redox mediators for mediated electron transfer (Rabaey et al., 2005). In these cases, the EET might be no or only a minor mode of energy generation but will rather consume additional resources and provide the involved species a short time but possibly significant selection advantage. At the same time, we can utilize these microbial capacities in technical systems but do we define these species then also as electroactive? And how can one trigger these specific activities and utilize these microorganisms long term in technical systems? Is it “healthy” for a microbial cell when interfering with their metabolic pathways using electrodes?

ON THE FUTURE DISTILLING OF THE ESSENCE OF MICROBIAL ELECTROACTIVITY

Apart from maybe a dozen model organisms, the mechanism of EET in microorganisms being assigned electroactive is almost not investigated. For instance we hardly know anything about the potential electron uptake mechanism from cathodes or how gram-positive bacteria perform EET. Accordingly, it is a challenge to assess or even compare the electroactivity of different species with each other as their “motivation” for EET might be completely different as well as its connection to the cellular metabolism. Even if there is a basic understanding of the involved mechanisms it seems not applicable to compare a CE of anodic acetate oxidation to a cathodic nitrate reduction. We believe that the first steps for approaching a common sense will involve the definition of a set of basic microbial characteristics to be reported and experimental setups to characterize microbial electroactivity in pure cultures. It is not sufficient to “just” measure a current in the presence of microorganisms (even with sufficient replicates) to call this microbe electroactive. In addition to assessment of functional parameters (e.g., current density, CE) in a standardized setup the understanding of the functional connection of current flow and microbial metabolism should be aimed. As detailed above this functional characterization is not straightforward for pure cultures yet, and represents an even greater challenge when mixed cultures are considered.

Finally, a community-wide discussion leading to a (even preliminary) common sense of electroactivity is needed. Even then there seems to be not only one kind of electroactivity and assigning a microbe electroactive or not might be in the eye of the beholder or in other words “It is the distiller's personal finest selection.”
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FOOTNOTES

1The current, i (usually in mA) represents the number of the transferred electrons per second to an electrode and hence can be a measure of the metabolic activity. For normalization often the current density is used by relating the current to the (geometric) surface area of an electrode, jgeo (in mA cm−2), or to the volume of the electrode chamber, jvol(in mA cm−3).

2The coulombic efficiency, CE, is a measure of the ratio of theoretical available electrons from the substrate and the transferred electrons to the electrode at the anode; hence it can be regarded as measure of metabolic efficiency.

3Here we refer to (i) the thickness in steady-state conditions and (ii) to uniform biofilms. The definition of steady state and its experimental realization as well as biofilm stratification are worth its own treatise.
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Soil has been used to generate electrical power in microbial fuel cells (MFCs) and exhibited several potential applications. This study aimed to reveal the effect of soil properties on the generated electricity and the diversity of soil source exoelectrogenic bacteria. Seven soil samples were collected across China and packed into air-cathode MFCs to generate electricity over a 270 days period. The Fe(III)-reducing bacteria in soil were enriched and sequenced by Illumina pyrosequencing. Culturable strains of Fe(III)-reducing bacteria were isolated and identified phylogenetically. Their exoelectrogenic ability was evaluated by polarization measurement. The results showed that soils with higher organic carbon (OC) content but lower soil pH generated higher peak voltage and charge. The sequencing of Fe(III)-reducing bacteria showed that Clostridia were dominant in all soil samples. At the family level, Clostridiales Family XI incertae sedis were dominant in soils with lower OC content but higher pH (>8), while Clostridiaceae, Lachnospiraceae, and Planococcaceae were dominant in soils with higher OC content but lower pH. The isolated culturable strains were allied phylogenetically to 15 different species, of which 11 were Clostridium. The others were Robinsoniella peoriensis, Hydrogenoanaerobacterium saccharovorans, Eubacterium contortum, and Oscillibacter ruminantium. The maximum power density generated by the isolates in the MFCs ranged from 16.4 to 28.6 mW m-2. We concluded that soil OC content had the most important effect on power generation and that the Clostridiaceae were the dominant exoelectrogenic bacterial group in soil. This study might lead to the discovery of more soil source exoelectrogenic bacteria species.

Keywords: Fe(III)-reducing bacteria, Illumina pyrosequencing, Clostridiaceae, polarization curve, soil property

INTRODUCTION

Soil can be used to generate electrical power in microbial fuel cells (MFCs), which convert chemical energy from soil organic compounds into electricity via catalysis by soil source exoelectrogenic microorganisms. The process of soil power generation has several potential applications. Firstly, the pollutant toxicity and soil microbial activity could be monitored by the generated electrical signals of the MFCs, such as peak voltage, quantity of electrons and start-up time (Deng et al., 2014, 2015; Jiang et al., 2015). Secondly, the use of MFCs would lead to the elimination of soil pollutants including phenol, petrol and oil (Huang et al., 2011; Wang et al., 2012). Thirdly, the operation of MFCs mitigates methane emissions from paddy soil and sediment (Arends et al., 2014). MFCs do not need energy input, instead, a small amount of electrical power is generated. Therefore, MFCs are considered a sustainable technology. The performance of these MFCs is largely related to the magnitude of electrical current generated by the exoelectrogenic bacteria in soil. However, little is known about the character of power generation and the diversity of exoelectrogenic bacteria in different soils.

To date, around 50 bacteria belonging to three phyla Proteobacteria, Firmicutes, and Acidobacteria have been identified as exoelectrogenic (Zhi et al., 2014). Almost all the exoelectrogenic bacteria strains were isolated from wastewater, sediments of lakes and marine environments, rather than from soil. There is a lack of functional gene markers for exoelectrogenic bacteria; therefore, the main methods used to detect the composition of exoelectrogenic bacteria are isolation of pure cultured bacterial strains or sequence alignment of bacterial 16S rRNA genes with those of known exoelectrogenic bacteria (Song et al., 2012). Most of the evidence about the composition of exoelectrogenic bacteria in soil has been obtained using the “sequence alignment” method (Ishii et al., 2008; Ringelberg et al., 2011). However, novel exoelectrogenic bacteria would be excluded if their sequences were not identical to the identified strains. High throughput DNA pyrosequencing allowed the estimation that one gram of soil contains 1000s of bacterial species (Roesch et al., 2007). Therefore, it is necessary to isolate and identify more exoelectrogenic bacteria strains from soil.

Exoelectrogenic bacteria generally possess the ability to reduce Fe(III), and most Fe(III)-reducing bacteria are exoelectrogenic. However, some exoelectrogenic bacteria do not use Fe(III) as the sole acceptor. For example, Calditerrivibrio nitroreducens reduces nitrate rather than Fe(III) (Fu et al., 2013), Desulfobulbus propionicus reduces both sulfate and Fe(III) (Holmes et al., 2004), and some Fe(III)-reducing bacteria do not possess the ability to generate electrical current in MFCs, such as Pelobacter carbinolicus (Richter et al., 2007). As a result, the composition of Fe(III)-reducing bacteria largely represents the exoelectrogenic bacteria in soil (Lovley, 2006).

Soil physiochemical properties affect microbial diversity and activity (Kuramae et al., 2012), and could have major effects on exoelectrogenic microorganisms in soil (Dunaj et al., 2012). We hypothesized that the diversity of Fe(III)-reducing bacteria and exoelectrogenic bacteria isolates, together with the generated electrical power, would vary between different soils. To test our hypothesis, we collected seven soil samples with different physicochemical properties from Northern to Southern China and packed them into MFCs to generate power. Meanwhile, Fe(III)-reducing bacteria from the seven soil samples were sequenced using the Illumina pyrosequencing system, which can sequence millions of amplicons derived from the dominant species and rare species with high sequence quality (Degnan and Ochman, 2012). In addition culturable Fe(III)-reducing bacteria were isolated and subjected to taxonomic analysis, and were inoculated into MFCs to determine their exoelectrogenic activities. Redundancy analysis was conducted to reveal the relationship between Fe(III)-reducing bacteria, soil physiochemical properties and power generation of soil in MFCs. We aimed to (1) understand the soil properties that had strong effects on the generated electricity and the diversity of Fe(III)-reducing bacteria; and (2) isolate exoelectrogenic bacteria from different soils.

MATERIALS AND METHODS

Soil Sampling

Soil samples were collected from seven sites, which were located in the Inner Mongolia Autonomous Region (IM), Hebei Province (HB), Henan Province (HN), Jiangsu Province (JS), Jiangxi Province (JX), Fujian Province (FJ), and Guangxi Zhuang Autonomous Region (GX), respectively. The location information of the sampling sites is shown in Supplementary Table S1. Each site was planted with one dominant vegetation type. In each site, surface soil samples (0–20 cm) from three randomly selected plots (0.5 m × 0.5 m) were collected and mixed to represent a site, after removing the surface litter. After the soil samples were sieved and passed through a 2 mm diameter mesh, they were stored at 4°C for less than 2 weeks before a series of experiments, including Fe(III)-reducing bacteria enrichment, MFCs operation and soil property measurement.

Soil Property Measurements

Each of the seven soil samples was divided into three aliquots as replicates for MFCs operation. Before the operation, soil physiochemical properties of each aliquot were analyzed using routine methods (Page et al., 1982). Briefly, soil texture was determined by the sieve and pipette method. Soil maximum water holding capacity (MWHC) was determined by the difference between dry and soaked soil weights. Soil pH was measured at 1:2.5 (soil:water) and soil electrical conductivity (EC) at 1:5 (soil:water). Soil cation exchange capacity (CEC) was analyzed by the compulsive exchange method. Soil organic carbon (OC) was determined by K2CrO4 oxidation; total nitrogen (TN) by Kjeldahl digestion; and total phosphorus (TP) by colorimetry following NaOH digestion. Dissolved organic carbon (DOC; extracted by 0.5 M K2SO4) and humic carbon (HC; extracted by 0.1 M Na4P2O7 and 0.1 M NaOH) were measured using a TOC analyzer (TOC-L, Shimadzu, Kyoto, Japan). Soil total dissolved iron (DFeT) was extracted by 0.2 M H2C2O4-(NH4)2C2O4 (McKeague and Day, 1966) and measured by flame atomic absorption spectroscopy (AA240, Agilent Technologies, Santa Clara, CA, USA). Soil microbial biomass carbon (MBC) was measured by the fumigation-extraction method (Vance et al., 1987).

MFCs Setup and Operation

A picture and schematic diagram of soil MFCs are shown in Supplementary Figure S1. Twenty-one air-cathode MFC reactors were built in beakers with a 6 cm diameter and 13.5 cm height. Square carbon felt (Haoshi, Lanzhou, China) and platinized carbon paper (Hesen, Shanghai, China) were used as the anode and cathode, respectively, with the same area of 9 cm2 (side length 3 cm). In each reactor, the anode was embedded with 250 g soil (dry weight) and the cathode was placed on the soil surface. Deionized water was gently poured into the reactor to keep soil flooded. The two electrodes were connected to an external circuit with a resistance of 1000 Ω using titanium wire. The MFCs were operated in triplicate at a constant 30°C in an incubator. Voltage data generated by the MFCs were recorded every 10 min using a data acquisition module. Deionized water was added every 24 h to compensate for water evaporation and maintain the initial state. After 270 days of MFCs operation, flooded soil in each MFC was air dried under open circuit conditions at 30°C and sieved through a 2 mm diameter mesh to measure the soil properties using the same methods as detailed in the previous section. To confirm that the voltage originated from microbial processes rather than chemical reactions, another seven control MFCs were operated under the same conditions but with chloroform fumigation-sterilized soil (Deng et al., 2015; Jiang et al., 2015).

Enrichment of Fe(III)-Reducing Bacteria

The enrichment of Fe(III)-reducing bacteria in the soil samples was conducted under anaerobic conditions (10% CO2, 10% H2, and 80% N2) in an anaerobic workstation (MiniMacs, Don Whitley Scientific, Shipley, UK). For each soil sample, 2.0 g soil (dry weight) was inoculated into 100 mL basal medium. One liter of basal medium (BM) contained 8 g peptone, 1 g yeast extract, 0.12 g NH4Cl, 16 g sodium acetate, 5 g NaCl, 1.2 g K2HPO4, 1 g cysteine hydrochloride, 1 mg resazurin, 5 mL mineral, and 5 mL vitamin solutions (Sigma-Aldrich, Co., St. Louis, MO, USA) (Lovley and Phillips, 1988). The electron acceptor was 25 mM ferric citrate. The medium was boiled with N2 for 20 min and then autoclaved in sealed bottles. The pH of the autoclaved medium was 6.7. The inoculated medium was incubated at 30°C for 7 days under dark conditions. The enrichment procedure was repeated three times (Kim et al., 2005).

High-Throughput Pyrosequencing

Five-milliliters of the enrichment product were collected after the anaerobic culture and centrifuged at 14,000 × g for 10 min. The genomic DNA was immediately extracted from the precipitates using a Fast DNA SPIN kit for soil (BIO101, MP Biomedicals, Carlsbad, CA, USA) following the manufacturer’s instructions. The purity and the quantity of the extracted DNA were determined using a nanodrop UV-Vis spectrophotometer (ND-1000, NanoDrop, Wilmington, DE, USA) at 230, 260, and 280 nm.

The bacterial 16S rRNA genes of the seven enrichments were amplified using universal primers 515F (5′-GTG CCA GCM GCC GCG GTA A-3′) and 907R (5′-CCG TCA ATT CMT TTR AGT TT-3′) (Weisburg et al., 1991). The PCR reactions were quantified and the products were then purified. At least 24,000 reads were conduct for each sample using the Illumina MiSeq platform (Illumina, San Diego, CA, USA) using 2 bp × 250 bp paired end flow cells and reagent cartridges. The Illumina sequencing data were analyzed by Mothur (Schloss et al., 2009) using the MiSeq standard operating procedure (Kozich et al., 2013). The raw data were deposited in the NCBI Sequence Read Archive database with the accession number SRP071622.

Isolation and Taxonomic Analysis of Fe(III)-Reducing Bacteria

After the three rounds of 7 days anaerobic incubation, 0.5 ml of the enrichment products were separated by the spread plate method after 10-fold dilution for bacteria isolation using solid BM. The plates were incubated for 5 days under anaerobic condition, after which single black colonies were picked out and inoculated into liquid BM. The procedures were repeated three times to obtain pure cultures. All the experiments were conducted in the MiniMacs anaerobic workstation.

The phylogenetic analysis of the isolates was conducted based on the 16S rRNA gene sequences, which were PCR amplified using the primers 27F (5′-AGA GTT TGA TCM TGG CTC AG-3′) and 1492R (5′-GGT TAC CTT TGT TAC GAC TT-3′) (Suzuki and Giovannoni, 1996). The PCR products were cloned using the PeasyTM-T3 Cloning Kit (TransGen, Beijing, China) according to the manufacturer’s recommendations. GeneScript (Nanjing, China) sequenced six clones for each isolate. The vector sequences were removed using DNASTAR Lasergene (version 7.1). The gene sequences of the isolates were subjected to taxonomic assignments using BlastX. The sequences of all the isolates were submitted to GenBank with the accession numbers KT889276–KT889290. One strain each of isolate 1 (CGMCC 1.5212) and isolate 2 (CGMCC 1.5211) were deposited in the China General Microbiological Culture Collection Center.

Electrochemical Tests of the Isolates

One of the strains phylogenetically related to each species was randomly selected and the exoelectrogenic activity of the strains was characterized by polarization curve measurement using H-type dual chamber MFC reactors (100-I, Fuxiao, Changshu, China). The anode and cathode were both rectangular carbon felt with the same area of 18 cm2 (3 cm × 6 cm), connected to an external resistance of 1000 Ω using titanium wire. LB medium, which is favorable for power generation by exoelectrogenic bacteria, was used in the subsequent tests of the isolates (Feng et al., 2014). The anodic chamber and cathodic chamber were filled with 120 mL LB medium and 120 mL potassium ferricyanide [100 mM K3Fe(CN)6 in 50 mM, pH 7 PBS], respectively. The two chambers were separated by a cation exchange membrane (32S, Qianqiu, Hangzhou, China). The reactors and LB medium were autoclaved before use. Voltage data were recorded every 20 min using a data acquisition module.

The polarization curves of the MFC reactors with pure isolates were measured in the fed-batch mode (Lovley and Phillips, 1988). Briefly, the liquid medium containing isolated cells (200 μL) was inoculated into the anodic chamber. Eighty-milliliters of medium were replaced after the voltage of MFCs reached its peak. The reactors were then operated under open circuit conditions for 4 h and with different loads (50,000, 10,000, 5,000, 1,000, 800, 500, 300, 200, and 100 Ω) for 20 min for each load. All the MFCs were operated at a constant 30°C in an incubator.

Statistical Analysis

The charge generated from the MFCs, defined as the quantity of the generated electrons, was calculated as previously described (Deng et al., 2015). Current density was calculated from the external load and cell voltage according to Ohm’s law (I = U/R) and normalized to the surface area (m2) of the cathodic electrode. The power density was calculated by using P (mW m-2) = 10 × U2/(R × A), where U (mV) is the recorded voltage, A (m2) is the surface area of the anode, and R (Ω) is the external load (Cheng et al., 2006).

Significant differences between means were determined by one-way ANOVA at a level of P < 0.05, using the least significance difference (LSD) test. Cluster analysis of the Fe(III)-reducing bacteria community was conducted based on the square Euclidean distance by the between-groups linkage method. Redundancy analysis (RDA) was carried out by Canoco for Windows (version 4.5) between the Fe(III)-reducing bacteria community and environmental or electrical variables, which were selected using the Monte Carlo permutations test (499 permutations). All statistical tests, except for RDA, were performed using SPSS software (version 18.0).

RESULTS

Power Generation of Soils in MFCs

The electricity generation by MFCs comprising the seven soils lasted for 270 days (Figure 1A). The voltage curves of the MFCs were characterized by a single peak. The seven soils varied in their peak voltage and also the time from the beginning to the peak. It took about 40 days for JS, 60 days for both FJ and GX, and 100 days for JX to reach to their peak voltages. IM, HB and HN reached their peaks at round 130 days. The peak voltages of JS, GX and JX were 148.1, 123.3, and 102.6 mV, respectively. They were significantly higher (P < 0.05) than FJ (32.9 mV), HN (8.4 mV), HB (7.4 mV), and IM (6.2 mV) (Figure 1B). After the peak data, the voltage continued to decrease until the end of MFCs operation, when the voltage data of all soils were below 30 mV. During the 270 days of MFCs operation, JX generated the highest charge (1052.4 C), followed by GX (842.2 C), JS (644.7 C), FJ (302.2 C), HN (66.4 C), HB (63.5 C), and IM (41.9 C) (Figure 1C). No voltages were detected in any MFCs containing sterilized soil samples, indicating that the electricity generation originated from microbial catalysis rather than chemical reactions.
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FIGURE 1. The V-t curves (A), peak voltage (B) and charge quantity (C) of MFCs constructed using the seven soils. Data are presented as means (n = 3) in (A) and means with error bars as standard error (n = 3) in (B,C). LSD0.05 represents the least significant difference at level of P < 0.05. IM, HB, HN, JS, JX, FJ, and GX represent the seven sampling sites in Inner Mongolia, Hebei, Henan, Jiangsu, Jiangxi, Fujian, and Guangxi, respectively.



Soil Properties before and after MFCs Operation

The soil physicochemical and microbial properties varied between soils (Table 1). Before MFCs operation, the CEC, OC, TN, and HC values in soils from JS and JX were significantly higher (P < 0.05) than the other soils. JS exhibited the highest MBC, followed by JX and GX. JX also had the highest DFeT. Soils from IM, HB and HN exhibited higher soil pH (>8) but lower OC, DOC, HC, and MBC compared with the other soils. Compared with soil physiochemical and microbial properties before MFCs operation, after 270 days MFCs operation, the OC and DOC of IM, HB and HN did not change significantly; however, those of JS, JX, FJ, and GX decreased significantly (P < 0.05). The MBC of all the seven soils decreased significantly after MFCs operation.

TABLE 1. Soil physicochemical and microbial properties before and after MFCs operation.
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Diversity of Fe(III)-Reducing Bacteria in the Soils

The sequences of Fe(III)-reducing bacteria in the seven soils were assigned to the known phyla, class and family. Four phyla were observed, with Firmicutes being the overwhelmingly dominant phylum (Supplementary Figure S2A). Six classes were detected, including α-, β- and δ-Proteobacteria, Clostridia, Bacilli, and Actinobacteria (Supplementary Figure S2B). The most abundant class was Clostridia, which accounted for over 90% of the total composition in the seven soils. At the family level, the composition of Fe(III)-reducing bacteria was different between soils (Figure 2). In IM, HB and HN, Clostridiales Family XI. incertae sedis accounted for 30.5, 26.0, and 18.3% of total composition, respectively. However, it was a minor bacterial group in FJ (2.6%), GX (0.3%), JS (<0.1%), and JX (<0.1%). By contrast, the relative abundances of Lachnospiraceae in IM (7.9%), HB (3.7%), and HN (7.4%) were lower than those in JS (14.7%), JX (25.7%), and GX (29.9%). GX was dominated by Clostridiaceae (57.5%) and Lachnospiraceae (31.4%). The relative abundance of Peptostreptococcaceae in GX was only 0.1%, which was much lower than that of the other six soils (16.5∼38.5%). Eubacteriaceae and Ocillospiraceae were detected in FJ, although their relative abundances were less than 0.1%. Cluster analysis of the Fe(III)-reducing bacterial community at the family level revealed that IM, HB, and HN were grouped in one cluster, while JS, JX, and FJ were in another cluster. GX was not grouped with either cluster (Figure 2).
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FIGURE 2. Taxonomic classification of DNA sequences and cluster analysis of the Fe(III)-reducing bacteria community at the family level in the seven soils. The Fe(III)-reducing bacteria that comprised less than 0.1% of total composition in all libraries were not included. IM, HB, HN, JS, JX, FJ, and GX represent seven sampling sites in Inner Mongolia, Hebei, Henan, Jiangsu, Jiangxi, Fujian, and Guangxi, respectively.



Relationships between Fe(III)-Reducing Bacteria and Soil Properties

Redundancy analysis showed that the first two components (RDA1 and RDA2) together explained 65.5% of the total variation of the Fe(III)-reducing bacteria (Figure 3). Along RDA1, IM, HB, and HN were separated from FJ, JS and JX, and GX was separated from the two groups. RDA2 mainly separated the group comprising FJ, JS and JX from the other four soils. The relative abundances of the families Clostridiales Family XI. incertae sedis, Ruminococcaceae, Bacillaceae, Dehalobacteriaceae, Symbiobacteriaceae, and Syntrophomonadaceae were positively related to soil pH and were increased in IM, HB, and HN. The relative abundances of the families Peptostreptococcaceae, Hyphomicrobiaceae, Burkholderiaceae, and Veillonellaceae were positively related to soil OC and were increased in JS, JX and FJ. The families Clostridiaceae and Planococcaceae were more abundant in GX, and their relative abundances were positively correlated with soil DOC. Peak voltage and charge, which increased along with RDA1 and RDA2, were positively correlated with the families Hyphomicrobiaceae, Burkholderiaceae, Paenibacillaceae, Lachnospiraceae, Planococcaceae, and Clostridiaceae.
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FIGURE 3. Redundancy analysis between the Fe(III)-reducing bacteria community at the family level and selected environmental or electrical variables in the seven soils. Circles, red arrows and blue lines represented community, variables and families, respectively. The Fe(III)-reducing bacteria that comprised less than 0.1% of total composition in each soil were not included. IM, HB, HN, JS, JX, FJ, and GX represent seven sampling sites in Inner Mongolia, Hebei, Henan, Jiangsu, Jiangxi, Fujian, and Guangxi, respectively. The corresponding explained proportions of variability between variables and community are shown in the lower right corner.



Taxonomic and Electrochemical Analysis of Fe(III)-Reducing Bacteria Isolates

Culturable strains isolated from the seven soils were phylogenetically related to 15 different species, of which 11 were Clostridium spp. (Table 2). Isolate 12, belonging to the Lachnospiraceae, was isolated from JS. Isolates 13–15, belonging to Ruminococcaceae, Eubacteriaceae, and Ocillospiracea, respectively, were isolated from FJ. Polarization and power density curves of the 15 isolates are shown in Figure 4. The MFCs catalyzed by the 15 isolates showed an open circuit voltage ranging from 400 to 630 mV. The cell voltage decreased, while the electrical current increased, with decreasing external load. The voltage drops of the polarization curves showed activation losses, ohmic losses and concentration losses. The power density curves of the 15 isolates peaked at the range of 16.4∼28.6 mW m-2. Isolate 6, which was related to both Clostridium amylolyticum and Clostridium mesophilum, exhibited the highest Pmax (28.6 mW m-2) of all the isolates.

TABLE 2. Taxonomy based on 16S rRNA genes and sources of Fe(III)-reducing bacteria isolates.
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FIGURE 4. Polarization curves (black circles) and power density curves (orange circles) from microbial fuel cells using the 15 isolates as the anodic biocatalyst. Data are presented as means with error bars as standard error (n = 3).



DISCUSSION

In the present study, we investigated the characters of power generation by seven soils in MFCs over a 270 days period, and revealed that the soil OC content had the most important effect on power generation. We isolated 15 strains of exoelectrogenic bacteria from the seven soil samples, and most of them were related to Clostridium spp. These soil source exoelectrogenic bacteria isolates have not been reported before.

Soil from JX, GX, and JS generated higher peak voltages and charges compared with the other soils. This result might be explained by the higher OC content in JX, GX, and JS compared with the other soils. The RDA showed that the peak voltage and charge were positively correlated with the OC and DOC content, but negatively correlated with soil pH. The OCs served as electron donors for the exoelectrogenic bacteria, whose activity increased with the input of OCs (Di Lorenzo et al., 2009). The voltage gradually decreased after the peak voltage, especially for the JX, JS, and GX samples. Soil OC and DOC content in JX, JS, and GX significantly decreased after MFCs operation, compared with before MFCs operation, suggesting that the rapid exhaustion of OCs leads to decreased power output. By contrast, studies have shown that in air cathode MFCs, the optimal pH was between 8 and 10 for exoelectrogenic bacteria to generate power (He et al., 2008). The negative relationships between soil pH and peak voltage and charge should not indicate that acidic soil favors power generation. Therefore, we suggest that the OC and DOC contents might be more important drivers of power generation than soil pH.

Our results demonstrated that Firmicutes and Clostridia dominated the phylum and class level of Fe(III)-reducing bacteria, respectively. A previous study also found that in paddy soil, Firmicutes and Clostridia accounted for 80 and 52% of Fe(III)-reducing bacteria, respectively (Li et al., 2011). Clostridiales Family XI. incertae sedis was abundant in IM, HB, and HN. However, it was a minor group in FJ and was undetected in JS, JX, and GX. Similarly, Peptostreptococcaceae, which was undetected in GX, was abundant in the other six soil samples. A possible reason was that the two bacterial groups were sensitive to decreased soil pH. GX had the lowest pH, which might cause stress to the bacteria, leading to the lowest diversity of Fe(III)-reducing bacteria. Nevertheless, GX generated a relatively high voltage and charge. The RDA analysis suggested that three dominant bacterial groups, Clostridiaceae, Lachnospiraceae and Planococcaceae, prefer low pH and high OC content in GX, and might be important for power generation. In addition, Clostridiaceae, Lachnospiraceae and Peptostreptococcaceae, which belong to Clostridia, were abundant in most tested soils and their levels were positively related to peak voltage and charge in the RDA analysis, indicating that the Clostridia class might play an important role in power generation in soils.

All 15 isolates of Fe(III)-reducing bacteria were confirmed to have exoelectrogenic ability by the polarization test, which is one of the most widely used techniques to determine the bioelectrochemical activity of exoelectrogenic bacteria and to test MFCs performance (Puig et al., 2010; Luo et al., 2015). Most exoelectrogenic bacteria isolates are Gram-negative and belong to the phylum Proteobacteria (Zhi et al., 2014). The first Gram-positive bacterium demonstrated to produce electricity in MFCs was Clostridium butyricum EG3 (Park et al., 2001). Our results demonstrated that Clostridium was the dominant exoelectrogenic bacterial group in the studied soil samples. Isolates 1 to 11 were related genetically to Clostridium species. It was reported that Clostridium butyricum had membrane-bound cytochromes which carried out the direct electron transfer (Park et al., 2001). Species of the same genus might share the same mechanism of electron transfer. Hydrogenoanaerobacterium saccharovorans, which was closely related to isolate 13, produces H2 during growth (Song and Dong, 2009). H2 /H+ could mediate the electron transfer from exoelectrogenic bacteria to the electrode (Rosenbaum et al., 2005). Robinsoniella peoriensis, Eubacterium contortum and Oscillibacter ruminantium, which were genetically related to isolates 12, 14, and 15, respectively, have not been reported as exoelectrogenic bacteria before, and their electron transfer mechanisms remain unknown.

In our study, acetate was used as a carbon substrate in the enrichment and isolation of Fe(III)-reducing bacteria. Both acetate and glucose are the most easy-to-degrade substrates for exoelectrogenic bacteria. However, acetate exhibits higher coulombic efficiency than glucose and thus it has become the most widely applied substrate (Pham et al., 2003; Zuo et al., 2008; Fu et al., 2013). Nevertheless, some exoelectrogenic bacteria do not utilize acetate as an optimal carbon substrate (Xu and Liu, 2011; Feng et al., 2014; Luo et al., 2015), and some cannot metabolize acetate at all. For example, Shewanella oneidensis oxidizes lactate rather than acetate under anaerobic conditions (Lovley et al., 1993). In addition, some exoelectrogenic bacteria are unable to reduce Fe(III) (Fu et al., 2013). We suggest that more exoelectrogenic bacterial strains should be isolated from soils using more kinds of donors and acceptors.
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Rhodopseudomonas palustris has emerged as a model microbe for the anaerobic metabolism of p-coumarate, which is an aromatic compound and a primary component of lignin. However, under anaerobic conditions, R. palustris must actively eliminate excess reducing equivalents through a number of known strategies (e.g., CO2 fixation, H2 evolution) to avoid lethal redox imbalance. Others had hypothesized that to ease the burden of this redox imbalance, a clonal population of R. palustris could functionally differentiate into a pseudo-consortium. Within this pseudo-consortium, one sub-population would perform the aromatic moiety degradation into acetate, while the other sub-population would oxidize acetate, resulting in a single-genotype syntrophy through acetate sharing. Here, the objective was to test this hypothesis by utilizing microbial electrochemistry as a research tool with the extracellular-electron-transferring bacterium Geobacter sulfurreducens as a reporter strain replacing the hypothesized acetate-oxidizing sub-population. We used a 2 × 4 experimental design with pure cultures of R. palustris in serum bottles and co-cultures of R. palustris and G. sulfurreducens in bioelectrochemical systems. This experimental design included growth medium with and without bicarbonate to induce non-lethal and lethal redox imbalance conditions, respectively, in R. palustris. Finally, the design also included a mutant strain (NifA*) of R. palustris, which constitutively produces H2, to serve both as a positive control for metabolite secretion (H2) to G. sulfurreducens, and as a non-lethal redox control for without bicarbonate conditions. Our results demonstrate that acetate sharing between different sub-populations of R. palustris does not occur while degrading p-coumarate under either non-lethal or lethal redox imbalance conditions. This work highlights the strength of microbial electrochemistry as a tool for studying microbial syntrophy.

Keywords: single-genotype syntrophy, Rhodopseudomonas palustris, microbial electrochemistry, lignin degradation, redox balance

IMPORTANCE

Synthrophic microbial relationships are of utmost importance in nature. They resolve important electron flow issues under anaerobic conditions and make microbial life under difficult thermodynamic conditions possible. During the anaerobic breakdown of the electron-rich aromatic ring in monomers of lignin, the photoheterotrophic bacterium R. palustris must strategically dispose of excess reducing equivalents. Researchers had in the past hypothesized that a syntrophy may exist within a single culture—cells that convert the monomer into acetate and other cells that further oxidize acetate. However, conclusive proof is elusive. Here, we used a co-culture of R. palustris and Geobacter sulferreducens in a bioelectrochemical system to examine if such a single-genotype syntrophy exists. A 2 × 4 experimental design with several positive controls under both non-lethal and lethal conditions did not identify any evidence for a single-genotype syntrophy strategy by R. palustris, failing to provide support for this hypothesis.

INTRODUCTION

Lignin is the most abundant source of organic aromatic compounds, and the second most abundant organic carbon source in the biosphere (Suhas et al., 2007). Due to its overwhelming supply, lignin presents itself as a prime substrate for biomass conversion to produce renewable resources and energy. Unfortunately, the abundance of lignin is rivaled only by the difficulty microbes have in metabolizing it, especially under anaerobic conditions (Beckham et al., 2016). This is because lignin is a class of structurally complex, high molecular weight molecules that contain many aromatic groups and remain largely insoluble. Previous studies on anaerobic lignin metabolism have focused primarily on the degradation of lignin monomers and the demonstration of anaerobic aromatic ring fission (Evans, 1963; Healy and Young, 1979; Colberg and Young, 1982; Porter and Young, 2013). Since this discovery, degradation of lignin oligomers and monomers have been demonstrated under strictly anaerobic conditions, though, it is still debated if complex lignin can be degraded under these conditions (Kirk and Farrell, 1987; Brown and Chang, 2014).

Rhodopseudomonas palustris is a model microbe for lignin monomer degradation and has also emerged as an attractive microbe for bioenergy production. This purple non-sulfur bacterium has been well-characterized for its anaerobic metabolism of lignin monomers (e.g., p-coumarate) in the presence of light (Harwood and Gibson, 1986; Pan et al., 2008; Hirakawa et al., 2012; Phattarasukol et al., 2012). However, while growing photoheterotrophically with p-coumarate, R. palustris must orchestrate a number of metabolic strategies for managing excess reducing equivalents that accumulate from this aromatic substrate. While CO2 fixation and H2 evolution have both been previously implicated in managing the redox balance for R. palustris (McKinlay and Harwood, 2010, 2011), determining whether every cell is performing these redox-balancing activities, or if it is a shared strategy between an entire community, has remained obscure.

It has been hypothesized that while degrading p-coumarate in pure culture, R. palustris forms a pseudo-consortium with division of metabolic tasks (1. p-coumarate to benzoate, 2. benzoate to acetate/formate/H2, and ultimately 3. acetate/formate/H2 oxidation) between sub-populations, resulting in a single-genotype syntrophy (Karpinets et al., 2009). The observation that R. palustris releases acetate when growing with n-butyrate provides support that acetate could be a preferred metabolite to share when growing on a variety of reduced substrates (McKinlay and Harwood, 2011). By secreting acetate during p-coumarate degradation to be utilized by another sub-population, this strategy reduces the redox imbalance that would arise within a single cell converting p-coumarate completely to CO2. We refer to this here as acetate sharing. This reduces the demand for electron acceptors within the p-coumarate-degrading population, and thus enables the redox balance to be shared between the members in this hypothesized pseudo-consortium. Due to the metabolic versatility of the R. palustris genome, acetate sharing would employ many of the same thermodynamic advantages that are present within a complex microbial consortium.

Complications in experimentally verifying acetate sharing exist since transcriptomic or proteomic analyses from bulk pure culture studies measure all sub-populations together as an average, and many limitations still exist with bacterial single-cell RNA-seq (Saliba et al., 2014). To experimentally test whether R. palustris utilizes acetate sharing as a redox strategy while metabolizing p-coumarate, we coupled R. palustris with the acetate-oxidizing, electrochemically active microbe Geobacter sulfurreducens within a bioelectrochemical system (BES). In this system, G. sulfurreducens functions as a surrogate for the hypothesized sub-population of R. palustris that is responsible for acetate oxidation, and as a reporter for the magnitude of acetate sharing.

G. sulfurreducens is a model microbe for a high efficiency conversion of both acetate and H2 into electric current when grown at an oxidizing electrode (anode) in a BES (Bond and Lovley, 2003). Conserving energy for metabolism in the process, G. sulfurreducens completely oxidizes both acetate and H2 with electrons exiting the system through an electrical circuit of a BES, resulting in an electric current. By complementing R. palustris growing on p-coumarate with G. sulfurreducens in a BES under conditions that present a challenge to cellular redox, an anaerobic co-culture of these two microbes could probe whether acetate sharing within a single-genotype population of R. palustris occurs. Therefore, the electric current (real-time output signal) from the reporter strain G. sulfurreducens serves as a proxy for acetate sharing by the p-coumarate degrading subpopulation of R. palustris. Because of the ability of G. sulfurreducens to channel electrons out of the system via the electrode, and since a buffer would neutralize excess H+, G. sulfurreducens functions as a sink for excess reducing equivalents in the form of acetate or H2. Further, acetate oxidized by G. sulfurreducens can return back to R. palustris in the form of CO2, even when exogenous [image: image] is omitted from the media. Therefore, if R. palustris engages in acetate sharing, a BES co-culture between R. palustris and G. sulfurreducens would ease the burden of redox imbalance, and could even rescue growth of R. palustris from conditions that would otherwise induce a lethal redox imbalance (−[image: image]).

Our 2 × 4 experimental design for p-coumarate degradation included with and without bicarbonate in the growth medium (Table 1). With bicarbonate, R. palustris CGA009 has the exogenous electron acceptor CO2 available to get rid of reducing equivalents by fixing CO2 into biomass and allowing growth by avoiding lethal redox imbalance (1 in Table 1). Without bicarbonate, and in the presence of [image: image], wild-type R. palustris CGA009 does not have enough electron acceptors to maintain redox balance, resulting in arrested growth (McKinlay and Harwood, 2010) (2 in Table 1). The study was designed based on four strain combinations and the experimental design included the mutant strain (NifA*) of R. palustris CGA009, which constitutively expresses nitrogenase genes in the presence of [image: image] to secrete H2. H2 production reduces the strain of reducing equivalents in a way to ensure a non-lethal redox imbalance condition even without bicarbonate in the growth medium. It, therefore, serves as a redox-balanced positive control for without bicarbonate experiments (3 and 4 in Table 1).

Table 1. 2 × 4 experimental design for p-coumarate degradation with R. palustris and two additional positive controls with different substrates.

[image: image]

For the co-culture experiments in BESs with the reporter strain G. sulfurreducens, the wild-type R. palustris CGA009 cannot produce H2. Thus, any electric current generation with this co-culture is indicative of acetate sharing under a non-lethal redox imbalance condition with bicarbonate (5 in Table 1). Importantly, electric current generation for the more stringent, lethal redox imbalance condition without bicarbonate would strongly be indicative of acetate sharing because CGA009 cannot otherwise grow under these conditions (6 in Table 1). Finally, for the co-culture experiments with the NifA* mutant, we anticipate electric current production even without acetate sharing because G. sulfurreducens can consume the H2 secreted by NifA*, thus functioning as a positive control for G. sulfurreducens-produced current through consuming metabolites (H2) shared by R. palustris (7 in Table 1). However, without bicarbonate we do not anticipate an electric current without acetate sharing. While G. sulfurreducens can generate current from acetate in the absence of CO2(Sun et al., 2014), the behavior of G. sulfurreducens is poorly understood in the absence of CO2 (Soussan et al., 2013), and activity with H2 has never been reported. Thus, any sustained electric current would be indicative of acetate sharing with NifA* in this co-culture (8 in Table 1).

In addition to these eight (2 × 4) experiments for p-coumarate degradation with R. palustris under anaerobic conditions, we performed two additional experiments with other substrates to function as positive controls for acetate sharing with the reporter strain G. sulfurreducens. The substrate n-butyrate was a positive control to show that, in principle, acetate sharing would be possible under non-lethal redox imbalance conditions for the wild-type strain CGA009 (9 in Table 1). In addition, acetate was fed directly to the NifA* + G. sulfurreducens co-culture without bicarbonate to validate the reporter strain (G. sulfurreducens) was active and to rule out that a negative result (no current) was indeed an indication for the absence of acetate sharing rather than a problem with the reporter strain or equipment (10 in Table 1). In summary, this study was designed to conclusively ascertain whether acetate sharing occurs within a single-genotype consortium of R. palustris while degrading p-coumarate for maintaining redox balance at two stringency levels: non-lethal and lethal redox imbalance conditions.

MATERIALS AND METHODS

Growth

Rhodopseuomonas palustris strains CGA009 and NifA*, which were provided by Dr. Caroline Harwood (University of Washington), and Geobacter sulfurreducens were routinely cultivated in filter-sterilized anaerobic fresh water (FW) medium. FW medium consisted of 2.5 g NaHCO3, 0.1 g KCl, 0.25 g NH4Cl, 0.52 NaH2PO4, 10 mL FW Vitamins, and 1 mL FW Minerals per liter, which was neutralized to pH 7.0 (Li et al., 2012). Precultures of G. sulfurreducens were grown in FW medium with 10 mM acetate and 20 mM fumarate acting as carbon substrate and terminal electron acceptor, respectively. Precultures of R. palustris CGA009 and NifA* were grown in the light with 2 mM p-coumarate as the sole organic carbon source. NaHCO3 was replaced with a 25 mM phosphate buffer at a final pH of 7.0 for precultures of NifA* intended for experiments in the absence of [image: image]. Toxicity screens validated that 2 mM p-coumarate did not inhibit any of the strains used in this study (data not shown).

R. palustris Characterization in Serum Bottles

Batch serum bottle experiments for the characterization of CGA009 and NifA* strains in pure culture with p-coumarate in FW media with and without bicarbonate were incubated in triplicate in an environmental growth chamber (GC8-2VH, EGC, Chagrin Falls, OH). Conditions were maintained at 30.0°C with 80 μmol of photons/s/m2 (photons between 400-700 nm) from both fluorescent and incandescent lamps.

Bioelectrochemical Reactors

Two-chamber, H-type reactors were used for all electrochemical experiments. The reactors were constructed out of autoclavable glass with water jackets for temperature control and ports for electrochemical components (TerAvest et al., 2014). The working electrode consisted of 9 × 9 cm carbon cloth (PANEX ® 30 − PW06, Zoltek Corp, St Louis, MO), which was attached to a carbon rod with carbon cement (CCC Carbon Adhesive, EMS, Hatfield, PA). The working electrode was potentiostatically controlled (VSP, BioLogic USA, Knoxville, TN) at +0.300 V vs. Ag/AgCl using an Ag/AgCl/sat'd KCl reference electrode (made in-house). The counter electrode consisted of a 2 × 7 × 1 cm carbon block (Poco Graphite, Decatur, TX), which was attached to a carbon rod with carbon cement (CCC Carbon Adhesive) and was separated from the counter chamber by a cation exchange membrane (Membranes International, Ringwood, NJ). Prior to the operating period, the reactors were autoclaved and only sterile components were added. The working chamber contained 450 mL of FW medium and the counter chamber contained 450 mL of FW medium with no carbon source. The reactors were maintained at 30.0°C with water jackets and a recirculating water heater (Model 1104, VWR Scientific, Radnor, PA) and uniformly illuminated with 60-W incandescent lamps at an intensity of ~ 40 W/m2. Lids with butyl rubber stoppers were used to maintain gastight conditions while sampling and replacing the medium. Anaerobic conditions were maintained by sparging reactors with either 80:20 N2/CO2 or N2 through sterile filters for conditions with and without bicarbonate, respectively.

Electrochemical Experiments

For co-culture experiments, G. sulfurreducens was initially grown at the anode in FW medium with 10 mM acetate under continuous-flow conditions in biological triplicates. After a biofilm and stable current production were achieved, the working chamber was flushed at a rate of 0.75 L/h with 1.5 L of either sterile anaerobic FW medium with 2 mM p-coumarate and: (1) 30 mM [image: image]; or (2) a 25 mM phosphate buffer and no [image: image]. The reactors were then operated in batch with no sparging for the conditions with [image: image] and active N2 sparging for the conditions without [image: image]. Following media replacement, the reactors were allowed to reach an electrical baseline before inoculating them with R. palustris. Samples were taken throughout the operating period to monitor OD600, pH, and relevant metabolites. All non-aromatic metabolites were detected via HPLC (600 HPLC, Waters, Milford, MA) with a refractive index detector and an Aminex HPX-87H column (Bio-Rad, Hercules, CA). The column was maintained at a temperature of 60°C, and a 5 mM sulfuric acid eluent at a flow rate of 0.6 mL/min was used as the mobile phase. Aromatic metabolites were detected via a Thermo Scientific Ion Chromatograph System (ICS-1100, Dionex, Sunnyvale, CA) with a Dionex IonPac™ AS22 column (4 × 250 mm) and a Dionex Variable Wavelength Detector set to 285 nm. AS22 eluent was used at a flow rate of 1.2 ml/min. Metabolites were identified by retention times from high purity standards (Sigma-Aldrich, St. Louis, MO).

Microscopy

Mid-log phase cultures of R. palustris CGA009 and NifA* growing in batch serum bottles containing FW 2 mM p-coumarate with [image: image] were visualized using a KH-7700 digital microscope system (Hirox, Hackensack, NJ). Liquid samples were removed from growing cultures, 10 μL was added directly to a microscope slide with coverslip, and was directly visualized from above with a Hirox MX(G)-10C OL-140II lens. Cell aggregate geometries were measured using the integrated Hirox software and approximately 50 measurements were averaged.

RESULTS AND DISCUSSION

R. palustris Strains CGA009 and NifA* Show Similar Metabolic Profiles While Degrading p-Coumarate with Bicarbonate under Anaerobic Conditions

We inoculated the wild-type R. palustris CGA009 into serum bottles containing anaerobic FW medium with 2 mM p-coumarate with and without the addition of [image: image]. As mentioned above and described in the literature (McKinlay and Harwood, 2010), the wild-type R. palustris CGA009 was only able to degrade p-coumarate and grow when bicarbonate was added to the anaerobic medium to avoid a lethal redox imbalance (Figure 1). The mutant R. palustris NifA*, on the other hand, was able to degrade p-coumarate and grow with and without bicarbonate due to the formation of H2 and the resulting elimination of excess reducing equivalents (Figure 1).


[image: image]

FIGURE 1. Triplicate growth of R. palustris strains CGA009 and NifA* in FW medium 2 mM p-coumarate with and without bicarbonate ([image: image]). Squares and circles represent +[image: image] and −[image: image] conditions, respectively. Gray icons denote R. palustris CGA009 and white icons denote R. palustris NifA*. All precultures for growth experiments were in FW 2 mM p-coumarate with bicarbonate medium except for the NifA* culture, which was grown without bicarbonate to avoid the log lag phase when adapting from with to without bicarbonate conditions.



The pathway for p-coumarate metabolism by R. palustris has been previously studied with identification of all intermediates and mechanisms (Pan et al., 2008). To ascertain whether any major metabolic differences between strains CGA009 and NifA* exist, we carefully compared their behavior under identical conditions in serum bottles with 2 mM p-coumarate under anaerobic conditions. We observed that the metabolism of p-coumarate by R. palustris occurs in distinctive phases, starting with the non-β-oxidative cleavage of the alkyl side chain, and yielding a nearly stoichiometric conversion to 4-hydroxybenzoate (Figure 1). The observation that p-coumarate is converted entirely to 4-hydroxybenzoate at a 1:1 ratio suggests no sub-population is degrading downstream metabolites and the only active metabolism at that time point is on the alkyl side chain. The hydroxyl group was then removed to produce benzoate (not detected), which was rapidly degraded by β-oxidation after activation and cleaving the aromatic ring (Harrison and Harwood, 2005; Pan et al., 2008). The transient production of 4-hydroxybenzoate began with the onset of p-coumarate metabolism and disappeared with the plateau of maximum culture OD, suggesting it is rapidly consumed once taken up by the cell (Figure 1). No other downstream metabolites, including acetate, were detected via HPLC. With bicarbonate, R. palustris CGA009 and NifA* both have very similar rates of metabolism of p-coumarate and 4-hydroxybenozate, resulting in similar consumption profiles. This similar metabolic behavior for CGA009 and NifA* under anaerobic conditions is helpful for the rest of our comparative study.

Despite nearly identical rates of substrate consumption, the optical density between the two cultures rapidly diverged with R. palustris NifA* reaching a density more than double that of CGA009 (0.372 ± 0.067 vs. 0.847 ± 0.002 maximum OD600; Figure 1). This result is counterintuitive, however, because CGA009 should produce more biomass per unit of substrate consumed compared to NifA* due to the extra reducing equivalents available to CGA009 to fix CO2 that are not lost to H2 evolution (McKinlay and Harwood, 2010). The observation that substrate consumption still occurred at the same rate within both environments, however, suggests that a similar level of active cells must be present within both cultures.

To investigate this, digital microscopy of the two cultures revealed that under these conditions CGA009 tended to grow primarily in granule-like aggregations ranging from 20 to 200 μm in width, while NifA* grew primarily as single cells with only infrequent small granules observed (Figure 2). The reduced optical density of CGA009 compared to NifA* is, thus, likely due to aggregation under this condition as substrate metabolism rates demonstrate that similar levels of active cells were likely present, while optical densities varied between the two cultures. Because the only difference between strain CGA009 and NifA* is the constitutive expression of nitrogenase genes in NifA*, this phenotypic distinction can be attributed to the alternate pathways for maintaining redox balance (i.e., CO2 fixation vs. H2 evolution) and demonstrates the drastically different outcomes that these strategies can have on global cellular behavior. This observation further suggests that metabolite sharing could be a viable strategy undertaken by a CO2-fixing pseudo-consortium of R. palustris CGA009 due to the tendency to aggregate, since this aggregating phenotype is abolished when H2 secretion by individual cells is utilized as the primary route to redox balance.
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FIGURE 2. Digital microscopy of R. palustris CGA009 and NifA* grown in pure culture on FW 2 mM p-coumarate with bicarbonate. Aggregates of cells appear as dark clumps (CGA009), single cells can be seen as ~ 4 μM long rods (NifA*).



Acetate Sharing under Non-Lethal Redox Imbalance Conditions Was Not Observed

To investigate whether acetate sharing occurs under non-lethal redox conditions, R. palustris CGA009 and NifA* were independently inoculated into G. sulfurreducens-pregrown BESs containing 2 mM p-coumarate as the sole carbon source in FW medium with bicarbonate. Because both strains of R. palustris are capable of growing under these conditions, the presence of G. sulfurreducens on the electrode as a potential electron sink is not obligate for growth for either strain under these conditions and any current produced would be through metabolite sharing of either acetate (CGA009 or NifA*) or H2 (limited to NifA*). Since acetate sharing is proposed as a strategy that develops in pure cultures, the R. palustris precultures used to inoculate the electrochemical reactors would already be performing acetate sharing, minimizing any adaptation response upon introduction into the BES and eliminating any lag time before observable current production. In addition, because the electrode is the only terminal electron acceptor for growth of G. sulfurreducens under these conditions, any increase in the planktonic optical density would be attributed to R. palustris.

By comparing metabolite profiles with bicarbonate from the BESs (Figure 3) to those previously determined from serum bottle experiments (Figure 1), we found that conversion of p-coumarate to p-hydroxybenzoate and subsequent consumption occurred at nearly the same rate for both strains between both systems. However, the optical density for both strains was considerably lower in the BESs than when grown in serum bottles (Figures 1, 3). This was likely due to the preferential growth of R. palustris on the electrode and reactor surfaces compared to in the planktonic state since biofilm growth on all surfaces was observed in the BESs. Even with biofilm formation, the optical density trend with CGA009 growing at lower levels than NifA*, which we observed in serum bottles (Figure 1), was even more pronounced in the BESs (Figure 3).
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FIGURE 3. Co-culture growth of R. palustris CGA009 and NifA* with Geobacter sulfurreducens in FW medium 2 mM p-coumarate with bicarbonate. Current for R. palustris CGA009 and NifA* denoted by gray and black lines, respectively. Growth and metabolites for R. palustris CGA009 and NifA* denoted by gray and white squares, respectively.



While both strains appeared to perform similarly with regard to their metabolism of p-coumurate, NifA* was the only strain of the two to elicit an electrochemical response from G. sulfurreducens in the BES. The electrochemical signal produced in the R. palustris NifA* and G. sulfurreducens co-culture closely mirrored the metabolite profile, with current production beginning at the onset of p-coumarate consumption (Figure 3). Following the complete conversion of p-coumarate to 4-hydroxybenzoate, a short inflection in the current was observed while R. palustris transitioned to consuming 4-hydroxybenzoate (Figure 3). Finally, current production peaked at 1.43 ± 0.15 mA, which coincided with the decrease in measured 4-hydroxybenzoate concentrations (Figure 3). Collectively, this suggests that the observed current from the NifA* G. sulfurreducens co-culture closely followed the metabolic trends of NifA* growing in the electrochemical system, and was mediated by H2 evolution from the NifA* strain rather than from acetate sharing since negligible current was produced from CGA009 under identical conditions (Figure 3). The lack of current produced from CGA009 likely demonstrates that no acetate was shared between R. palustris and G. sulfurreducens under these conditions, though, we cannot completely rule out the possibility that secreted acetate remained within the aggregations of R. palustris (Figure 2). On the other hand, from studies with dense anaerobic granules in bioreactors, we know that self-diffusion coefficients for granular biomass are 56–75% that of free water (Lens et al., 2003). With ample opportunities for diffusion of acetate out of the microbial aggregates and the ability of G. sulfurreducens to uptake acetate at μM levels (Esteve-Nunez et al., 2005), our observations strongly indicate that acetate sharing from the p-coumarate degrading population was not utilized as a strategy to aid redox balance under non-lethal conditions.

Acetate Sharing Was Not Initiated Even under Lethal Redox Imbalance Conditions

It is possible that acetate sharing in R. palustris may only be initiated under more stringent conditions, such as during a lethal redox-imbalance condition (without bicarbonate). In our BESs with G. sulfurreducens, we provide an efficient electron sink for acetate oxidation with an electrode. Thus, creating an ideal biological test bed in which stringent conditions can be combined with a possible solution to avoid a lethal redox imbalance—but only when acetate sharing is performed by R. palustris. To test this, R. palustris CGA009 and NifA* were separately introduced into G. sulfurreducens-pregrown BESs with 2 mM p-coumarate FW medium without bicarbonate. To maintain a proper pH level and to neutralize H+, we included a 25 mM phosphate buffer. In addition, to provide an opportunity for association between G. sulfurreducens and R. palustris at the electrode, R. palustris CGA009 was pre-grown together with G. sulfurreducens on the electrode before switching to without bicarbonate conditions.

Even though R. palustris CGA009 did not exhibit any planktonic growth within the BESs once conditions were switched to without bicarbonate, p-coumarate was rapidly taken up and metabolized to 4-hydroxybenozate after the medium replacement was completed (Figure 4). Because the acetyl-CoA unit derived from the conversion of p-coumarate to 4-hydroxybenzoate can be metabolized without producing net excess reducing equivalents (McKinlay and Harwood, 2010), it is expected that this conversion can be achieved without the aid from G. sulfurreducens at the electrode. Indeed, no electric current was registered during this time period (Figure 4). This conversion in the BES co-culture (Figure 4) occurred much faster than in the serum bottle cultures (Figure 1) due to the higher R. palustris biomass in the reactor from pre-culturing with G. sulfurreducens. Following the initial metabolism of p-coumarate to 4-hydroxybenzoate, no further metabolism was observed, resulting in a continued high concentration of this intermediate (Figure 4). This suggests that after consuming the alkyl moiety from p-coumarate, the excess of electrons from the aromatic group saturated the redox balance of R. palustris and growth was restricted. The absence of current production from G. sulfurreducens and inability of R. palustris to further catabolize the substrate demonstrates that even under restrictive growth conditions where redox imbalance becomes lethal, R. palustris CGA009 did not eliminate excess reducing equivalents in the form of acetate for oxidation by a syntrophic partner. Notable, however, when illumination was removed from the CGA009 culture without bicarbonate, a transient increase in electric current was observed without growth or further substrate metabolism (Figure 4 time: 150, 190, and 230 h). It is unclear to us why this relatively low electric current production (and possible acetate release) occurred in the co-culture during dark conditions and would require further investigation to discern.
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FIGURE 4. Co-culture growth of R. palustris CGA009 and NifA* with Geobacter sulfurreducens in FW medium 2 mM p-coumarate without bicarbonate. R. palustris CGA009 and NifA* are represented by the gray line or gray circles and black line or white circles, respectively. NifA* was precultured in FW medium 2 mM p-coumarate without bicarbonte while CGA009 was pre-grown with G. sulfurreducens at the electrode.



Growth and metabolism kinetics of NifA* in the co-culture without bicarbonate were very similar to our previous experiments including p-coumarate and 4-hydroxybenzoate (Figure 4). However, while NifA* previously elicited a current response in FW medium and 2 mM p-coumarate with bicarbonate due to H2 production, no electric current was produced from growth of NifA* with G. sulfurreducens without bicarbonate. This negative result identifies that acetate sharing was not induced with G. sulfurreducens. The lack of current produced by H2 oxidation by G. sulfurreducens was anticipated, since while it has been demonstrated that G. sulfurreducens can consume acetate and produce current in a phosphate buffer lacking bicarbonate, this has never been observed for just H2 (Soussan et al., 2013; Sun et al., 2014). To verify that this was a true negative result and rule out the possibility that G. sulfurreducens was simply inhibited following prolonged exposure to FW and 25 mM phosphate buffer without bicarbonate, sterile sodium acetate was injected into the BES at hour 240 after all p-coumarate had been consumed. We observed an immediate large electric current signal (current magnitude exceeded 2 mA scale) following the acetate addition, verifying that G. sulfurreducens was active (Figure 4).

During co-culture experiments we did not observe an acetate-based electric current signal from G. sulfurreducens as a product of the anaerobic degradation of p-coumarate by R. palustris (Figure 4). To validate that acetate released by R. palustris could in fact be utilized by G. sulfurreducens within this system, R. palustris CGA009 and G. sulfurreducens were co-cultured in FW with bicarbonate, and 2 mM p-coumarate was replaced with 11 mM n-butyrate. Because G. sulfurreducens cannot directly metabolize n-butyrate, and secretion of acetate had previously been measured during metabolism of n-butyrate by a pure culture of R. palustris (McKinlay and Harwood, 2011), this condition functions as a positive control for an acetate sharing-based electric signal (Figure 5). The production of a large current from within this system, and the emergence of a detectible concentration of acetate, coincides with butyrate consumption by R. palustris and validates our expectation that current would have been produced by G. sulfurreducens if acetate had been released by R. palustris during the metabolism of p-coumarate.
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FIGURE 5. Co-culture growth of R. palustris CGA009 with Geobacter sulfurreducens in FW medium with 11 mM n-butyrate and bicarbonate.



CONCLUSION

The hypothesis that R. palustris engages in metabolite sharing within a single-genotype consortium to avoid complications of redox imbalance that can arise within a single cell was tested by investigating metabolite sharing of acetate between R. palustris and G. sulfurreducens. Since, R. palustris CGA009 cannot produce H2 when [image: image] is supplied as the only N source, R. palustris NifA* was used as a redox balance positive control for growth and metabolite sharing (of H2) with G. sulfurreducens. An aggregating phenotype was initially observed for R. palustris CGA009, suggesting a desire to form close cellular interactions under these conditions, whereas NifA* demonstrated no aggregating phenotype. This finding could have supported the acetate-sharing hypothesis, however, no current was produced by G. sulfurreducens through acetate sharing from R. palustris CGA009 within the BES under both non-lethal and lethal redox imbalance conditions. Although CGA009 was capable of complete metabolism of the alkyl side chain of p-coumarate, further metabolism of the aromatic group yielded too many reducing equivalents and quickly resulted in a lethal redox imbalance in BES conditions without bicarbonate. Because G. sulfurreducens functioned as the sole electron sink for oxidizing excess reducing equivalents by conversion of acetate to CO2 without bicarbonate, the absence of an acetate sharing-based electric current strongly indicates that R. palustris does not use acetate sharing to manage the excess of reducing equivalents via a single-genotype syntrophy. It was not expected that additional incubation of the CGA009 BES without bicarbonate would eventually stimulate acetate sharing with G. sulfurreducens, akin to adaptation phases in similar syntrophy evolution studies (Summers et al., 2010), since the acetate sharing activity would have already been present in the CGA009 preculture before the electrochemical experiment began.
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An electrophototrophic, hydrocarbonoclastic bacterium Rhodopseudomonas palustris stain RP2 was isolated from the anodic biofilms of hydrocarbon fed microbial electrochemical remediation systems (MERS). Salient properties of the strain RP2 were direct electrode respiration, dissimilatory metal oxide reduction, spore formation, anaerobic nitrate reduction, free living diazotrophy and the ability to degrade n-alkane components of petroleum hydrocarbons (PH) in anoxic, photic environments. In acetate fed microbial electrochemical cells, a maximum current density of 305 ± 10 mA/m2 (1000Ω) was generated (power density 131.65 ± 10 mW/m2) by strain RP2 with a coulombic efficiency of 46.7 ± 1.3%. Cyclic voltammetry studies showed that anaerobically grown cells of strain RP2 is electrochemically active and likely to transfer electrons extracellularly to solid electron acceptors through membrane bound compounds, however, aerobically grown cells lacked the electrochemical activity. The ability of strain RP2 to produce current (maximum current density 21 ± 3 mA/m2; power density 720 ± 7 μW/m2, 1000 Ω) using PH as a sole energy source was also examined using an initial concentration of 800 mg l-1 of diesel range hydrocarbons (C9-C36) with a concomitant removal of 47.4 ± 2.7% hydrocarbons in MERS. Here, we also report the first study that shows an initial evidence for the existence of a hydrocarbonoclastic behavior in the strain RP2 when grown in different electron accepting and illuminated conditions (anaerobic and MERS degradation). Such observations reveal the importance of photoorganotrophic growth in the utilization of hydrocarbons from contaminated environments. Identification of such novel petrochemical hydrocarbon degrading electricigens, not only expands the knowledge on the range of bacteria known for the hydrocarbon bioremediation but also shows a biotechnological potential that goes well beyond its applications to MERS.
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INTRODUCTION

Soil and groundwater petroleum hydrocarbon contamination has long been a serious concern to environmental and public health. Of these petroleum hydrocarbon (PH) contaminants, diesel range hydrocarbons (DRH) have been documented as one of the most abundant pollutants; they can be biodegradable in both oxic and anoxic conditions (Huang et al., 2011). Microbial remediation of these petrochemical compounds is claimed to be an efficient, economic, versatile alternative to the physicochemical methods. However, the rate of microbial utilization of these PH compounds is very slow especially in anaerobic environments where the availability of relevant electron acceptors is limited. The recent research on such recalcitrant contaminant removal using bioelectrochemical systems is leading to a new interest in its practical applications. An emerging microbial electrochemical remediation systems (MERS) shows potential as an effective approach that can exploit microorganisms for treating contaminants while generating electricity in the process. This has recently been proposed for the remediation of PH contaminants by capitalizing on the bio-catalytic potential of electrode respiring bacteria (ERB; Morris et al., 2009; Venkidusamy et al., 2016).

Electrode respiring bacteria are a group that has received much attention in the field of electromicrobiology because of their exoelectrogenic capabilities to degrade substrates that range from easily degradable natural organic compounds to xenobiotic compounds such as PH contaminants. Many studies have shown the presence of diverse, electro active-microbial communities on fuel cell electrodes including members of the Alphaproteobacteria (Zuo et al., 2008), Betaproteobacteria (Chaudhuri and Lovley, 2003), Gammaproteobacteria (Kim et al., 2002), Deltaproteobacteria (Holmes et al., 2006), and Firmicutes (Wrighton et al., 2008). Of these, Gammaproteobacteria was the dominant class found on the anodes of organic contaminants such as PH fed MERS (Morris et al., 2009; Venkidusamy et al., 2016). Several bacterial strains from this class have been isolated either from electrochemical systems fed with wastewater or defined carbons sources and their physiological roles have been studied. However, the microbial community composition is divergent in MERS (Morris et al., 2009; Venkidusamy et al., 2016), and the physiology of such populations remains to be investigated. Therefore, identification of such ERB which can be used in MERS systems for the enhanced removal of PH contaminants is of current importance.

In the present study, such a novel electrode respiring, hydrocarbonoclastic bacterial strain was isolated from the biofilms of PH fed MERS anodes and analyzed its physiology and activities in pure culture studies. This strain was found to be a Fe (III) respiring bacterium, phylogenetically related to Rhodopseudomonas palustris and designated as R. palustris strain RP2. The electrochemical activity was determined by using cyclic voltammetry and fuel cell techniques. Here, we show the existence of hydrocarbonoclastic behavior by the strain RP2, first such organism from MERS environments with several novel features.

MATERIALS AND METHODS

Bacterial Strain

The bacterium used in this study was isolated from the anodic biofilm of a MERS through serial dilution techniques. The initial source of inoculum for the PH fed MERS was a PH contaminated ground water inoculated with activated sludge. Bacterial cells of the anodic biofilm were extracted into a sterile phosphate buffer and shaken vigorously to separate cells from the electrode. The extracted cell suspensions were serially diluted and plated on modified Hungate’s medium (Hungate, 1950) and incubated anaerobically in a glove box (Don Whitley Scientific, MG500, Australia) for a period of two weeks. Single colonies were randomly selected and transferred to anaerobic agar plates filled with Luria Bertani (LB) medium (Sambrook et al., 1989). Cultures were routinely cultivated using anoxic rich medium (LB) under illuminated conditions. A chemically defined medium supplemented with Wolfe’s trace elements and vitamins was used in the fuel cell experiments as previously described (Oh et al., 2004).

Culture Conditions and Biodegradation Experiments

Bacterial cells were grown under anoxic photosynthetic conditions with acetate (20 mM) as an electron donor in phosphate buffer saline supplemented with Wolfe’s trace elements and vitamins and sealed with aluminum crimps. For experiments with different electron acceptors 10 mM nitrate, 10 mM sulfate, 10 mM iron (III) citrate, and 10 mM iron (III) oxide were used. The cells were cultured under different physiological conditions, including phototrophic and chemotrophic, oxic and anoxic conditions. The photosynthetic pigments were analyzed by measuring the whole cell absorption spectra in the UV-visible ranges from 300 to 1100 nm as described by Mehrabi et al. (2001). Biolog-GN2 plates were used to determine the carbon source utilization using the strain RP2 (Biolog., USA) according to the manufacturer’s instructions under anoxic, illuminated conditions. The cells were also tested for their growth with nitrogen-deficient solid medium lacking a carbon source according to Kranz and Haselkorn (1986). DRHs was also used as the electron donor in biodegradation experiments at a concentration of 4000 mg l-1. Hydrocarbonoclastic potential of the strain RP2 was monitored under different electron accepting, growth environments (nitrate, sulfate, iron (III) as terminal electron acceptors) including phototrophic and chemotrophic conditions. All cell cultures were maintained in triplicates for each experiment. All procedures for anoxic growth experiments, from medium preparation to manipulating the strain were performed using standard anoxic conditions. All culturing was prepared in sealed serum vials with nitrogen/carbon dioxide (80:20, v/v) in the headspace.

Fe(III) Oxide Reduction

For investigating Fe(III) respiration process, cells were grown in two different environments: anoxic photoheterotrophic and chemoheterotrophic culture conditions supplemented with crystalline Fe(III) oxide (10 mM) as the terminal electron acceptor. The cells were grown in Wolfe’s medium using acetate (20 mM) supplemented with trace elements and vitamins (Lovley and Phillips, 1988a). Fe(III) reduction was determined using the ferrozine assay (Lovley and Phillips, 1988b). The bacterial suspension was added to a pre-weighed vial containing 0.5 M HCL. HCL extracted samples were added to 5 ml of ferrozine (1 g l-1) in 50 mM HEPS buffer. The filtered samples were then analyzed in a UV-Vis spectrophotometer (maxima@λ 562 nm) to quantify the Fe(II) formation as previously described (Lovley and Phillips, 1988b).

Microscopy

Samples for transmission electron microscopy were fixed in electron microscopy fixative (4% paraformaldehyde/1.25% glutaraldehyde in PBS, + 4% sucrose, pH-7.2) and washed with buffer. Samples were postfixed in 2% aqueous osmium tetroxide. They were dehydrated in a graded series of ethanol, and then infiltrated with procure/araldite epoxy resin. Blocks were polymerized overnight at 70°C. Sections were cut on a Leica UC6 Ultramicrotome using a diamond knife, stained with uranyl acetate and lead citrate, and examined in a FEI Tecnai G2 Spirit Transmission Electron Microscope. The electrode samples were fixed and prepared as described earlier (Venkidusamy et al., 2016). The dried brush samples were examined using a scanning electron microscope (Quanta FEG 450, FEI) at an accelerating voltage of 20 kV.

16S rRNA Gene and Phylogenetic Analysis

Genomic DNA of R. palustris strain RP2 was extracted from photoheterotrophically grown cells by using the UltraClean microbial DNA isolation kit (MO BIO, Carlsbad, CA, USA) following the manufacturer’s instructions. The universal primers were used to amplify16S rRNA gene according to the procedure devised by Weisburg et al. (1991). The PCR products were purified via the UltraClean PCR clean-up kit (Mo Bio, Carlsbad, CA, USA) following the manufacturer’s instructions, and sequenced by the Southern Pathology Sequencing Facility at Flinders Medical Centre. The neighbor joining tree was constructed using the molecular evolutionary genetic analysis package version 5.0 based on 1000 bootstrap values (Tamura et al., 2011). The presence of the pufM gene was identified using published pufM primers (Achenbach et al., 2001). The presence of nifH gene was also analyzed using a gene specific primer (Cantera et al., 2004). In silico analysis was done by using the blast programs to search the GenBank and NCBI databases (http://www.ncbi.nlm.nih.gov).

Microbial Fuel Cell (MFC) construction

Single chamber and dual chamber cubic MFC reactors were used to evaluate power generation from strain RP2. Single chamber bottle MFCs were made from laboratory Schott duran bottles with a capacity of 300 ml as suggested by Logan et al. (2007). The liquid volume of the chamber was 280 ml. Dual chamber cubic MFCs were constructed using two lexan glasses separated by a cation exchange membrane (Membrane International Inc., USA). The liquid volume of a dual chamber cubic MFC was 150 ml. Anodes were carbon paper or graphite fiber brushes of 5 cm in diameter and 7 cm in length. The graphite brushes were treated as previously described (Feng et al., 2010). Plain carbon paper was used as the anode material in dual chamber cubic MFC systems. Single chamber air cathodes contained 0.5 mg cm-2 of platinum catalyst on the liquid facing side with diffusional layers of PTFE applied to the air facing side (Cheng et al., 2006). All the reactors were sterilized before use.

MFC Operational Conditions

Strain RP2 was used for fuel cell experiments with acetate (1 g/L) as the electron donor in 50 mM PBS buffer. A higher concentration (200 mM) of buffer was also used in fuel cell experiments to examine the effect on power generation. A stationary phase culture was used in the anode chamber and the cells were operated under illuminated conditions. The anodic chamber was flushed with nitrogen gas and filled with anaerobic growth medium. The anolyte was agitated using a magnetic stirrer operating at 100 rpm. In the cubic MFC, the cathode chamber was provided with air through a 0.45 μ pore sized membrane filter. Solutions were replaced when the voltage dropped <10 mV. Open circuit MFC studies were also carried out and then switched to closed circuit with a selected external load (R-1000 Ω unless stated otherwise). DRH compounds were also used as sole source of energy in degradation experiments using the strain RP2 at a concentration of 800 mg l-1 in MERS studies. All the reactors were maintained in photoheterotrophic and chemoheterotrophic culture conditions at room temperature in triplicates.

Electrochemical Analysis

The electrochemical activity of strain RP2 was examined using cyclic voltammetry with a conventional three electrode electrochemical cell with a 25 ml capacity as described earlier (Kim et al., 1999). Bacterial cells grown (aerobic and anaerobic growth environments) in Fe(III) oxide liquid cultures were harvested and used for testing electrochemical activities. Cyclic voltammograms of the bacterial suspension were obtained using a potentiostat (Electrochemical analyser, BAS 100B, USA) connected to a personal computer with BAS software. A glassy carbon working electrode (3 mm, diameter, MF-2012, BAS) and silver/silver chloride reference electrode (MW-4130, BAS) and platinum counter electrode (MW-4130, BAS) were used in a conventional three electrode system. The working electrodes were polished with alumina slurry on cotton wool before each measurement. The electrochemical cells were purged with nitrogen gas for 15 minutes before each measurement. Different scan rates were used from 5 to 100 mV/sec with a potential range from -800 to 800 mV.

Analytical Methods and Calculations

Fe(III) reduction was monitored by measuring Fe(II) production by the ferrozine method (Lovley and Phillips, 1988b). The DRH was extracted in acetone-methylene chloride (1:1) mixture, dewatered and concentrated by evaporator, and then concentrations were measured by GC-FID using a HP-5 capillary column (15 m length, 0.32 mm thickness, 0.1 μm internal diameter) following the USEPA protocol (USEPA, 1996). The resulting chromatograms were analyzed using Agilent software (GC-FID Agilent model 6890) to identify the hydrocarbon degradation products. Chemical oxygen demand was measured by COD analyser (Chemetrics, K-7365). Fuel cell power output was monitored using a DMM (Keithly Model 2701, USA) linked to a multi-channel scanner (Module 7700, Keithly Instruments, USA). Data were recorded digitally on an Intel computer via IEEE 488 input system and Keithly cable. To measure the current under closed circuit conditions, the external load was connected (R-1000Ω unless stated otherwise). Current was calculated by using I = V/R, and power was calculated via P = VI. Power density and current density were normalized to the projected surface area of a cathode. Polarization curves were plotted using various external loads with a range of 10 Ω to open circuit. Coulombic efficiency (CE) was calculated at the end of the cycle from COD removal as previously described by an Logan (2008).

Nucleotide Sequence Numbers

The 16S rRNA, pufM, nifH gene sequences have been deposited in the GenBank database under the accession numbers of KJ460004, J1289478, J223658.

RESULTS

Strain Identification

In our laboratory experiments, a strain of R. palustris strain RP2 emerged as a dominant species was isolated from the anodic biofilm PH fed MERS. R. palustris strain RP2 is a cosmopolitan phototrophic bacterium, contains double membrane bilayers, lamellar thylakoid membrane system, produce chains of magnetosomes (Venkidusamy et al., 2015), and grow as long bacillus-shaped (0.5 to 1 μm wide and 2.0 to 6 μm long cells) with asymmetric cell division. Cell division occurred by budding, with dumbbell shaped daughter cells, forming rosette-like structures. Thin section transmission electron micrographs revealed the presence of a lamellar thylakoid membrane system presumably containing the photosynthetic apparatus in anoxic phototrophically grown cells (Supplementary Figure S1A) whereas cells grown in the dark lacked intra cytoplasmic (ICM) membranes (Supplementary Figure S1B).

Photosynthetic Pigments

Photosynthetically grown anoxic liquid cells were dark red (Supplementary Figure S2A) in color whereas chemosynthetically grown anoxic cells were colorless (Supplementary Figure S2B). Cultures grown under aerobic conditions were faint pink to colorless. Thin section transmission electron micrographs revealed the presence of a lamellar thylakoid membrane system presumably containing the photosynthetic apparatus in anoxic phototrophically grown cells. Absorption maxima of the homogenized photosynthetic cells showed three bacteriochlorophyll peaks at 379, 473, and 503 nm, and peaks at 545, 594, 807, and 875 nm indicated the presence of carotenoid pigments of the spillriloxanthin series. In contrast, no peaks were observed in the chemosynthetically grown cells. The presence of the photosynthetic gene (pufM gene) in the strain RP2 was shown using PCR with primers specific for this gene, resulting in a 230 bp product.

Physiological and Metabolic Characters

The cells of strain RP2 have exceptionally flexible growth based on environmental signals such as photoorganotrophic, photolithotrophic, dark fermentative, and aerobic heterotrophic mechanisms. Optimum bacterial growth was observed at 25 to 30°C at a neutral pH, whilst no growth was detected above 40°C. Experiments to determine the growth factor requirements for the strain RP2 clearly shows the need for p-aminobenzoate, pyridoxine HCl, and folic acid (Supplementary Table S1). Salient properties of the strain RP2 were direct electrode respiration, dissimilatory metal oxide reduction, anaerobic nitrate reduction, carbon dioxide fixation, free living diazotrophy, and the ability to degrade n-alkane components of PH under anoxic environments. Strain RP2 showed growth in minimal medium in the absence of both nitrogen and carbon sources under anoxic, photosynthetic conditions. Nitrogen fixation trait was confirmed by the detection of a nifH gene required for nitrogen fixation in the strain. The strain RP2 differed from a previously reported exoelectrogenic strain of R. palustris DX1 (Xing et al., 2008) with respect to its ability of photoassimilating a range of substrates including gluconate, aspartate, glycerol, and amino-ethanol. However, the strain RP2 was unable to utilize some compounds such as sebacic acid, threonine, L-ornithine, and L-proline. The ability to utilize sodium benzoate distinguishes the strain from other species of purple sulfur bacteria. The strain RP2 can assimilate acetate photosynthetically with nitrate, sulfate, and iron as terminal electron acceptors (Supplementary Figure S3). We cultured RP2 cells under two different environmental conditions: anoxic photoheterotrophic and anoxic chemoheterotrophic with crystalline Fe(III) oxide as a terminal electron acceptor to investigate the dissimilatory metal oxide reduction trait. Fe(III) oxide reduction was monitored by color change and hydroxylamine Fe(II)extraction assay. Fe(III) oxide reduction of 69.5% ± 0.41% was observed only in anoxic photoheterotrophic environments (Venkidusamy et al., 2015) whereas chemosynthetic grown cells showed no reduction. During this process, peculiar extracellular electrically conductive nanofilamentous structures were observed in the phototrophic growth conditions as stated previously (Venkidusamy et al., 2015). When colonies are incubated for longer incubations (for a period of 4-5 weeks) under anoxic chemosynthetic conditions, they develop a complex morphology such as spore formation with a well-defined outer layer (Figure 1).
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FIGURE 1. Micrographs of spore formation in chemosynthetically grown cells of R. palustris strain RP2. (A) SEM micrograph. (B) TEM micrograph.



Phylogeny

ClustalW alignment was used to align 1420 bp of the 16S ribosomal RNA gene sequence of strain RP2 with the same region of several related non-sulfur alphaproteobacteria groups. Using this multiple alignment, the neighborhood phylogenetic tree was constructed (Figure 2). Phylogenetic analysis of 16S rRNA gene sequences of strain RP2 demonstrated that the strain was closely linked to the genera of Rhodopseudomonas with 98% identity to sequences from R. palustris ATCC (17005) and Rhodopseudomonas sp. DPT4 (2001).
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FIGURE 2. Phylogenetic tree based on 16S rRNA sequences showing the positions of the isolate, R. palustris strain RP2 and representatives of other closely related species. The tree was constructed form 1,420 aligned bases; Scale bar represents 0.002 substitution per nucleotide.



Current Generation by R. palustris Strain RP2 in Acetate MFCs

Current was generated in all the MFCs inoculated with strain RP2 using acetate as an energy source. After three days, voltage started to follow a constant pattern and then stabilized. The fuel cell electrodes were discharged through a 1000 Ω external resistance once it reached the plateau voltage generation stage. The voltage fell quickly from 690 ± 10 mV to 446 ± 5 mV after a 1000 Ω fixed resistor was connected. The maximum output range of voltage and current density were 446 ± 7 mV, 305 ± 10 mA/m2 (R = 1000 Ω) after four cycles of operation. Few representative initial cycles (average current density from triplicates) of current density are shown in (Figure 3A). After six refilling batches with a fresh substrate, the maximum current output of each batch became stable (300 ± 7 mA/m2). The maximum open circuit voltage was 700 ± 7 mV and attainable power density was 131.65 ± 10 mW/m2 (R = 1000 Ω) (Figure 3B). The CEs showed the increased trend with the increased current densities as shown in the Figure 3C. The maximum CE was 46.7% which corresponded to the maximum current density of 259.90 mA/m2. The higher buffer (200 mM) concentration were also examined at the same resistance which produced a maximum power density of 300 ± 20 mW/m2.
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FIGURE 3. (A) A few representative initial cycles of current density (average from triplicates) generated by strain RP2 fed with acetate. (B) Power density and voltage generation as a function of current density from strain RP2 inoculated acetate-fed bottle MFCs. (C) Coulombic efficiency (CE) of a few representative batches of acetate-fed bottle MFCs.



Experiments were also conducted using dual chamber cubic MFCs (CMFC) containing carbon flat paper anodes at a fixed resistance of 1000 Ω. The voltage profile of the cubic MFC revealed that the voltage produced was less than that for the air cathode MFC. A long lag time was observed with the carbon paper anode whereas a treated brush anode reduced the strain acclimation period and resulted in an increased power generation. The maximum open circuit potential and power output of CMFC were 600 ± 7 mV and 70 mW/m2, respectively. Constant power and voltage output indicated the formation of a stable biofilm around the electrode surface. Scanning electron micrographs revealed that the bacterial population from the graphite brush anode was homogenous in shape (Figure 4).
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FIGURE 4. Anode micrographs of R. palustris strain RP2 inoculated acetate-fed MFCs. (A) Treated control anode, (B) Strain RP2- biofilm on graphite surface and (C) Cells with high magnification.



Electrochemical Activity of R. palustris Strain RP2

Cell suspensions were prepared from the bacterial cells grown under anaerobic and aerobic environments to determine the electrochemical activities of the strain RP2 using cyclic voltammetry (CV) studies. Oxidation and reduction peaks of CV were observed in anaerobic grown bacterial cells (Figure 5A) whereas aerobically grown cells lacked the electrochemical activity (Figure 5B). Reduction peaks ranging from -394 mV to -399 mV and oxidation peaks ranging from -200 mV to +100 mV were observed at the electrode interface from washed cells suspensions. The calculated mid-point potential was about -278 mV. This asymmetric CV peak shows that the redox reaction is a quasi-reversible reaction. The amplitude of the peaks increased according to the growth stage of the culture in batch mode. The highest peaks were present during the exponential growth stage which indicated that the development of biofilm was the main factor for the electron transfer. One redox couple was observed from the CV peak and number of electrons transferred was calculated based on the Nernst equation (Logan, 2008). The CV peaks were not observed from the suspension of aerobically grown cells or autoclaved controls.
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FIGURE 5. Cyclic Voltammetry studies of R. palustris strain RP2. (A) Anoxic grown cells; (B) Aerobically grown cells; Scan rate: 5 mV s-1.



Hydrocarbonosclastic Potential of R. palustris Strain RP2 in Anoxic Environments

Degradation of Hydrocarbons in Anoxic, Photosynthetic Incubations

To study the hydrocarbon degradation potential of the strain RP2, experiments were performed under four different environments: oxic, anoxic, photosynthetic, and chemosynthetic. Cultures were inoculated into Wolfe’s media with DRHs as a sole carbon source with different electron accepting conditions. These incubation experiments indicate that photosynthetic anaerobic degradation of hydrocarbons occurred, however, no increase in biomass or hydrocarbon degradation was observed in chemosynthetically grown anaerobic or aerobic samples. The rate and extent of biodegradation was interpreted from GC chromatograms of the residual hydrocarbons. Figure 6A shows the possible anoxic photoheterotrophic degradation of DRH compounds under different electron accepting conditions [Photosynthetic only (PS); Photosynthetic + Nitrate (PS+N); Photosynthetic + Sulfate (PS+S); Photosynthetic + Iron (PS+Fe)]. For a substrate concentration of 4000 mg/l, cells showed ~10 to 30% of DRH removal by the end of the experiment. A higher percentage of DRH removal (30.6 ± 0.68%, 90th day) was noticed in the triplicates of sulfate containing anoxic, photoheterotrophic samples. Abiotic loss of DRH was measured under each condition was less than 5%.
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FIGURE 6. (A) Photoorganotrophic hydrocarbon degradation under different electron accepting conditions (PS-photosynthetic; PS+N- Photosynthetic + Nitrate; PS+S; Photosynthetic + Sulfate; PS+Fe- Photosynthetic + Iron). (B) A representative current density cycle of diesel fed microbial fuel cell system using strain RP2. (C) Hydrocarbon degradation under different reactor operating conditions (AC, Abiotic controls; OC, Open circuit controls; CC- Closed Circuit).



Degradation of Hydrocarbons in MERS Environments

The ability of the strain RP2 to produce electricity using DRH as a sole carbon source was also examined using an initial concentration of 800 mg l-1 of DRHs for three complete cycles. A lag time of 90 h was observed in DRH fed MERS before a constant current was established. A maximum current and power density generated at this concentration were 21 ± 3 mA/m2 (Figure 6B), 720 ± 7 μW/m2. An average of 47.4 ± 2.7% decrease in DRH was observed in closed circuit MERS inoculated with the strain RP2 by the end of experiment (30days). In the case of the abiotic (AC) and open circuit (OC) controls, DRH removal rates were 6.7 ± 0.43% and 10.1 ± 1.7% by the end of experiment. The current density and degradation profiles suggest that MERS could utilize the DRH as a sole source of energy generation which indicated the acclimation of strain RP2 biofilm (Figure 6C). However, no increase in biomass or hydrocarbon degradation or current generation was observed in chemosynthetically incubated MERS samples.

DISCUSSION

Rhodopseudomonas species are associated with a variety of environments such as limnetic zones (Eckersley and Dow, 1980), marine environments (Larimer et al., 2004), sewage sludges (Hiraishi and Ueda, 1995), euxinic lagoons (Whittenbury and McLee, 1967), and poorly drained soils. The strain RP2 is a facultatively anaerobic, Gram negative purple non-sulfur photosynthetic rod shaped bacterium, containing lamellar ICMs as previously described (Mehrabi et al., 2001). It is a magnetotactic bacterium (Vainshtein et al., 1997), capable of nitrogen (Cantera et al., 2004), and carbon dioxide fixation (Larimer et al., 2004) as reported earlier. The detection of the nif H and pufM genes confirmed the presence of diazotrophic and photosynthetic traits as stated previously (Achenbach et al., 2001; Oda et al., 2005). With respect to this, it shares general characteristics with the Rhodopseudomonas genus of Rhodopspirillaceae. However, a few distinctive features make this strain different from the existing members of the family, these include photoheterotrophic anoxic Fe(III) oxide reduction, electrically conductive filaments (Venkidusamy et al., 2015), spore formation, (Figure 1) growth factor requirements and the ability to degrade n-alkane components of DRHs in anoxic and MERS environments.

The normal growth mode of photosynthetic purple non-sulfur bacteria is photoheterotrophic; however, strain RP2 is able to switch to other metabolic modes such as photoorganoheterotrophic, phtotoorganoautotrophic, chemorg- anoheterotrophic, photolithoautotrophic, and chemoautotrophic growth. The strain RP2 also showed photolithotrophic growth with thiosulphate as an electron donor whereas pure cultures of R. blastica cannot utilize thiosulphate as an inorganic electron donor (Eckersley and Dow, 1980). Aerobic growth of the strain RP2 was also possible under both illuminated and non-illuminated conditions; however, strains of Rhodopsedumonas such as R. faecalis (Zhang et al., 2002), and R. palustris-17 (Dönmez et al., 1999) are unable to grow in oxygen rich, illuminated environments. The strain RP2 has a quite different pattern of carbon source utilization compared to other members of the genus Rhodopseudomonas (Supplementary Table S1). For example, strain RP2 was able to use gluconate and aspartate whereas R. palustris DX1 and R. palustris TIE-1 were unable to utilize those compounds (Xing et al., 2008). Under anaerobic conditions, the strain RP2 can utilize sodium benzoate as a carbon and energy source whereas the strain Rhodopseudomons DCP-3 can oxidize benzoate only under aerobic conditions (Krooneman et al., 1999). The same pattern of glucose utilization under photoheterotrophic conditions has been reported (Imhoff and Bias-lmhoff, 1995), however few strains of Rhodopseudomonas are unable to grow when the medium is enriched with glucose as a sole substrate (Dönmez et al., 1999). Different patterns of vitamin requirements including p-amino benzoic acid, folic acid and pyridoxine HCl highlighted differences in the requirements of photosynthetic non-sulfur bacteria (Dönmez et al., 1999). The most interesting feature of the strain is photoheterotrophic ferric oxide reduction which required both light and an organic carbon source. This also provided evidence of a dissimilatory metal oxide reduction pathway (DMRB) similar to that seen in other electrochemically active bacterial strains (Lovley et al., 1993; Bretschger et al., 2007). On the other hand, photoferrotrophic growth of R. palustris strain TIE-1 has been demonstrated in the studies of anaerobic oxidation of Fe(II) (Bose et al., 2014; Byrne et al., 2015). Considering these features, this strain RP2 appears to be a novel member of the purple non-sulfur photosynthetic bacterial genus of Rhodopseudomonas.

The strain RP2 can transfer the electrons to extracellular, insoluble electron acceptors as reported earlier (Xing et al., 2008; Venkidusamy et al., 2015). Recent investigations have revealed the potential of using such phototrophic biofilms in a mediator free MFC systems (Park et al., 2014; Li et al., 2015). For instance, Xing et al. (2008), documented the highest power density of 2.72 ± 0.06 W/m2 by R. palustris DX1 using dual chamber MFCs which is higher than that produced by mixed biofilms. R. palustris micro MFCs fed with renewable substrates such as blue green algae produced more power output of 10.4 mW/m3 than other chemical substrates used (Inglesby et al., 2012). The present study showed a maximum power density of 131.65 ± 10 mW/m2 (acetate fed MFC, 50 mM buffer concentration) with an electron recovery of more than 40% as current using the strain RP2. However, the maximum power densities by such pure exoelectrogens are considerably influenced by a number of reactor parameters, operating conditions such as electrodes and its distance, electrode surface area to the volume ratio, pH, dissolved oxygen, resistance, electrolytes, etc. as reported earlier (Min et al., 2005; Logan, 2008). Biofilms and supernatant of the strain RP2 was used to determine the electrochemical activity through the release of redox proteins using CV analysis (Figures 5A,B). These results suggest that the presence of redox compounds in strain RP2 may be involved in extracellular electron transfer. The CV of R. palustris strain RP2 biofilm with Fe(III) oxide revealed the distinct redox peaks at -398 mV, +150 mV. The mid-potential of the CV peaks obtained matched the outer membrane cytochromes (OmcA) that have redox potential around -240 to -320 mV as reported in Shewanella oniendensis MR (Kim et al., 2002), Geobacter, Desulfuromonas acetoxidans (Lojou and Bianco, 2004). Further, CV curves from a bacterial cell suspension showed a smaller cell potential value than the theoretical electrode potential which was responsible for poor performance and operating conditions of MFCs (Kim et al., 1999). The results also suggest that oxygenated liquid cultures prevent the synthesis of the outer membrane cytochromes which plays important role in extracellular electron transfer to insoluble metal oxides.

Metabolic Specialization and Biotechnological Potential of R. palustris Strain RP2

The genus Rhodopseudomonas has been studied as a versatile bioremediation candidate because of its exceptional growth flexibility involving the metabolism of diverse compounds. These include utilization of N-aromatic rings (Dutton and Evans, 1969), heterocyclic compounds, chlorinated compounds (McGrath and Harfoot, 1997), heavy metals and other groups of xenobiotic pollutants, for instance, phenolic compounds (Mehrabi et al., 2001), and other dihydroxylated aromatic aldehydes (Harwood and Gibson, 1986). However, the degradation of aliphatic hydrocarbons compounds by the genus Rhodopseudomonas is previously unknown. It was demonstrated here for the first time that the strain RP2 is capable of mineralizing DRHs in anaerobic environments.

In order to assess the hydrocarbon degradation potential of the strain RP2, GC scan was performed using the photoheterotrophicaly grown samples grown under different electron accepting conditions. We showed evidence for the existence of anaerobic hydrocarbon degrading capability in the strain RP2 when grown under illuminated conditions in the presence of thiosulfate. To obtain deeper insights into hydrocarbon degradation mechanism by the strain RP2, further research is required in terms of catabolic genes encoding alkane degrading enzymes such as Cytochrome 450, alk genes including alkB, alkM, alkA etc., The presence of such specific catabolic genes was investigated using the PCR mediated amplification method with various oligonucleotide primers (Supplementary Table S3). This strain, however, showed negative and non-specific results for CYP153A, alkB and its related, alkM and alkA genes. Efforts are being made using R. palustris strain RP2 genome sequence analysis to improve our understanding of anoxic photoorganotrophic hydrocarbon degradation mechanism in strain RP2. Metabolic prediction analysis using KEGG (Kyoto encyclopedia of Genes and Genome) reveals the presence of key enzymes involved in biodegradation of hydrocarbons. Supplementary Table S2 shows the comparison of metabolic genes present in the genome of R. palustris strain RP2 with other genomes obtained from database. Results of this study shows that the strain RP2 possesses alkane sulfonate monooxygenase and catechol 1,2-dioxygenase for hydrocarbon degradation as recently mentioned in Pseudomonas aeruginosa strain N0002 (Roy et al., 2013).

Previously, the remediation of hydrocarbons in MERS systems required mixed biofilms or enriched biofilms (Morris et al., 2009; Venkidusamy et al., 2016). The present study also demonstrated the potential of generating current in the presence of hydrocarbon compounds using the strain RP2 in MERS for the first time. However, the maximum current and power densities of hydrocarbons fed MERS were much lesser than the mixed culture MERS studies using freshly inoculated anodes (70.57 mA/m2 at a concentration of 800 mg L-1) (Venkidusamy et al., 2016), suggesting that the lower rate of hydrocarbons assimilation (47.4 ± 2.7% by 30th day) limited the power generation. Whereas mixed culture MERS system showed nearly 84% of DRH removal at this concentration by the end of batch experiment (Venkidusamy et al., 2016). This perhaps indicates the presence of microbial interactions and its synergistic effects between different species in the mixed culture MERS systems. Interestingly, the strain RP2 also showed the physiological induction of electrically conductive nanofilaments in energetically engineered environments as recently reported (Venkidusamy et al., 2015). It will be interesting to examine whether the induction of these nanofilaments are involved in enhanced bioremediation of hydrocarbon contaminants in energetically engineered environments.

CONCLUSION

The members of Rhodopseudomonas species appear to have a cosmopolitan distribution as their presence has been detected in marine environments. The present study demonstrated for the first time, the hydrocarbon bioremediation potential of R. palustris strain RP2 in anaerobic and MERS environments. The findings of this study not only expand our knowledge of the range of bacteria known to degrade hydrocarbon contaminants but also provide further research opportunities in the field of sustainable remediation (MERS), molecular biology of hydrocarbon bio-degradative genes in EABs and their interactions in oil contaminated sites. Thus, this study will undoubtedly contribute to the biotechnological applications involved in advanced bioremediation techniques (MERS) and bioremedial process of hydrocarbons at photic, marine environments.
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The Low Conductivity of Geobacter uraniireducens Pili Suggests a Diversity of Extracellular Electron Transfer Mechanisms in the Genus Geobacter
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Studies on the mechanisms for extracellular electron transfer in Geobacter species have primarily focused on Geobacter sulfurreducens, but the poor conservation of genes for some electron transfer components within the Geobacter genus suggests that there may be a diversity of extracellular electron transport strategies among Geobacter species. Examination of the gene sequences for PilA, the type IV pilus monomer, in Geobacter species revealed that the PilA sequence of Geobacter uraniireducens was much longer than that of G. sulfurreducens. This is of interest because it has been proposed that the relatively short PilA sequence of G. sulfurreducens is an important feature conferring conductivity to G. sulfurreducens pili. In order to investigate the properties of the G. uraniireducens pili in more detail, a strain of G. sulfurreducens that expressed pili comprised the PilA of G. uraniireducens was constructed. This strain, designated strain GUP, produced abundant pili, but generated low current densities and reduced Fe(III) very poorly. At pH 7, the conductivity of the G. uraniireducens pili was 3 × 10-4 S/cm, much lower than the previously reported 5 × 10-2 S/cm conductivity of G. sulfurreducens pili at the same pH. Consideration of the likely voltage difference across pili during Fe(III) oxide reduction suggested that G. sulfurreducens pili can readily accommodate maximum reported rates of respiration, but that G. uraniireducens pili are not sufficiently conductive to be an effective mediator of long-range electron transfer. In contrast to G. sulfurreducens and G. metallireducens, which require direct contact with Fe(III) oxides in order to reduce them, G. uraniireducens reduced Fe(III) oxides occluded within microporous beads, demonstrating that G. uraniireducens produces a soluble electron shuttle to facilitate Fe(III) oxide reduction. The results demonstrate that Geobacter species may differ substantially in their mechanisms for long-range electron transport and that it is important to have information beyond a phylogenetic affiliation in order to make conclusions about the mechanisms by which Geobacter species are transferring electrons to extracellular electron acceptors.
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INTRODUCTION

The presence of Geobacter species is often equated with processes in which the capacity for long-range electron transfer via electrically conductive pili (e-pili) is an advantageous feature (Lovley et al., 2011). For example, molecular analyses have demonstrated that Geobacter species are often among the most abundant microorganisms on anodes harvesting electrons from organic wastes and sediments, as well as in soils and sediments in which Fe(III) reduction is an important process (Kiely et al., 2011; Lovley et al., 2011). Direct interspecies electron transfer (DIET) in anaerobic digesters has been attributed to an abundance and high metabolic activity of Geobacter species (Morita et al., 2011; Rotaru et al., 2014b; Shrestha et al., 2014). Long-range electron transport through Geobacter anode biofilms, as well as Fe(III) oxide reduction and syntrophy via DIET in Geobacter species, have all been linked to long-range electron transport through e-pili (Lovley, 2011; Malvankar and Lovley, 2014).

However, the concept that Geobacter species rely on e-pili for long-range electron transport is based on a rather limited dataset from studies primarily conducted with G. sulfurreducens. This species has been the focus of most studies because it was the first Geobacter species for which a genetic system (Coppi et al., 2001) and genome sequence (Methé et al., 2003) became available and because G. sulfurreducens produces high current densities (Nevin et al., 2008; Yi et al., 2009). More limited data are also available for Geobacter metallireducens which is also genetically tractable (Tremblay et al., 2012; Shrestha et al., 2013; Smith et al., 2013; Rotaru et al., 2014a,b). Efforts to genetically manipulate other Geobacter species have as yet been unsuccessful.

Deletion of the gene for PilA, the type IV pilus monomer in G. sulfurreducens, revealed the importance of the pili in Fe(III) oxide reduction (Reguera et al., 2005), current production (Reguera et al., 2006; Nevin et al., 2009), and DIET (Summers et al., 2010). A strain with a genetically modified PilA that yielded poorly conductive pili was also defective in extracellular electron transfer (Vargas et al., 2013), as was a strain of G. sulfurreducens that expressed non-conductive Pseudomonas aeruginosa pili (Liu et al., 2014). Evidence for the importance of pili in extracellular electron transfer in G. metallireducens, which is closely related to G. sulfurreducens (Lovley et al., 2011), was specific expression of the pili in G. metallireducens when growing on Fe(III) or Mn(IV) oxides (Childers et al., 2002) and the finding that deleting the gene for PilA in G. metallireducens inhibited Fe(III) oxide reduction, current production, and DIET (Tremblay et al., 2012; Shrestha et al., 2013; Rotaru et al., 2014a,b).

Consistent with the proposed role of the G. sulfurreducens pili in long-range electron transport, chemically fixed pili were conductive across their diameter (Reguera et al., 2005). Networks of unfixed, hydrated pili conducted electrons across a 50 μm non-conducting gap between gold electrodes, suggesting the potential for electron transport along the length of the pili (Malvankar et al., 2011). Charge injected into pili propagated along the length of the pili in a manner similar to carbon nanotubes (Malvankar et al., 2014). Although the c-type cytochrome OmcS was localized on the pili (Leang et al., 2010), the possibility of cytochrome-based electron transport along the length of the pili was ruled out by several lines of evidence, which included the findings that (i) denaturing cytochromes had no impact on conduction of the pili networks (Malvankar et al., 2011); (ii) charge propagated along substantial lengths of the pili that lacked cytochromes (Malvankar et al., 2014); (iii) modifying the pilus structure by replacing aromatic amino acids with alanine yielded pili that were poorly conductive, even though OmcS was properly localized on the pili (Vargas et al., 2013); (iv) P. aeruginosa pili expressed in G. sulfurreducens were poorly conductive, even though OmcS was properly localized on the pili (Liu et al., 2014); and (v) the cytochromes were spaced too far apart for cytochrome-to-cytochrome electron transport to be feasible (Leang et al., 2010; Malvankar et al., 2012). The conductivity along the length of cytochrome-free sections of individual pili at pH 7 (51 mS/cm) compares favorably with the conductivity of nanowires of similar diameter produced with synthetic conducting organic polymers (Adhikari et al., 2016).

Geobacter sulfurreducens pili conductivity is attributed to a truncated PilA, which is substantially shorter than the PilA found in most bacteria (Reguera et al., 2005), and permits tighter packing of aromatic amino acids that participate in electron transport (Malvankar et al., 2015). However, not all Geobacter species contain a truncated PilA. The PilA of G. uraniireducens is much longer (193 amino acids) than the PilA of G. sulfurreducens (61 amino acids; Figure 1). Unlike G. metallireducens (Childers et al., 2002; Shrestha et al., 2013) and G. sulfurreducens (Nevin et al., 2009; Shrestha et al., 2013), which highly express pilA when growing with an extracellular electron acceptor, G. uraniireducens did not upregulate expression of pilA when grown on Fe(III) oxide (Holmes et al., 2008). Furthermore, unlike G. sulfurreducens and G. metallireducens, G. uraniireducens did not produce the high current densities that have been attributed to electrically conductive pili, and G. uraniireduccens could not participate in DIET (Rotaru et al., 2015). These results suggest that G. uraniireducens might not rely on conductive pili for extracellular electron transfer. If so, this would significantly impact on the understanding of the mechanisms long-range electron transport in Geobacter species. However, the lack of tools for genetic manipulation of G. uraniireducens has limited experimental approaches to evaluate this hypothesis.
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FIGURE 1. Alignment of PilA amino acid sequences of Geobacter sulfurreducens, Geobacter uraniireducens, and Pseudomonas aeruginosa.



There are alternatives to e-pili for some forms of extracellular electron transfer in Geobacter species. Studies with G. sulfurreducens have demonstrated that cells in direct contact with electrodes do not require e-pili for extracellular electron transfer (Lovley, 2011, 2012). The electrical contact between cells and the anode appears to be made by c-type cytochromes, most notably OmcZ (Richter et al., 2009; Inoue et al., 2010, 2011). Outer surface c-type cytochromes are also important for the reduction of soluble extracellular electron acceptors (Lovley, 2011), including electron shuttles that may be found in the environment (Voordeckers et al., 2010). Although some microorganisms produce their own electron shuttles to facilitate electron transfer to electrodes or Fe(III) oxides, the Geobacter species that have been studied to date do not (Lovley, 2011). G. uraniireducens highly expresses a suite of outer-surface c-type cytochromes during growth on Fe(III) oxides, suggesting the likely importance of these cytochromes in extracellular electron transfer (Holmes et al., 2008; Aklujkar et al., 2013).

The purpose of this study was to further investigate the possibility for pili-mediated long-range electron transport in Geobacter species by evaluating the conductivity of individual G. uraniireducens pili. The results demonstrate that G. uraniireducens pili are poorly conductive and suggest that G. uraniireducens relies on other strategies for extracellular electron transfer.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture Conditions

All bacterial strains and plasmids used in this study are summarized in Supplementary Table S1. Geobacter strains were routinely cultured at 30°C under strict anaerobic conditions (80/20 N2–CO2) in NBAF medium containing acetate (15 mM) as the electron donor and fumarate (40 mM) as the electron acceptor, as previously described (Coppi et al., 2001). Chemically competent Escherichia coli TOP10 (Invitrogen, Grand Island, NY, USA) was used routinely for cloning and cultured at 37°C in lysogeny broth medium (LB medium; Bertani, 1951) with the appropriate antibiotic added when necessary.

Construction of G. sulfurreducens Strain GUP

The G. sulfurreducens strain GUP (G. uraniireducens pili) was constructed using a previously described approach (Vargas et al., 2013). Primers used for construction of strain GUP are listed in Supplementary Table S2. The three DNA fragments were generated independently by PCR for the construction of the mutant. Primer pair GspilAf/GsupilAr amplified the promoter region of the pilA gene using pPLT174 (Vargas et al., 2013) as the template for the generation of fragment 1. For the generation of fragment 2, primer pair GupilAf/GupilAr amplified Gura_2677 using G. uraniireducens RF4 genomic DNA as the template. Primer pair GupilACf/GspilACr amplified 500 bp downstream of the pilA gene using G. sulfurreducens genomic DNA as the template for the generation of fragment 3. Three independent fragments for strain GUP were combined via recombinant PCR with primer pair GspilAf/GspilACr as previously described (Liu et al., 2014).

The corresponding recombinant PCR products were digested with XhoI and ApaI (New England BioLabs, Ipswich, MA, USA) and ligated with the vector pPLT173 (Vargas et al., 2013) using T4 DNA ligase. The plasmid pPLT173 contains 500 bp upstream of the Geobacter pilA gene followed by a gentamicin resistance cassette and XhoI and ApaI restriction site. The final plasmid (pPLT173-GUP) was linearized with NcoI (NEB) and electroporated into G. sulfurreducens competent cells as previously described (Coppi et al., 2001). Transformants were selected and verified as previously described (Liu et al., 2014).

Current Production and Fe(III) Oxide Reduction

Current production was determined as previously described (Nevin et al., 2009) in flow-through, two-chambered H-cell systems with acetate (10 mM) as the electron donor and graphite stick anodes (65 cm2) poised at 300 mV versus Ag/AgCl as the electron acceptor.

Growth with Fe(III) oxide as the electron acceptor was evaluated as previously described (Vargas et al., 2013) in medium with acetate as the electron donor and poorly crystalline Fe(III) oxide (100 mmol l-1) as the electron acceptor (Lovley and Phillips, 1988). Fe(II) production was measured with the ferrozine assay (Lovley and Phillips, 1988). For studies on the need for direct contact for Fe(III) oxide reduction, the poorly crystalline Fe(III) oxide was incorporated into microporous alginate beads (diameter, 5 mm) with a nominal molecular mass cutoff of 12 kDa, as previously described (Nevin and Lovley, 2000). Beads were added to medium to provide Fe (III) at 150 mmol l-1. When noted anthraquinone-2,6-disulfonate (AQDS) was added as an electron shuttle at 50 μM. The production of Fe(II) was determined with the ferrozine assay after the beads had been extracted for 12 h in 0.5 N HCl.

Pili Preparation

Geobacter sulfurreducens strain GUP biofilms grown on graphite electrodes as described above were gently scraped from the electrode surface with a plastic spatula and isotonic wash buffer (20.02 mM morpholinepropanesulfonic acid, 4.35 mM NaH2PO4⋅H2O, 1.34 mM KCl, 85.56 mM NaCl, 1.22 mM MgSO4⋅7H2O, and 0.07 mM CaCl2⋅2H2O). The cells were collected by centrifugation and re-suspended in 150 mM ethanolamine buffer (pH 10.5). Pili were sheared from the cells with a blender at low speed for 1 min. The cells were removed by centrifugation at 13,000 × g. The pili in the supernatant were precipitated with 10% ammonium sulfate overnight and the precipitation was collected with centrifugation at 13,000 × g (Brinton et al., 1978). In order to further clean the pili, the precipitation was re-suspended in ethanolamine buffer and then additional debris were removed by centrifugation at 23,000 × g. The pili were again precipitated with 10% ammonium sulfate and the precipitation was again collected with centrifugation at 13,000 × g (Brinton et al., 1978). The final pili preparation was re-suspended in the ethanolamine buffer and stored at 4°C.

Transmission Electron Microscopy and Confocal Scanning Laser Microscopy

For the confocal laser scanning microscopy, the anode biofilms were imaged with LIVE/DEAD BacLight viability stain kit from Molecular Probes (Eugene, OR, USA) as previously described (Franks et al., 2010; Nevin et al., 2011). Images were processed and analyzed using the Leica LAS software (Leica). For transmission electron microscopy cells from the anode biofilms were directly placed on copper grids coated with carbon and absorbed for 4 min. The cells were negatively stained with 0.2% uranyl acetate and examined with a JEOL 2000fxTEM at a 200 kV accelerating voltage.

Pili Dissociation

Pili were suspended in water and dried in a SpeedVac at room temperature. The dried preparations of pili were resuspended in the 20 μL 1% SDS (pH 1.5) and boiled for 5–10 min. The samples were neutralized with 1 N NaOH and 9 μg of protein for each sample was used for the SDS–PAGE analysis. SDS–PAGE analyses were performed using 12.5% (wt/vol) polyacrylamide gels. Proteins were stained with Coomassie brilliant blue R-250.

Pili Conductivity Measurements

The electrodes were fabricated using nano-imprint lithography (NIL) method on silicon substrate with 1000 nm thick thermally grown oxide. The substrate was cleaned with a Piranha solution (H2SO4:H2O2 = 3:1) and a diluted HF solution before patterning. Then 50-nm-thick poly(methyl methacrylate) (PMMA) was spin coated on the substrate followed by a 60 nm thick UV-curable resist. Circuit patterns including 50 nm electrodes separated by 50 nm spacing, microscale fanouts, and contact pads were transferred from a quartz mold to the UV resist using NIL in a homemade imprint chamber. The residual UV-resist layer and the PMMA underlayer were removed in fluorine based reactive ion etching (RIE; CHF3/O2) followed by oxygen-based RIE. Thin films of 5-nm-thick Titanium (Ti) and 15-nm-thick gold (Au) were then deposited in an electron beam evaporator, followed by a liftoff process in acetone with ultrasonication.

As previously described (Adhikari et al., 2016), a solution (2 μl) of pili in ethanolamine buffer was dropcast on the substrate with electrodes. After letting the pili settle down for about 5 min, the sample was washed for three times with deionized water, which removed salts and left monolayer of pili on the substrate. Pili were localized with atomic force microscopy (AFM) imaging. The pili were then exposed to buffer adjusted to pH 7 with HCl and air dried.

Conductivity measurements were performed as previously described (Adhikari et al., 2016). A Keithley 4200 semiconductor characterization system (SCS) was used for the electrical measurements. The source meter for the two probe measurements was equipped with preamplifiers 4100-PA enabling the system with capacity to measure current signal of up to 100 aA. These SMUs were connected to two terminals of the double-shielded box for low noise measurement. The outer metallic box of the double shielded box acted as Faraday’s cage to protect the signal from electrostatic interference while the inner box acted as guard to prevent leakage current through the circuit during the measurement. A constant potential was applied across the sample, and current response over the time was recorded. The current value for each applied potential was generated by averaging the measured steady state current over time.

Conductivity of a single pilus was calculated as
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where, G is the conductance value of a single pili extracted from the linear fit of the current–voltage response of the sample, and l is the length of the pili between the electrodes. A (= π⋅d2/4) is the cross-sectional area of the pili calculated from the diameter of the pili measured from AFM images.

In order to account for the multiple pili bridging across the electrodes, we treated them to be equivalent to the multiple resistors in parallel. Assuming that all the pili have same resistance, the equivalent resistance of n number of pili across electrodes is Req = R/n, where R is individual resistance of the wire. This implies that the equivalent conductance would be Geq = n⋅G, where G is conductance of an individual pili (Supplementary Equation S1). Therefore, conductance of an individual pili can be derived from the equivalent conductance extracted from the linear fit of the CV graph and dividing the value by number of pili bridging the electrodes as observed in the AFM images.

RESULTS AND DISCUSSION

Geobacter uraniireducens Anode Biofilms

As previously reported (Rotaru et al., 2015), G. uraniireducens produces low current densities and this was associated with sparse, thin biofilms (Figure 2). Most of the cells were in close contact with the anode surface, suggesting a lack of the electron transport over multiple cell lengths that is associated with the long range electron transfer mediated by e-pili that yields high current densities in G. sulfurreducens biofilms.
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FIGURE 2. Confocal scanning laser microscope image of an anode biofilm of G. uraniireducens that was producing 0.074 mA/cm2 current. Top-down three-dimensional, lateral side views (right image), and horizontal side views (bottom image) of cells stained with LIVE/DEAD BacLight viability stain. The size bar is 75 microns.



Geobacter uraniireducens’s Pili Expressed in G. sulfurreducens

The low biomass obtained on anodes was not sufficient to yield the dense preparations of pili required for conductivity measurements. In an attempt to develop a strain that would produce more G. uraniireducens pili, the gene for PilA in G. sulfurreducens was replaced with the pilA of G. uraniireducens with the same gene replacement method previously employed to successfully express other heterologous pili in G. sulfurreducens (Vargas et al., 2013; Liu et al., 2014). In medium with acetate as the electron donor and fumarate as the electron acceptor this strain, designated G. sulfurreducens strain GUP (G. uranireducens pili), grew as well as the control strain (Supplementary Figure S1), which was constructed in the same manner but expressing the G. sulfurreducens pilA (Vargas et al., 2013). Strain GUP expressed pili at densities comparable to those previously reported (Vargas et al., 2013) for the control strain (Figure 3).


[image: image]

FIGURE 3. Transmission electron micrograph of G. sulfurreducens strain GUP expressing abundant pili. The size bar represents 100 nm.



When the pili from the GUP strain were harvested and denatured they yielded a band with a molecular weight consistent with the expected molecular weight molecular weight (20 kDa) of the G. uraniireducens PilA, as well as a band for the OmcS c-type cytochrome (Figure 4). OmcS has previously been shown to be associated not only with wild-type G. sulfurreducens pili (Leang et al., 2010), but also with heterologously expressed pili (Vargas et al., 2013; Liu et al., 2014). As expected based on previous studies (Vargas et al., 2013), pili preparations from the control strain constructed in the same manner but expressing the G. sulfurreducens PilA gene sequence, also contained OmcS and the PilA monomer with the molecular weight (6.6 kDa) expected for the G. sulfurreducens PilA (Figure 4).
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FIGURE 4. SDS–PAGE of preparations of strain GUP and control strain pili. OmcS was detected in controls boiled in SDS (designated S–B) of both types of pili preparations. Pili preparations that were dissociated by boiling in SDS at pH 1.5 (designated S–B–A) contained OmcS as well as the PilA monomer of the expected molecular weight for G. urannireducens PilA (20 kDa; designated G.u. PilA) in the GUP strain and G. sulfurreducens PilA (6.6 kDa; designated G.s. PilA) in the control strain.



Impact of Heterologously Expressed G. uraniireducens Pili on Extracellular Electron Transfer by G. sulfurreducens

The GUP strain of G. sulfurreducens produced substantially thicker biofilms (Figure 5A) than G. uraniireducens (Figure 2). However, current production of the GUP strain was much lower than the G. sulfurreducens control strain (Figure 5B) with a maximum current density more comparable to that previously reported for G. uraniireducens (Rotaru et al., 2015) and strain Aro-5 (Vargas et al., 2013). The formation of thick biofilm with low current densities of the GUP strain is similar to results previously reported for the Aro-5 strain (Vargas et al., 2013).
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FIGURE 5. Geobacter sulfurreducens strain GUP anode growth and current production. (A) Confocal scanning laser micrographs of graphite anode biofilms of GUP strain producing 0.077 mA/cm2 current. Top-down three-dimensional, lateral side views (right image), and horizontal side views (bottom image) of cells stained with LIVE/DEAD BacLight viability stain. The size bar is 25 microns. (B) Current production of G. sulfurreducens strain GUP compared with previously reported current production levels for the control strain (Vargas et al., 2013), strain Aro-5 (Vargas et al., 2013), and G. uraniireducens (Rotaru et al., 2015).



Like the Aro-5 strain, the GUP strain poorly reduced Fe(III) oxide (Figure 6). This contrasts with the control strain expressing the G. sulfurreducens pilA which readily reduces Fe(III) oxide (Vargas et al., 2013). Although G. sulfurreducens GUP strain was not effective in Fe(III) oxide reduction, G. uraniireducens is an effective Fe(III) oxide reducer (Shelobolina et al., 2008; Rotaru et al., 2015). Intensively studied Fe(III) oxide-reducing microbes, which based on PilA sequence analysis apparently lack conductive pili, such as S. oneidensis and Geothrix fermentans, release of compounds that can serve as an electron shuttle between the outer surface of the cell and electron acceptors (Nevin and Lovley, 2002a,b; Bond and Lovley, 2005; Lanthier et al., 2008; Marsili et al., 2008; Von Canstein et al., 2008; Mehta-Kolte and Bond, 2012). Like these organisms, G. uraniireducens readily reduced Fe(III) oxide occluded within beads that prevented direct access to the Fe(III) oxide (Figure 7), consistent with the release of an electron shuttle that could alleviate the need for conductive pili. In contrast, G. sulfurreducens (Smith et al., 2014) and G. metallireducens (Nevin and Lovley, 2000) do not reduce Fe(III) oxide within the beads in the absence of an exogenously added shuttle, which is consistent with the proposed reliance on e-pili for long-range electron transport.


[image: image]

FIGURE 6. Fe(III) oxide reduction by the GUP, and previously reported rates of Fe(III) oxide reduction (Vargas et al., 2013) for Aro-5, and control strains of G. sulfurreducens strain. Results are the mean and standard deviation of triplicate determinations.
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FIGURE 7. Geobacter uraniireducens reduction of Fe(III) oxide sequestered within microporous alginate beads with and without the addition of the electron shuttle AQDS and reduction of Fe(III) oxide not in beads. Results are the mean and standard deviation of triplicate determinations.



Conductivities of Heterologously Expressed G. uraniireducens Pili

The low current densities and poor Fe(III) oxide reduction by the GUP strain suggested that the G. uraniireducens pili expressed in the GUP strain were poorly conductive. In order to directly evaluate the conductivity of the G. uraniireducens pili, preparations of pili sheared from the GUP strain were placed on a nanoelectrode array. AFM revealed pili bridging several of the electrodes (Figure 8A). The diameter of the pili was 3 nm (Figure 8B), comparable to that of the G. sulfurreducens. The current–voltage response of pili bridging two electrodes was linear, implying an ohmic effect (Figure 8C). The conductivity of the pili at pH 7 was 0.3 ± 0.09 mS/cm (mean ± standard deviation; n = 3), which is more than two orders of magnitude lower than the previously reported (Adhikari et al., 2016) conductivity of G. sulfurreducens pili at pH 7 (Figure 8D).
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FIGURE 8. Conductivity of G. uraniireducens pili. (A) Atomic force microscopy image of the G. uraniireducens pili bridging electrodes. Electrode pairs 1–2, 2–3, and 3–4 were used for the conductivity measurements. The scale bar represents 500 nm. (B) Diameter (height) of the G. uraniireducens pili. (C) Current–voltage response of the pili. The average value of the current from three measurements are represented as data points while the standard error is represented as the error bar. (D) Comparison of the conductivity of pili for G. uraniireducens pili and previously reported (Adhikari et al., 2016) conductivities of wild-type G. sulfurreducens and Aro-5 pili.



The electron transfer rate (Γ) along the pili can be calculated as

[image: image]

where I is the current through the pili at the redox potential difference (V) over the pili length (l); σ is conductivity; A is the cross sectional area of the pili; and e is the fundamental electronic charge (1.6 × 10-19 coulombs). Thus, a 100-fold decrease in conductivity results in a 100-fold lower rate of electron transfer along the pili under comparable conditions.

Electrical potentials extending within anode biofilms are poorly defined, making it difficult to make an informed estimate of V. More information is available for Fe(III) oxide reduction. Although the electron carrier that donates electrons to the G. sulfurreducens pili is as yet unknown, a likely candidate is the periplasmic, multi-heme c-type cytochrome PpcA. It is one of the most abundant proteins in G. sulfurreducens and is considered to be an important intermediary in electron transport from the inner membrane to outer surface electron transport components (Lloyd et al., 2003). PpcA is a conservative choice for electron transport rate estimates because its mid-point potential of -170 mV is more positive than the mid-point potentials of other potential electron carriers (Lovley et al., 2011).

The midpoint potential of poorly crystalline Fe(III) oxide, the only form of insoluble Fe(III) oxide that G. sulfurreducens readily reduces, is 0 mV (Thamdrup, 2000). Therefore, with PpcA as the electron donor and Fe(III) oxide as the electron acceptor V is -170 mV. The distance (l) between the cells and Fe(III) oxide associated with pili is typically less than 5 μm (Reguera et al., 2005). For wild-type cells, the conductivity of the pili is 5.1 × 10-2 S/cm (Adhikari et al., 2016) and the cross-sectional area for a 3 nm diameter pilius is (A = πr2 = π × (1.5 × 10-9 m)2 = 7.07 × 10-18m2). Therefore, the rate of electron flux through an individual e-pilus over 5 μm at a potential difference of -170 mV is estimated (equation 1) to be 7.6 × 106 electrons/s. The maximum potential electron transport for G. sulfurreducens has been estimated to be ca. 8 mA/mg protein, or ca. 1.5 × 107 electrons/s per cell (Marsili et al., 2010). Thus, a single conductive pilus could accommodate nearly half the long-range electron transport requirements of G. sulfurreducens for Fe(III) oxide reduction at maximum respiration rates. When it is considered that cells typically express more than twenty pili (Reguera et al., 2005; Summers et al., 2010), a single cell’s full complement of pili should be more than sufficient to support electron transport to Fe(III) oxide. However, with the 100-fold lower conductivity of the G. uraniireducens pili, rates of electron transport per pili under the same conditions would only be 4.5 × 104 electrons/s, requiring more than 300 pili to support maximum rates of electron transport.

Implications

The results demonstrate that the pili of G. uraniireducens are much less conductive than the pili of G. sulfurreducens, reflecting different strategies for long-range electron transport in these species. The lack of a strategy to genetically manipulate G. uraniireducens makes it impossible to further examine the function of the G. uraniireducens pili with gene deletion studies, but the poor conductivity of the pili and the finding that G. uraniireducens reduces Fe(III) oxide with an electron shuttle suggest that long-range electron transport along pili is not an important mechanism for Fe(III) oxide reduction in this organism. G. uraniireducens was unable to participate in DIET and produces low current densities (Rotaru et al., 2015), consistent with previous findings that conductive pili are required for DIET and the production of high current densities (Tremblay et al., 2012; Shrestha et al., 2013; Vargas et al., 2013; Rotaru et al., 2014a). The finding that the conductive pili model for long-range electron transport developed from studies with G. sulfurreducens does not apply to all Geobacter species is an important consideration when interpreting molecular studies of microbial communities involved in extracellular electron transfer. A phylogenetic affiliation with the genus Geobacter is not sufficient evidence to assume pili-based long-range electron transfer.

The unique method by which G. uraniireducens was isolated was probably an important factor in recovering a Geobacter species that does not use conductive pili for long-range electron transport. G. uraniireducens was recovered from subsurface sediments directly on solidified medium in which the Fe(III) in the sediment clay fraction served as the electron acceptor. It is unlikely that enough mineral Fe(III) could be incorporated into solidified medium to yield a visible colony if the cells had to be in direct contact with the Fe(III) mineral. However, producing an electron shuttle would permit cells to accesses Fe(III) minerals they could not directly contact. G. uraniireducens possess three sets of genes for cytochrome–porin outer membrane complexes that could facilitate extracellular electron transfer to an electron shuttle, or potentially directly to the surface of electrodes or Fe(III) oxides (Aklujkar et al., 2013; Shi et al., 2014). Other cytochromes that are more highly expressed during the reduction of Fe(III) oxides may also have important roles (Holmes et al., 2008; Aklujkar et al., 2013).

The results also suggest that although an electrical conduc tivity can be measured in pili or other filaments it is important to determine whether the conductivity is sufficient to support physiologically relevant rates of electron transfer. For example, the 300 μS/cm conductivity of the G. uraniireducens pili is probably too low to support extracellular respiration. Yet Rhodopseudomonas palustris filaments of unknown composition implicated in Fe(III) oxide reduction had electrical resistances that correspond to conductivities of only 35–72 μS/cm (Supplementary Equation S2; Venkidusamy et al., 2015). However, the R. palustris filaments were chemically fixed and critical point dried prior to the conductivity measurements, which may have altered the filament structure and conductivity. These considerations demonstrate the need for more measurements on the conductivity of microbial filaments to assess the potential for long-range electron transport via filaments in the microbial world.
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It is widely recognized that the outer membrane c-type cytochromes (OM c-Cyts) of metal-reducing bacteria play a key role in microbial metal reduction processes. However, the in situ redox status of OM c-Cyts during microbial metal reduction processes remain poorly understood. In this study, diffuse-transmission UV/Vis spectroscopy is used to investigate the in situ spectral reaction of Cr(VI) reduction by c-Cyts in intact Shewanella oneidensis MR-1 cells under different incubation conditions. The reduced c-Cyts decreased transiently at the beginning and then recovered gradually over time. The Cr(VI) reduction rates decreased with increasing initial Cr(VI) concentrations, and Cr(III) was identified as a reduced product. The presence of Cr(III) substantially inhibited Cr(VI) reduction and the recovery of reduced c-Cyts, indicating that Cr(III) might inhibit cell growth. Cr(VI) reduction rates increased with increasing cell density. The highest Cr(VI) reduction rate and fastest recovery of c-Cyts were obtained at pH 7.0 and 30∘C, with sodium lactate serving as an electron donor. The presence of O2 strongly inhibited Cr(VI) reduction, suggesting that O2 might compete with Cr(VI) as an electron acceptor in cells. This study provides a case of directly examining in vivo reaction properties of an outer-membrane enzyme during microbial metal reduction processes under non-invasive physiological conditions.
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INTRODUCTION

The biogeochemical cycles of many major and trace elements are driven by microbial redox processes. Dissimilatory metal-reducing bacteria (DMRB) are considered the most important microorganisms for controlling metal transformations under anoxic conditions. Typical strains of DMRB, such as the Shewanella and Geobacter species, have been widely investigated in terms of genetic diversity, structural and functional characterization of highly purified proteins, and traditional reductionist approaches (Beliaev et al., 2001, 2005; Kengo et al., 2010; Tremblay et al., 2012). In vitro reaction kinetics between metals and outer membrane c-type cytochromes (OM c-Cyts) of DMRB were studied using highly purified OM c-Cyts extracted from Shewanella species (Borloo et al., 2007; Ross et al., 2009; Belchik et al., 2011), and the roles of cytochromes (e.g., MtrC and OmcA) were characterized by examining the effects of mutant deletion. However, the purified proteins may behave differently from the protein complexes in live cells because the highly reactive enzymes may be easily changed during the purification (Nakamura et al., 2009). Hence, an in vivo study of the reaction between metals and c-Cyts in the live cells will allow a more comprehensive understanding of microbial metal reduction processes.

The electron transfer center of OM c-Cyts is a heme group, which has a large molar absorption coefficient. Therefore, spectroscopic methods have been applied to OM c-Cyts in living cells under physiological conditions (Nakamura et al., 2009; Liu et al., 2011). However, accurate measurement of heme groups in living cells is difficult due to the strong spectral interference from light scattering of cell surface. Fortunately, using a diffuse-transmission (DT) mode, this spectral interference was not observed in the absorption spectra of the multi-heme c-Cyts in whole cells (Nakamura et al., 2009). A number of recent studies used DT-UV/Vis spectroscopy to monitor heme groups in iron-/humic-reducing bacteria such as Klebsiella pneumonia L17 (Liu et al., 2014), Shewanella putrefaciens 200 (Zhang et al., 2014), S. decolorationis S12, Aeromonas hydrophila HS01 (Li et al., 2014), and Leptospirillum ferrooxidans (Blake and Griff, 2012). Recently, Wu et al. (2014) also employed DT-UV/Vis spectroscopy to analyze in situ spectral kinetics of electron shuttling reduction by c-Cyts in a living S. putrefaciens 200 suspension. In situ spectroscopy was also used to study the reaction between Fe(III) and c-Cyts in intact L. ferrooxidans under oxic conditions (Liu et al., 2014). In addition, Busalmen et al. (2008) reported an application of infrared spectroscopy in a whole-cell system in which the electron transfer between Geobacter and a gold electrode was monitored. It is true that there are some limitations about examining c-Cyts in intact cells by DT-UV/Vis spectroscopy. Using DT-UV/Vis spectroscopy, only the c-Cyts located on the very surface of cell outer-membrane can be measured directly by using this spectral method (Nakamura et al., 2009), but the c-Cyts located in periplasm and the cytoplasmic membrane were unlikely to be measured as the light was not able to penetrate the membrane. Hence, the c-Cyts measured in the cell suspension can only represent the outer membrane (OM) c-Cyts but not the total c-Cyts. In addition, the OM c-Cyts include a series of different proteins, such as MtrC and OmcA in MR-1, but it is difficult to differentiate the roles of MtrC and OmcA from those of other c-Cyts by just using the DT UV-Vis spectral method. Despite the aforementioned limitations of DT-UV/Vis spectroscopy, this method is promising to study the in situ behavior of OM c-Cyts in intact DMRB cells.

Chromium is toxic and is designated a priority pollutant in many countries (Middleton et al., 2003). Microbial reduction of Cr(VI) to Cr(III) can be considered as a way to remediate Cr(VI) contaminations because Cr(III) is less water-soluble, less mobile, and much less toxic than Cr(VI) (James, 1996; Barnhart, 1997). A variety of DMRB have been reported to reduce Cr(VI) to Cr(III) (Puzon et al., 2005; Cheung and Gu, 2007; He et al., 2011). Cr(VI)-reducing bacteria use electron transport systems containing cytochromes in their OM to reduce Cr(VI) derivatives during anaerobic respiration (Myers et al., 2000; Ahemad, 2014). S. oneidensis MR-1 is considered a model organism for metal reduction as it is able to reduce a variety of metals. Recent studies have shown that MR-1 can reduce Cr(VI) to Cr(III) as a terminal electron acceptor under anoxic conditions with OM c-Cyts (e.g., OmcA and MtrC) serving as terminal reductases of Cr(VI) (Myers and Myers, 2001; Belchik et al., 2011; Wang et al., 2013). However, the molecular scale reaction mechanism of the Cr(VI) and c-Cyts remains poorly characterized under non-invasive physiological conditions. Direct photometric studies of intact cells and Cr(VI) will allow elucidation of these in vivo reaction mechanisms.

The microbial Cr(VI) reduction can be influenced by different environmental factors, such as Cr(VI) concentration, temperature, bacterial cell density, electron donor, pH, oxygen, and the presence of other metal ions (Wang and Xiao, 1995; Dey et al., 2014). Past studies (Wang and Xiao, 1995; Zakaria et al., 2007; Dey et al., 2014) mainly focused on effects of incubation factors on the apparent Cr(VI) reduction and rarely investigated the effects of incubation factors on the redox status of c-Cyts in the OM of DMRB, which play a key role in microbial Cr(VI) reduction. In situ spectral kinetics of Cr(VI) reduction by c-Cyts in live cells under different environmental conditions should provide a more fundamental understanding of the molecular-level mechanisms.

Actually, the previous studies on DT-UV/Vis spectroscopy just focused on qualifying the c-Cyts in the living cells (suspension or biofilm) but did not conduct the quantification of c-Cyts in the living cells. In this study, the Cr(VI) reduction was investigated in a living cell suspension of S. oneidensis MR-1 on DT-UV/Vis spectroscopy with the objectives: (1) to quantify the c-Cyts in the living MR-1 cell suspensions by DT-UV/Vis spectroscopy, (2) to directly examine in situ spectral kinetics of Cr(VI) and c-Cyts in intact cells of MR-1, and (3) to evaluate the effects of different incubation conditions, i.e., cell density, initial Cr(VI) concentration, Cr(III) concentration, pH, temperature, electron donors and oxygen on the in vivo reaction between Cr(VI) and c-Cyts.

MATERIALS AND METHODS

Materials

Shewanella oneidensis MR-1 was isolated from anoxic sediments of Lake Oneida, NY (Myers and Nealson, 1988) and purchased from MCCC (Marine Culture Collection of China, China). The strain was grown aerobically overnight as batch cultures in Luria-Bertani (LB) medium (10 g L-1 NaCl, 5 g L-1 yeast extract, 10 g L-1 tryptone) to exponential phase at 30°C with shaking at 180 rpm. The cells were subsequently washed and diluted before the in situ spectral kinetic experiments. All chemicals used in the experiments were reagent grade or better. Water for all experiments was supplied from a Milli-Q reference ultraviolet (UV)-water system. Horse heart cytochrome c was obtained from Sigma–Aldrich (China). Cr(VI) stock solution was prepared by dissolving potassium dichromate (K2Cr2O7; Sigma–Aldrich) in UV-water. Chromium chloride hexahydrate (CrCl3⋅6H2O; 98.45%, AR, Aladdin, China) was used as the source of Cr(III). A 30 mM solution of 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, Sigma–Aldrich) adjusted to pH 7 with sodium hydroxide was used as the buffer in all experiments. Stock solutions of sodium lactate (1.0 M) were also prepared in UV-water for use in the experiments. All stock solutions were stored at 4°C before use.

Quantification of c-Cyts in a Live-Cell Suspension

The strain was aerobically inoculated in Luria-Bertani (LB) for 16 h in a shaker at 180 rpm and 30°C and harvested by centrifugation at 8,000 × g for 10 min at 4°C for three times after being washed and re-suspended using HEPES buffer when it approached the exponential phase. The cell suspension in HEPES buffer was purged with 100% N2 for 30 min, and then the suspension with lactate (20 mM) as electron donor was added to a rectangular quartz cuvette with an optical path length of 1.0 cm for measurement before sealing in Anaerobic Chamber. The horse heart cytochrome c was used as a standard (Picardal et al., 1993) to quantify the c-Cyts in living MR-1 cell suspension. Different concentrations of horse heart cytochrome c were measured by a UV/Vis spectrophotometer (TU-1901 Beijing, China) equipped with an IS19-1 integrating sphere reflectance attachment, using a 10-mm optical path of dish, with 1 nm scan interval, and 1.0 nm s-1 sweep speed from 300 to 600 nm. A difference of millimolar extinction coefficients (Δ𝜀) of 21.4 mM-1 cm-1 (Supplementary Figure S1) for reduced and oxidized forms of meso-IX pyridine hemochrome was used for quantification of heme c (Picardal et al., 1993). Using the spectral method, only the c-Cyts located on the very surface of cell outer-membrane can be measured directly, but the c-Cyts which located in periplasm and the cytoplasmic membranes were unlikely to be measured as the light was not able to penetrate the membrane. Hence, the c-Cyts measured in the cell suspension can only represent the outer membrane c-Cyts. In addition, we were not able to differentiate the specific roles of individual proteins from those of other c-Cyts by just using the DT UV-Vis spectral method, but we just examined the outer-membrane heme-containing molecules as the bulk OM c-Cyts in intact DMRB cells.

Procedures for Cr(VI) Reduction by MR-1

MR-1 was grown aerobically in LB at 30°C for 16 h. The suspension was subsequently centrifuged at 7000 × g for 10 min at 4°C, and the pellets were washed with sterile HEPES buffer (30 mM, pH 7.0) three times. Cells were then transferred to an Anaerobic Chamber (DG250, Don Whitley Scientific, England) with H2: N2 = 4:96 and resuspended in the same buffer for a final concentration of 1.07 × 1012 cells mL-1. This cell suspension was added to a rectangular quartz cuvette with an optical path length of 1.0 cm. Sodium lactate (20 mM) was added to the suspension as an electron donor. Cr(VI) was added as the sole electron acceptor at concentrations ranging from 20 to 1000 μM. The cuvette was subsequently sealed and taken out of the Anaerobic Chamber. Two control solutions that lacked cells or contained autoclaved cells were used for each Cr(VI)-reduction assay to examine the effects of any abiotic factors or the biosorption of Cr(VI) by the cell mass on Cr(VI) reduction, respectively. The cell suspension before Cr(VI) addition was also measured. Once Cr(VI) was added, spectra were then taken using the DT-UV/Vis spectrophotometer by scanning at different intervals. The specific peaks appear at 372 nm for Cr(VI) and at 552 nm for reduced cytochrome (c-Cytred). A pseudo first-order model can be applied to describe the kinetics of Cr(VI) reduction by MR-1. There was no replicate in the spectral kinetic experiments for c-Cyts and Cr(VI). The error bars of k-values represent the standard error of different k-values calculated from linear fitting by Origin software.

Cr(VI) Reduction by MR-1 under Different Incubation Conditions

The effect of additional Cr(III) on Cr(VI) reduction by MR-1 cells was investigated using different initial concentrations of Cr(III) (50–1000 μM). To investigate the effect of MR-1 initial cell density on chromate reduction, a series of densities of MR-1 cells ranging from 2.68 × 1011 cells mL-1 to 2.14 × 1012 cells mL-1 were added to the system. Effects of different pH values (6.0–8.0) and temperatures (20–40°C) on the Cr(VI)-reducing capability of viable MR-1 cells were determined. The effect of pH was determined using sterile PIPES (piperazine-N, N-bis-2-ethanesulphonic) buffer (30 mM) and HEPES buffer (30 mM). In both cases, an initial concentration of 160 μM of Cr(VI) was used as the sole electron acceptor. Cr(VI) reduction by viable cells of MR-1 was studied in the presence of various electron donors, including 20 mM of D-lactose, formate, lactate and sucrose from the stock solutions (1 M). The effect of oxygen concentration on Cr(VI) reduction by MR-1 cells was investigated with different concentrations of dissolved oxygen (DO), including 1.0, 3.0, 4.0, 16, 26, 33, and 68 μM.

Cr(VI) Reduction by c-Cyts in Various Intact Mutant Cells

To examine the electron transport chain of MR-1, the Cr(VI) reduction was examined by using MR-1 with c-Cyt deletion mutants including ΔmtrC, ΔmtrF, ΔmtrA, ΔmtrD, ΔomcA, and ΔcymA (Hartshorne et al., 2009; Coursolle and Gralnick, 2010; Shi et al., 2012). The mutant strains used in this study were provided by Professor Haichun Gao in Zhejiang University, and the relevant information was provided in the reference (Gao et al., 2010). MR-1 wild type (wt) and various mutants were grown aerobically in LB at 30°C for 16 h. The suspension was subsequently centrifuged at 7000 × g for 10 min at 4°C, the pellets were washed with sterile HEPES buffer (30 mM, pH 7.0) three times and subsequently used for in situ spectral kinetic experiments.

Characterization of MR-1 Cells and Cr Species

After approximately 60 min of incubation, the cells were centrifuged at 7000 × g for 4 min and flash-frozen with liquid nitrogen before RNA was extracted using TRIzol reagent (Invitrogen, USA). Reverse transcription PCR and real-time quantitative PCR were then used to measure the amount of 16S rRNA gene. The obtained bacterial RNA was reverse transcribed using a PrimeScriptTM II 1st strand cDNA Synthesis Kit (Takara, Shiga, Japan) according to the instructions of the manufacturer. Quantification of transcripts of bacterial 16S rRNA was determined by the iQTM5 Real-Time PCR Detection System (Bio-Rad, USA) and using the SYBR Green I detection method. The qPCR System using the Eub338 (ACTCCTACG GGAGGCAGCAG; Lane, 1991) and Eub518 (ATTACCGCGGCTGCTGG; Muyzer et al., 1993) primer pair. Each 20 μL reaction solution contained the following: 1 μL of template cDNA (1–10 ng), 10 μL of 2× IQ SYBRTM Green Supermix (Bio-Rad, USA), 0.2 μM of each primers. PCR conditions were 5 min at 95°C, followed by 40 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 30 s (Muyzer et al., 1993). Per DNA sample and the appropriate set of standards were run in triplicates. The qPCR calibration curves were generated with serial triplicate 10-fold dilutions of plasmid DNA. The plasmid pGEM-T Easy Vector (Promega, Madison, WI, USA) contained the cloned target sequences. Plasmid DNA was extracted using an EZNA Plasmid Mini Kit I (Omega Bio-Tek, Doraville, GA, USA) and the concentration was quantified by the Qubit 2.0 Fluorometer (Invitrogen, NY, USA). Target copy numbers for each reaction were calculated from the standard curves (Pfaﬄ, 2001). The experiments for 16s rRNA were conducted in triplicate, and the mean values and error bars were derived from average and standard deviation values calculated from three repeats.

To identify the location and valences of the reduced product, MR-1 cells associated with the reduced product after incubation were characterized by scanning electron microscopy-energy dispersive X-ray (SEM-EDX) and X-ray photoelectron spectroscopy (XPS). For SEM-EDX analysis, the bacterial cells associated with reduced product were washed with phosphate buffer (10 mM, pH = 7.5) and fixed in 2.5% (v/v) glutaraldehyde. The sample was then dried with ethanol under ambient conditions, mounted on an aluminum stub and then coated with gold. Images and energy-dispersive X-ray spectroscopy (EDX) were taken using an FEI Quanta 400F thermal-field emission environmental SEM (FEI, Hillsboro, OR, USA) with an Oxford INCA EDX. For the XPS analysis, the cells were exposed to 1000 μM Cr(VI) for 10 h, while the cells under the same conditions without Cr(VI) served as a control. The cells were then separated by centrifugation at 10,000 × g at 4°C for 5 min. The pellets were washed with deionized water and freeze-dried overnight at -42°C. The sample was examined by an ESCALAB 250 XPS (Thermo-VG Scientific, USA).

RESULTS

Spectral Monitoring of Cr(VI) Reduction by c-Cyts in Intact Cells

The spectra in Figure 1A clearly show changes of specific peaks at 372 nm, corresponding to Cr(VI), and at 552 nm, corresponding to Hemered. The heights of these peaks were extracted and plotted in Figure 1B. While Cr(VI) decreased substantially, the Hemered transiently dropped to a low level at the very beginning (stage 1: consumption) and then gradually increased to the initial level (stage 2: recovery). It has been widely reported (Ramirez-Diaz et al., 2008; Gnanamani and Kavitha, 2010; Belchik et al., 2011) that the transformation from Cr(VI) to Cr(III) is the dominant pathway of microbial Cr(VI) reduction (Faisal and Hasnain, 2004). The redox potentials of Cr(VI)/Cr(III) and c-Cytox/c-Cytred at pH 7 were 1.2 and 0.25 V, respectively (Morel and Hering, 1993), indicating that the reaction between c-Cyts and Cr(VI) was thermodynamically feasible. To further prove the direct redox reaction between Cr(VI) and c-Cyts, the proteins have been extracted, and similar patterns of oxidized (c-Cytox) and reduced c-Cyts (c-Cytred) were observed in the spectra of whole cells and extracted OM proteins of MR-1 (Supplementary Figure S2A). After Cr(VI) was added to reduced OM proteins, the peak intensity at 552 nm rapidly decreased, indicating that the reaction between c-Cytred and Cr(VI) definitely occurred. Therefore, this result can provide a direct evidence for the electron transfer from c-Cytred to Cr(VI). The SEM images showed that obvious white precipitation was generated on the surfaces of the Cr(VI)-treated cells (Figure 1C). While no morphological change of the cells was observed, presumably due to the short period of experiments, a chromium signal was found in the precipitation in EDX analysis with a Cr element composition of 11.37%. The XPS results (Figure 1D) show two distinct peaks: 586.5 eV (Cr 2p1/2) and 576.8 eV (Cr 2p3/2), representing Cr(III) in the form of a Cr2O3-like species (Biesinger et al., 2004; Manning et al., 2007; Dong et al., 2013). A control with Cr(III) and MR-1 under anoxic conditions was also conducted (Supplementary Figure S2B), with results indicating that the Cr(III) reduction products did not influence the heme measurements. Moreover, the cells under oxic conditions showed that oxidized heme (Hemeox) had no reactivity for Cr(VI) removal (Supplementary Figure S2C). Hence, it is reliable to directly measure Cr(VI) and Hemered using the DT spectra.
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FIGURE 1. (A,B) The in situ kinetic spectra of the intact MR-1 cell suspensions with 240 μM Cr(VI) under anoxic conditions. The initial cell density of MR-1 was 1.07 × 1012 cells mL-1. The peak at 372 nm corresponds to Cr(VI) and the peak at 552 nm corresponds to Hemered. Characterization of the reduced products: (C) SEM-EDS analysis of the products of Cr(VI) reduction by MR-1. (D) XPS analysis of the products in the control of killed MR-1 cells.



Cr(VI) Reduction by c-Cyts in Intact Mutant Cells

Results in Figures 2A,B with various mutants showed that, compared to the results for the wild type (wt), the mutants ΔcymA and ΔmtrA exhibited distinctly low reduction rates of Cr(VI) and Heme, demonstrating their specific role in controlling the electron transport chain for Cr(VI) reduction. It was reported that CymA can oxidize the quinol in the inner membrane and then transfer the electrons to MtrA through other periplasmic proteins (Shi et al., 2012). Deletion of CymA evidently hindered the MR-1 cell to use the terminal electron acceptors (Schwalb et al., 2003). A mutant lacking MtrA also exhibited attenuated reduction of external electron acceptors, demonstrating its critical role in metal reducing processes (Beliaev et al., 2001). The MtrC and OmcA are localized on bacterial cell surfaces (Belchik et al., 2011), but the deletion of MtrC or OmcA had rarely effect on reduction rates of Cr(VI) and Heme, suggesting the existence of multiple Cr(VI) reduction pathways, which is consistent with the existence in the MR-1 genome of numerous MtrABC paralogs (Coursolle and Gralnick, 2010).
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FIGURE 2. The kinetics of Cr(VI) reduction by MR-1 wild type and the mutants without MtrA, MtrC, MtrD, MtrF, OmcA, and CymA. (A) Cr(VI) reduction; (B) Hemered reduction. All experiments conducted with Cr(VI) 160 μM, MR-1:1.07 × 1012 cells mL-1, sodium lactate is 20 mM.



Effect of Initial Cell Densities

The heme concentration is directly dependent on the cell densities of MR-1 cell suspension, therefore, the cell densities might have a great influence on Cr(VI) reduction by MR-1. Kinetic results in Supplementary Figure S3 and Figure 3 show that the reduction rate of Cr(VI) increased proportionally with an increase in cell densities. Similar behaviors have been reported with Arthrobacter sp. SUK 1201 (Dey et al., 2014), Pseudomonas CRB5 (McLean et al., 2000), and Bacillus sphaericus AND 303 (Pal and Paul, 2004). Simultaneously, the higher cell density induced faster Hemered recovery. Here we provide a direct evidence of Hemered recovery by measuring in situ kinetics of c-Cyts in intact MR-1 cells.
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FIGURE 3. The kinetics of Cr(VI) reduction by c-Cyts in intact MR-1 cells with densities ranging from 2.68 × 1011 cells mL-1 to 2.14 × 1012 cells mL-1. The relationship between the pseudo-first-order rate constants k and the initial MR-1 cell concentration (insert chart). All experiments were conducted with 160 μM Cr(VI) and 20 mM sodium lactate.



Effect of Initial Cr(VI) Concentrations

The kinetics of Cr(VI) and c-Cyts are examined (Supplementary Figure S4) under different initial Cr(VI) concentrations. The pseudo-first-order rate constant (k) of Cr(VI) reduction in Figure 4A decreased greatly with an increase in initial Cr(VI) concentrations. For example, the k-value of 20 μM Cr(VI) (2.027 min-1) is nearly 700-fold higher than that of 1000 μM Cr(VI) (0.003 min-1). Simultaneously, the Hemered changed accompanying the changes of Cr(VI) (Figure 4B), showing that while the consumption of Hemered in stage (i) of all the treatments was nearly the same, the recovery of Hemered in stage (ii) became increasingly slow with an increase in initial [Cr(VI)]. The slower recovery of Hemered might account for the low k-values of Cr(VI) reduction with high initial [Cr(VI)]. It has been reported that Cr(VI) is toxic to metal-reducing bacteria and has resulted in a loss of metal-reduction activity (Cervantes et al., 2001). Therefore, to examine the toxicity of Cr(VI) to MR-1 cells, 16S rRNA analysis of MR-1 was carried out after MR-1 was incubated with different Cr(VI) concentrations for 60 min. The results in Figure 4B show that the 16S rRNA copy numbers decreased greatly with increasing Cr(VI) concentrations, suggesting that the Cr(VI)-reducing capacity of MR-1 declined probably due to the toxicity at higher [Cr(VI)], which is consistent with other well-documented results (Sugden et al., 2001; Middleton et al., 2003; Viamajala et al., 2003). This studies suggested that while the high concentrations of Cr(VI) and its reduced product Cr(III) may cause toxicity to the intact cells, this might be an effective and environmental-friendly method for the bioconversion of Cr(VI) with low concentrations.
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FIGURE 4. (A) The kinetic relationship between the pseudo-first-order rate constants k and the initial Cr(VI) concentration on Cr(VI) reduction by MR-1 (line chart). (B) The 16S rRNA copy numbers from MR-1 incubated with different concentrations of Cr(VI) for 60 min (column), (mean ± SD, n = 3). [Cr(VI)] ranged from 20 to 1000 μM, MR-1: 1.07 × 1012 cells mL-1.



Effect of Added Cr(III) Concentrations

Kinetic results in the presence of 50–1000 μM Cr(III) in Supplementary Figure S5 and k-values in Figure 5 show that the Cr(VI) rates decreased substantially with an increase in Cr(III) concentration, indicating that the inhibitory effects of Cr(III) increased gradually with increasing [Cr(III)]. The kinetics of Hemered in Figure 5 show that the recovery of Hemered in the presence of 100 μM Cr(III) is almost the same as that of the control in the presence of Cr(III). However, the extent of Hemered recovery decreased with increasing Cr(III) concentrations from 200 to 1000 μM, indicating that Cr(III) might be toxic to microorganisms due to its inhibition of the transformation of Hemeox to Hemered. The above results suggest that the inhibition by added exogenous Cr(III) might result from the combination of Cr(III) and Hemeox in OM of MR-1, which may prevent the reaction of Hemeox to Hemered, thus slowing the rate of Cr(VI) reduction. Also, the added Cr(III) as freshly dissolved CrCl3 appeared toxicity, which be associated with extracellular interactions and caused an ultimately lethal cell morphology (Parker et al., 2011). The addition of CrCl3 to Shewanella species causes an abrupt drop in cell survival (Bencheikh-Latmani et al., 2007). Hence, the results here about the effect of Cr(III) concentrations might be not only related to the combination of Cr(III) and Hemeox in MR-1 OM but also related to the toxic effect of freshly dissolved CrCl3.
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FIGURE 5. The relationship between the pseudo-first-order reaction rate constants k and Cr(III) concentration. [Cr(III)] ranged from 100 to 1000 μM (insert chart). All experiments were conducted with 160 μM Cr(VI), MR-1: 1.07 × 1012 cells mL-1, and 20 mM sodium lactate.



The aforementioned results are mainly based on the effects of endogenous factors, added reactants [Cr(VI) and c-Cyts] and products [Cr(III)], and c-Cyts recovery. These factors can also be influenced by external incubation factors, such as suspension pH, temperature, types of electron donors, and oxygen concentrations. The in situ spectral kinetics of Cr(VI) reduction and c-Cyts recovery were further investigated in terms of these external factors.

Effect of pH

Cr(VI) reduction rates are strongly dependent on pH (Wang et al., 1989; Philip et al., 1998; Fein et al., 2010). The acidity may affect the Cr(VI) reduction through effects on the properties of the MR-1 and Cr(VI) solution, such as the growth and metabolism of cells and the speciation of Cr(VI). The kinetic results under different pH in Supplementary Figure S6 and Figure 6 show that the optimal Cr(VI) reduction rate was obtained at pH 7; however, the achieved recovery of Hemered increased with an increase in pH from 6 to 8. As the pH may influence the growth of cells, the cell density the OD600 value was measured at the end of each reaction. The results show that the maximum OD600 value was also obtained at pH 7.0. This behavior is consistent with the fastest pH dependent-Cr(VI) reduction via metabolic enzymatic reactions occurring at pH 7.0 (Wang et al., 1989; Shen and Wang, 1994a; Philip et al., 1998).
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FIGURE 6. The kinetics of Cr(VI) reduction by c-Cyts in intact MR-1 cells at pH conditions ranging from pH 6.0 to pH 8.0. The relationship between the pseudo-first-order reaction rate constants k and pH conditions ranging from pH 6.0 to pH 8.0 (insert chart). All experiments were conducted with 160 μM Cr(VI), MR-1: 1.07 × 1012 cells mL-1, and 20 mM sodium lactate.



Effect of Temperature

The incubating temperature is also an important factor affecting the cell growth and thus influencing the microbial Cr(VI) reduction. The kinetics of Cr(VI) reduction and the transformation of Hemered in (Supplementary Figure S7 and Figure 7) revealed that the optimal Cr(VI) reduction rates and Hemered recovery were obtained at 25–30°C. It has previously been reported that that biological activity of MR-1 is optimal at 30°C (Burgos et al., 2008).
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FIGURE 7. The kinetics of Cr(VI) reduction by c-Cyts in intact MR-1 cells at temperatures ranging from 20 to 40°C. The relationship between the pseudo-first-order rate constants k and temperatures ranging from 20 to 40°C (insert chart). All experiments were conducted with 160 μM Cr(VI), MR-1: 1.07 × 1012 cells mL-1, and 20 mM sodium lactate.



Effect of Different Electron Donors

MR-1 can utilize a wide range of various carbon sources as electron donors, while the utilization efficiency of those electron donors are quite different, which might further influence the metabolic processes. The heme transformation rate may be associated with the intracellular electron transfer occurring via the cell metabolism, as electron donors may control metabolic processes and ultimately affect the intracellular electron transfer to Hemeox. The kinetic results with different electron donors in Supplementary Figure S8 and k-values in Figure 8 show that the added electron donors affected the reduction rates of Cr(VI) in the following order: lactate > sucrose > D-lactose > formate. The k-value with lactate (0.0666 min-1) was almost 37 times higher than that in the presence of formate (0.0021 min-1). Figure 8 shows that the ranking order of Hemered recovery is consistent with that of Cr(VI) reduction. The fastest recovery of Hemered occurred in the presence of lactate, while a barely detectable amount of Hemeox was reduced in the presence of formate. The effects of electron donors on the reduction of Cr(VI) and Hemered might be due to different utilization rates of electron donors by MR-1; this phenomenon was also reported in previous studies of Fe(III) reduction by MR-1 (Petrovskis et al., 1994; Park and Kim, 2001). Lactate was the most efficient carbon source for Cr(VI) reduction by MR-1. Thus, lactate is the most favorable of the tested carbon sources for facilitating the transformation from Hemeox to Hemered and the most efficient rate of Cr(VI) reduction.
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FIGURE 8. The relationship between the pseudo-first-order rate constants k and added electron donors (insert chart). All experiments were conducted with 160 μM Cr(VI), MR-1: 1.07 × 1012 cells mL-1, and 20 mM of the electron donor specified.



Effect of Oxygen

The Shewanella strain is a facultative anaerobic bacterium; thus, oxygen not only influences the metabolic rates but also acts as an electron acceptor that competes with Cr(VI) during the Cr(VI) reduction by MR-1 (Ohtake et al., 1990; Viamajala et al., 2004). It was reported that there was immediate cessation of growth upon addition of Cr(VI) in early- and mid-log-phase cultures under anaerobic conditions, while addition of Cr(VI) to aerobically growing cultures resulted in a gradual decrease of cell growth rate (Viamajala et al., 2004). Kinetic results with different oxygen concentrations are shown in Supplementary Figure S9 and k-values are shown in the insert of Figure 9. The control, which lacked oxygen, had the highest efficiency of Cr(VI) reduction, while an obvious inhibitory effect was observed in the presence of oxygen and the inhibitory effect increased substantially with increasing oxygen. Indeed, the Cr(VI) reduction capacity even disappeared with [O2] ≥ 26 μM. Consistent with Cr(VI) reduction, the reduction of Hemeox to Hemered was stable for [O2] from 0 to 16 μM, and then decreased with the increase of [O2] from 16 to 68 μM. The above results show that although the added oxygen might enhance the metabolic processes and increase cell growth, oxygen likely plays a key role in the inhibitory effects on Cr(VI) reduction.
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FIGURE 9. The relationship between the pseudo-first-order rate constants k and O2 concentration. The kinetics of Cr(VI) reduction by c-Cyts were measured in intact MR-1 cells at dissolved oxygen concentrations ranging from 0 to 68 μM (insert chart). All experiments were conducted with 160 μM Cr(VI), MR-1: 1.07 × 1012 cells mL-1, and 20 mM sodium lactate.



DISCUSSION

In the process of Cr(VI) reduction by c-Cyts of intact MR-1 cells, the electron transfer pathway can be concisely divided into two steps: (i) intracellular electron transport from electron donor to OM c-Cyts and (ii) electron transfer from c-Cyts to Cr(VI). The step-by-step potential losses (Wu et al., 2014) can drive electron flow from electron donor via c-Cyts to Cr(VI), resulting in Cr(VI) reduction. Therefore, the current study only focuses on the Cr(VI) reduction by c-Cyts. In Step (i), the electron donor (lactate) can be utilized by MR-1 with concomitant intracellular electron transport from lactate to OM c-Cyts, resulting in the redox transformation of Hemeox to Hemered as shown in Eq. 1.
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The Hemeox and Hemered represent the Fe(III)-associated and Fe(II)-associated hemes, respectively, and hence the redox transformation from Hemeox to Hemered can be considered as an one-electron transfer reaction. In Step (ii), Hemered directly transfers electrons to Cr(VI) by generating Cr(III) when Cr(VI) is in contact with OM of MR-1.
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It was reported that the reaction rate constants (Eq. 2) are 3.5 × 104 M-1 s-1 for MtrC and 2.5 × 105 M-1 s-1 for OmcA (Belchik et al., 2011), so the transient oxidation of the outer membrane cytochromes occurred due to the fast molecular reaction between Hemered and Cr(VI), which was also supported by the SEM results with obvious Cr(III) white precipitation on the surfaces of the Cr(VI)-treated cells.

In addition, from the results of Cr(VI) reduction by MR-1 mutants, the electron transfer pathway of reaction between Cr(VI) and c-Cyts of MR-1 is likely to be the typical Mtr respiratory pathway which is required for the reduction of metals and electrodes (Coursolle and Gralnick, 2010), suggesting that the outer-membrane enzyme-induced extracellular electron transfer might dominate the Cr(VI) reduction by MR-1. While the roles of those mutants in Figure 2A did not provide new interpretation in light of previous knowledge, but we go further with using DT UV-Vis spectral approach to measure the real-time changes of the redox status of c-Cyts in Figure 2B. From this aspect, the information about the c-Cyts in intact cells can be a new complement to the previous interpretation about the roles of various mutants.

It was reported that many microorganisms were capable of secreting high molecular mass polymers that can either be released into the surrounding environment (extracellular polysaccharides, exopolysaccharides) or remain attached to the cell surface (capsular polysaccharides; Ozturk and Aslim, 2008), and some quinone-compounds or flavin-compounds can play a role of shuttling electrons from cells to terminal electron acceptors (Marsili et al., 2008). Hence, besides the direct electron transfer from c-Cyts to Cr(VI), the electron shuttle-mediated Cr(VI) reduction was also possible in Cr(VI) reduction by MR-1. Generally, these two types of polysaccharides can be separated by centrifugation, with those remaining in the supernatant being soluble EPS (Sheng et al., 2010). The strain used in this study was harvested by centrifugation at 8,000 × g for 10 min at 4°C for three times after being washed and re-suspended using HEPES buffer, so the exopolysaccharides were very likely to be removed by centrifugation. S. oneidensis MR-1 can also produce riboflavin combining with exopolysaccharides in the process of experiment (Harald von et al., 2008), however, our previous study (Wu et al., 2014) showed that the absorbance of self-secreted riboflavin was much lower than that of the exogenous riboflavins, and the influence of self-secreted riboflavin can be ignored. In addition, Harald von et al. (2008) showed that when MR-1 was cultured with 100 mM fumarate as the electron acceptor and 50 mM lactate as the electron donor during anaerobic growth, there was nearly no riboflavin generated at the beginning, and it took 168 h for the riboflavin increasing to a highest concentration at about 0.07 μM. Because the duration time of most kinetic experiments in this study were less than 1 h, the riboflavin self-excreted by MR-1 may have very limited influences on the overall reaction kinetics. Therefore, the contribution of riboflavin combining with exopolysaccharides to Cr(VI) reduction can be ignored in this study, and the above discussion further supported that the c-Cyt-mediated electron transfer played a key role in Cr(VI) reduction by MR-1.

Furthermore, as the alternation of pH can also influence the Cr speciation, the speciation of Cr(VI) and Cr(III) was analyzed using Visual Minteq 3.0, which showed that results agreed with theoretical predictions (Parker et al., 2011). Under the neutral pH range tested (Borloo et al., 2007; Ross et al., 2009; Belchik et al., 2011), the dominant species of Cr(VI) are CrO42- and HCrO4; thus, the pH in the range of interest does not appear to significantly influence the species of Cr(VI). The dominant species of Cr(III) include not only the soluble species [Cr(OH)2+, Cr(OH)2+, and Cr(OH)3(aq)] but also the insoluble species [Cr(OH)3(s), Cr2O3], and hence, the pH in the range of interest may influence the species of Cr(III). The toxicity of Cr is due to the reactivity and solubility of the chromate anion. At circumneutral pH, Cr(VI) reduction to Cr(III) leads to its precipitation as insoluble Cr(OH)3. The Cr(III) showed weakened toxicity as pH dropped, probably due to its increasingly limited solubility (Rai et al., 2004; Remoundaki et al., 2007). The low Cr(VI) reduction rate at low pH may be due to the low growth and metabolism of cells, which has the most suitable pH at approximately 7 (Fein et al., 2010). The results of OD600 analysis further support the effects of pH on cell growth.

Regarding to the toxicity in increasing Cr(VI) concentration, while it has not been deeply investigated here, some proposed mechanisms have been reported previously. One possible mechanism is that Cr(VI) enters MR-1 cytoplasm through the sulfate transport mechanism to react with cellular DNA (Viamajala et al., 2004). A second possible mechanism is that the Cr(VI) reduction by MR-1 is self-inhibitory (Parker et al., 2011). Previous reports showed that MR-1 rapidly reduced Cr(VI) at the initial stage of reaction with 100–200 μM Cr(VI), but the cells gradually lost their ability to survive as the Cr(III) reduction product appeared (Bencheikh-Latmani et al., 2007; Gorby et al., 2008). The Cr(III) produced inside cells during Cr(VI) reduction may cross-link the phosphate backbone of DNA with peptides and amino acids such as cysteine and histidine (Zhitkovich et al., 1996), thereby inhibiting cell function and causing toxicity. The extracellular Cr(VI) reduction was not fast enough to prevent all Cr(VI) from entering the cell, Cr(III) precipitates were found outside and in the cytoplasm of the cells (Middleton et al., 2003). Also, higher concentration of Cr(VI) caused more intracellular precipitation of Cr(III) in MR-1 cell. The Cr(III) precipitates was only found outside MR-1 cells when 100 μM Cr(VI) was used as the sole terminal electron acceptor (Daulton et al., 2002). While Cr(III) precipitates were found both inside and outside MR-1 cells with 200 μM Cr(VI) (Belchik et al., 2011). A third possible mechanism of Cr(VI) toxicity to MR-1 is due to inhibition of anaerobic respiratory functions (Viamajala et al., 2004). It was manifested that anaerobic Cr(VI) reduction occurs in the electron transport pathway by cytochrome c or b along the respiratory chains in the inner membrane (Ahemad, 2014; Thatoi et al., 2014). The interaction of Cr(VI) with cytochromes might cause disruption of essential energy-deriving cell functions and result in inhibition of growth (Myers et al., 2000). Hence, with increasing concentration of Cr(VI), the mechanism for the toxicity might be attributed to Cr(VI) reacting with cellular DNA, the precipitation of Cr(III) inside the cells, and the inhibition of anaerobic respiratory functions by Cr(VI).

Based on the aforementioned results and discussion, it can be indicated that this study will have substantial implications for quantitatively evaluating the roles of c-Cyts in intact cells during Cr(VI) reduction processes. As c-Cyts play key roles in extracellular electron transfer processes, the direct measurement of c-Cyts reflects the real physiological and metabolic functions that take place during extracellular Cr(VI) reduction (Ross et al., 2009). In addition, despite the recent progress in describing the c-Cyt-mediated Cr(VI) reduction by various models, such as Michaelis–Menten model (Yamamoto et al., 1993; Shen and Wang, 1994b) and dual-enzyme model (Viamajala et al., 2003), the enzyme was not directly measured experimentally to further explore the enzymatic reactions. The in situ examination of redox status of c-Cyts will have the potential of being used to verify the outcome derived from the relevant models.

In summary, Cr(VI) and Hemered were directly measured in situ using the DT spectra to reflect the status of Cr(VI) reduction by c-Cyts in intact cells, which provides a useful approach to understand the behavior of outer membrane enzymes of MR-1 under non-invasive conditions. In the presence of Cr(VI), the reduced c-Cyts initially rapidly decreased and then slowly recovered under all tested incubation conditions. The reduced product, Cr(III), might cause toxicity to the cells, resulting in an inhibitory effect on the Cr(VI) reduction and Hemered recovery. The highest Cr(VI) reduction rate and fastest recovery of c-Cyts were obtained at pH 7.0 and 30°C, with sodium lactate serving as an electron donor. These conditions may be optimal due to the resemblance to suitable physiological conditions, which are favorable for metabolism and Hemered recovery. The presence of O2 greatly inhibited Cr(VI) reduction by competing with Cr(VI) as an electron acceptor. Therefore, the method established for monitoring in vivo cytochrome activity and the optimization of incubation parameters will provide new insight into the microbial metal reduction processes under non-invasive conditions.
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Metabolic interactions within microbial communities are essential for the efficient degradation of complex organic compounds, and underpin natural phenomena driven by microorganisms, such as the recycling of carbon-, nitrogen-, and sulfur-containing molecules. These metabolic interactions ultimately determine the function, activity and stability of the community, and therefore their understanding would be essential to steer processes where microbial communities are involved. This is exploited in the design of microbial fuel cells (MFCs), bioelectrochemical devices that convert the chemical energy present in substrates into electrical energy through the metabolic activity of microorganisms, either single species or communities. In this work, we analyzed the evolution of the microbial community structure in a cascade of MFCs inoculated with an anaerobic microbial community and continuously fed with a complex medium. The analysis of the composition of the anodic communities revealed the establishment of different communities in the anodes of the hydraulically connected MFCs, with a decrease in the abundance of fermentative taxa and a concurrent increase in respiratory taxa along the cascade. The analysis of the metabolites in the anodic suspension showed a metabolic shift between the first and last MFC, confirming the segregation of the anodic communities. Those results suggest a metabolic interaction mechanism between the predominant fermentative bacteria at the first stages of the cascade and the anaerobic respiratory electrogenic population in the latter stages, which is reflected in the observed increase in power output. We show that our experimental system represents an ideal platform for optimization of processes where the degradation of complex substrates is involved, as well as a potential tool for the study of metabolic interactions in complex microbial communities.

Keywords: microbial fuel cells, microbial communities, electroactive bacteria, metagenomic analysis, metabolite profiling, anodic biofilms

INTRODUCTION

The diverse microbial species present in natural environments interact with each other through metabolic and functional relationships that ensure the activity and stability of the community. Growth and survival of the species in the community depend on the exchange of metabolic products, especially in processes such as the degradation of complex natural polymers, such as polysaccharides, proteins, nucleic acids, and lipids (Sieber et al., 2012; Morris et al., 2013). Those synergistic interactions are the basis of natural processes such as the degradation of plant or animal residues, or the biogeochemical cycling of carbon, nitrogen or sulfur, but can also be essential in managed or artificial processes for agriculture, the food industry, wastewater treatment, or industrial bioprocesses (Brenner et al., 2008; Fuhrman, 2009; Chiu et al., 2014; Jacobsen and Hjelmsø, 2014).

The interactions among the species in a microbial consortium affect the function, activity, and stability of the community, providing improved metabolic capabilities. This is exploited in microbial fuel cells (MFCs), bioelectrochemical devices that convert organic or inorganic substrate chemical energy into electrical energy, by the metabolic activity of microorganisms. The power output of an MFC will depend on how efficiently the anodic biofilm catalyzes the decomposition of the fuel source and transfers electrons to the anode (Wrighton et al., 2010). While single microbial species are very efficient for the conversion of simple molecules into electricity, MFCs inoculated with microbial communities are used to catalyze the degradation of substrate mixtures (Feng et al., 2008; Greenman et al., 2009). Efficient degradation of complex feedstocks requires the complete breakdown of different macromolecules, achievable only through the combination of diverse microbial metabolic activities and long residence times in the anode chamber.

In an MFC inoculated with a natural microbial community, acclimatization to a given substrate drives the assembly of anode-associated mixed species biofilms toward definable consortia (Chae et al., 2009; Yates et al., 2012). The anaerobic environment in the MFC anode chamber results in a microbial community composed predominantly of fermentative bacteria and electrogenic anodophilic species. Our recent studies have demonstrated that increased power output is associated with both elevated microbial diversity (Stratford et al., 2014) and abundance of anaerobic respirators (Grüning et al., 2015). Fermentative species are unable to fully oxidize carbohydrates and instead undergo fermentative metabolism (Pfeiffer et al., 2001), while electrogenic bacteria oxidize non-fermentable substrates (e.g., acetate), and transfer the resulting electrons to an electron acceptor (EA; Kiely et al., 2011; Sun et al., 2015). Previous reports in single MFCs have suggested a syntrophic link between fermentation and electrogenesis (Freguia et al., 2008; Kimura and Okabe, 2013), but no assignment of specific taxa participating in the relationship has been provided. Syntrophic interactions have been studied using single substrates in MFCs (Lu et al., 2012) or in microbial electrolysis cells (MECs), a different bioelectrochemical system (Sun et al., 2012), while metabolic interactions and the mechanisms of electron transfer have been analyzed in binary systems, confirming syntrophy in co-cultures of two species (Butler et al., 2009; Rotaru et al., 2012).

Although almost all of the studies reported make use of individual MFCs, systems where a series of smaller MFCs units is connected in a hydraulic cascade (“stack”) have resulted in improved power output and increased efficiency (Gálvez et al., 2009; Gurung and Oh, 2012; Winfield et al., 2012; Zhuang et al., 2012; Ledezma et al., 2013). Therefore understanding the microbial ecology of such cascading systems is key to improving their yield and stability. In this work, we studied the anodic microbial communities and their associated metabolism in a cascade of MFCs fed with dried distiller’s grain with solubles (DDGS), a downstream product of the bioethanol industry (Eskicioglu et al., 2011) which has not been previously reported as a feed substrate in MFCs. We analyzed the changes in the taxonomic, metabolic, and electrochemical characteristics of each MFC within the cascade, with the objective of understanding the functional and structural modifications of the microbial community involved in the process. We show that communities with different metabolic characteristics can be identified along the cascade, as a result of the metabolic interactions between species. We suggest that the experimental approach presented would be applicable to other processes involving microbial communities.

MATERIALS AND METHODS

Preparation of DDGS Medium

The medium used throughout this study was 10% w/v DDGS, prepared by autoclaving a 10% (w/v) suspension of wheat DDGS in distilled water for 1 h at 121°C. The DDGS slurry obtained was then sieved through a 0.3 mm mesh (Endecotts Ltd., UK) and centrifuged at 6370× g for 30 min to remove insoluble particles. The medium was adjusted to pH 7 and autoclaved at 121°C for 15 min. The composition of the 10% DDGS medium was (g.l-1): total carbohydrates (as glucose equivalents), 16.80; free glucose, 0.14; glycerol, 6.60; pentosans, 2.98; L-lactate, 1.61; total phosphates, 0.67.

Preparation of MFC Inoculum

A microbial community derived from lignocellulose compost was used as the inoculum for the MFC cascade. The community was obtained by vigorously mixing 10% w/v lignocellulosic compost with PBS and inoculating the liquid fraction into a bioreactor (working volume 1 l), which was continuously fed with 10% DDGS medium (flow rate = 50 ml.h-1) for 840 h. The enrichment process was performed under aerobic and anaerobic conditions, and both enriched communities were tested for their electrogenic activity in single MFCs. The aerobically enriched community generated a higher peak power at 120 h, and was therefore chosen as the inoculum for the MFCs used in this study (Supplementary Figure S1).

MFCs Design and Operation

The single-chamber MFCs used in this study were designed to allow anode biofilm samples to be removed without the need to disassemble the MFC. Each cell consisted of a 140 cm3 Perspex anode chamber with Perspex plates on either side. Air was able to access the cathode through four 0.5 cm × 4 cm slots cut into the cathode-side plate. Insulated Ni/Cr wire (Advent Research Materials, UK) was threaded through the cathode and protruded between the plate and chamber. The anode consisted of an 8 cm by 22 cm carbon fiber cloth wrapped around a Perspex rod, with insulated Ni/Cr wire threaded through and around the carbon fiber cloth and rod; held in place with a rubber bung. The exposed anode surface area was 96.5 cm2.

The air-breathing cathode consisted of 410 μm thick carbon cloth, coated with 4 mg cm2 of Pt black catalyst with polytetrafluoroethylene binder (FuelCellsEtc, USA) and was hot-pressed onto Nafion® 115 proton-exchange membrane (DuPont, USA) as previously described (Beecroft et al., 2012).

The working volume of each MFC was 127 cm3. A magnetic bar placed in each anode compartment was used to ensure sufficient mixing of the anolyte suspension.

MFC Cascade

Four MFCs were connected hydraulically, with the eﬄuent of one MFC feeding into the next downstream (Figure 1). The medium was continuously purged with oxygen-free nitrogen gas (OFN) and supplied to the MFC cascade at a flow rate of 6.35 ml.h-1, resulting in a hydraulic retention time (HRT) of 20 h for each MFC in the cascade (80 h for the whole cascade). Each MFC was inoculated with 1 ml of enriched lignocellulosic culture and operated in batch mode for the first 24 h. The MFCs were operated at 30°C and samples taken for microbial and chemical analysis every 120 h (six anode chamber volume changes) thereafter. All the results were obtained from three independent biological replicates.
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FIGURE 1. Schematic representation of the MFC cascade setup. Four identical MFCs are connected hydraulically by oxygen impermeable tubing (brown arrows). Fresh medium is pumped into the first MFC, and then cascaded sequentially through each cell driven by peristaltic pumps (gray circles) ensuring a hydraulic retention time (HRT) of 20 h for each cell. The oval shapes represent the species in the planktonic and biofilm populations in the anode chamber.



Electrochemical Measurements

Microbial fuel cell voltage was monitored using an Arbin BT2143 battery tester controlled with MITS Pro software (Arbin Instruments, USA) across a fixed external resistance of 1000 Ω. The electrical current was calculated using Ohm’s law, I = V/R, where V is the measured voltage and R is the external resistance. Electrical power production was determined using the derivation of Joule’s law, where power P = V × I. Volumetric power and current density were calculated by dividing the output by the total anode chamber volume. Polarization curves were carried out for the single MFC units in the cascade every 120 h by connecting the MFC to external load values ranging from 700 000 to 250 Ω for 5 min intervals at each resistance, to ensure the MFC reached a stable output.

Microbial Community Analysis

Total DNA was extracted from either the anode biofilm or the anolyte suspension using FastDNA Spin Kit for Soil (MP Biomedicals, UK). To sample the anodic biofilm, the anode, wrapped around a central Perspex rod, was removed briefly from the MFC set up in an aseptic environment. Biofilm samples were taken from the anode using a sterile scalpel and suspended in 1 ml of PBS containing 20% (w/v) glycerol and stored at -20°C. The anolyte suspension was sampled by taking 500 μl of the suspension under aseptic conditions and added to 500 μl of 40% (w/v) glycerol – PBS and stored at -20°C. Prior to DNA extraction, the samples were centrifuged (10 000 × g, 5 min), washed three times with 1 mL PBS and resuspended in 100 μl of nuclease free water (Promega, UK).

PCR and subsequent sequencing are described in the literature (Dowd et al., 2008) and were performed at the Research and Testing Laboratory (Lubbock, USA). The V1–V3 hypervariable regions of 16S rRNA genes were amplified for sequencing using the following forward and reverse fusion primers: 28F-GAGTTTGATCNTGGCTCAG and 519R-GTNTTACNGCGGCKGCTG. Trace data was deposited at the EMBL-EBI European Nucleotide Archive with the project accession PRJEB9971. Analysis of the 16S rRNA sequencing data was performed using Mothur v1.32.1 to v1.34.1 as previously described (MacIntyre et al., 2015). All OTUs were defined using a cut off value of 97%. Taxonomic relative abundances are available in the Supplementary Information.

Chemical Analyses

All liquid samples (anolyte suspension or fresh medium) were filtered through 0.22 μm membranes (Millex, Merck Millipore Ltd., Ireland). Total carbohydrate analysis was performed using a colorimetric phenol/sulphuric acid method (Dubois et al., 1956). Total phosphate concentration was determined using a phosphate assay kit (Merck, Germany). L-lactate and glycerol were determined using EnzyChrom enzymatic assay kits ECLC-100 and EGLY-100, respectively (BioAssay Systems, USA). The concentrations of glucose and iron were determined using Sigma assay kits GAGO20 and MAK025 (Sigma–Aldrich, USA). The pentosan content in the medium was quantified using a colorimetric method (Finnie et al., 2006) and xylose concentration was measured using an enzymatic assay kit (Megazyme, Ireland). Acetate, succinate, and propionate in the suspension were determined using 1H NMR spectroscopy as previously described Li et al. (2011). Measurement of pH was performed on 10 ml of anolyte suspension using a pH-meter (Mettler Toledo MP220, Switzerland).

Statistical Analysis

Linear mixed effect models were built wherein biological replicate (cascade run: 1,2,3) was included as a random factor, while fixed effects included time, fermenter abundance, and fermentation products. The significance associated with including a variable was determined by stepwise addition followed by likelihood ratio testing to compare the new model with the previous (null) model lacking the additional variable. Each model was assembled and tested in the order: intercept, time, abundance of fermenters, or metabolite concentration. For each model, standardized coefficients (β) and significances were calculated for effects associated with each independent variable.

Three models were constructed. Model (1) tested the hypothesis that time and hydraulic series order had distinct effects on MFC power output. This model also included an interaction between hydraulic series position and time. The interaction term was included to determine if the passage of time significantly altered the order of the hydraulic series. Models (2) and (3) were subsequently assembled to test the hypothesis that the concentration of acetate and fermenter abundance, respectively, predict power output. All statistical analysis was carried out using the LME4 package in R version 2.15.2

RESULTS

Electrogenic Activity and Power Output of the MFC Cascade

The microbial community in the anode of an MFC converts the chemical energy of substrates into electricity through the metabolic activity of the species present. A direct evaluation of the electrogenic activity of the system can be obtained by measuring the power output. In our experimental system (Schematically represented in Figure 1), four individual MFCs were connected hydraulically and the voltage and power output were monitored during the experiment.

The mean maximum voltage observed in the first, second, third, and fourth MFCs were 0.51, 0.54, 0.55, and 0.64 V, respectively, while the mean peak powers attained were 0.37, 0.43, 0.50, and 0.73 W.m-3. The polarization curves (Figure 2) demonstrate that the medium fed at the selected flow rate facilitated power production in the four MFCs, with the performance of each MFC consistently increasing along the cascade.
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FIGURE 2. Voltage output and volumetric power density curves as a function of volumetric current density of four MFCs connected hydraulically in cascade. Results are mean values of three cascade biological replicates at 120, 240, 360, and 480 h. Error bars represent standard error of the biological replicates.



In order to confirm that the increase of power along the MFC cascade is significant, a linear effects model was constructed to correlate power output with the time at which peak power was measured and with the position of the MFC in the cascade (Table 1, Model 1). The position of the MFC in the cascade showed a statistically significant positive correlation with peak power (β = 0.73, p ≤ 0.0001), confirming that the power output does indeed increase along the cascade. On the other hand, time had no significant effect on the relationship between the position of the MFC in the cascade and the peak power output (β = -0.21, p = 0.45), thus confirming that the power output of the MFCs in the cascade remained at steady state over the course of the experiment.

TABLE 1. Mixed effect models, testing the effect of cascade MFC position, time, fermentative population abundance and fermentation on peak power, assessed by β weight.
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Metabolic Product Analysis

The concentrations of carbon sources and metabolic end products in the anolyte suspension were measured in each MFC during the experiment to obtain an indication of the activity of the different metabolic pathways in the species present in the communities. Identification of those pathways is essential to understand the metabolic mechanisms prevailing in each stage of the cascade.

Dried distiller’s grain with solubles contains a variety of carbohydrates and other organic compounds, including glycerol, pentosans and glucose, that can be fermented by several of the species present in the community to generate short chain fatty acids (SCFAs) such as propionate, succinate, or acetate. In general, SCFAs are ideal carbon sources for anodophilic bacteria (Jang et al., 2010), with acetate being the preferred substrate for electron donation to the anode by various species (Choi et al., 2011; Sun et al., 2015). In the first MFC, glycerol (present in the feed at 6.60 g.l-1) was almost completely consumed (Figure 3A). Almost no lactate was consumed in that MFC (lactate concentration remained close to 1.6 g.l-1, the concentration in DDGS), but it was undetectable in the second MFC. Acetate concentration increased consistently across the cascade (Figure 3C), reaching a maximum concentration of 2.57 g.l-1. The concentration of acetate significantly correlates with peak power (β = 0.67, p ≤ 0.0001), as shown from the results of a linear effects model correlating power output with substrate concentration across the cascade (Table 1, Model 2).
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FIGURE 3. Concentration of the fermentable carbohydrates glycerol (A) and lactate (B), and the fermentation end product acetate (C) measured in the DDGS medium and the anolyte suspension across the MFC cascade. Error bars are standard error of three cascade biological replicates, apart from the DDGS medium which are standard error of three technical replicates.



Another significant source of organic carbon in the medium is the pentosan fraction, present at a concentration of ∼3 g.l-1. Although no free xylose was detected in DDGS, this sugar is most likely released by microbial hydrolysis of the pentosan fraction. It is present in the MFC cascade at the relatively low concentration of 0.20 g.l-1 (Supplementary Information). It has been reported that xylose in MFCs can be fermented into acetate (Huang and Logan, 2008; Mäkinen et al., 2013), which is used as a substrate for electricity production.

Principal component analysis (PCA) of the 1H NMR spectral data of the MFC cascade anolyte suspension (Figure 4) shows a clear metabolic shift between the first and last MFC in the cascade along the second principal component, which is further supported by a supervised orthogonal partial least squares discriminant analysis (O-PLS-DA) between the two groups (Figure 5). These results strongly suggest a segregation of the anodic communities across the cascade.
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FIGURE 4. PCA scores plot of 1H NMR spectral data of anolyte from MFC1 (blue) and MFC4 (red). A clear separation between the initial and final MFCs in the cascade along the second principal component (PC2) is observed [R2X (PC1) = 57.2%; R2X(PC2) = 14.5%; Q2= 0.53].




[image: image]

FIGURE 5. OPLS-DA scores plot of 1H NMR spectral data of anolyte from MFC1 (blue) and MFC4 (red) shows a significant difference between the initial and final MFCs in the cascade (R2X = 71.5%; Q2Y = 0.78; cross-validated ANOVA p = 0.0003).



Microbial Community Analysis

The observed changes in the power output and in the metabolite profile of the MFC cascade are suggestive of changes in the metabolic activity of the anodic microbial community. The composition, dynamics, and taxonomy of the bacterial communities in the anodic biofilm and in the anolyte suspended culture were analyzed by next-generation sequencing of the amplified 16S rRNA genes of the entire microbial community in each sample. To avoid PCR-induced artifacts and bias (Youssef et al., 2009; Engelbrektson et al., 2010), the same DNA extraction, amplification, and sequencing methods were applied to all samples to allow fair comparison of taxonomic data sets (Dowd et al., 2008; MacIntyre et al., 2015).

Four genera made up on average 74.3% of the microbial communities observed in each MFC anodic biofilm and anolyte suspension. In order of mean % relative abundance, these were: Clostridium (35.7±14.1%), Rummeliibacillus (19.0±5.9 %), Lactococcus (11.4±3.5 %), and Bacteroides (8.2±3.6%). Ten other genera with lower abundancies were Streptococcus (4.1±1.8%), Enterococcus (3.9±1.3%), Proteiniclasticum (3.3±2.7%), Dysgo nomonas (1.1±0.3%), and Leuconostoc (1.1±0.3%), Ethanoligenes (0.8±0.4%), Comamonas (0.7±0.2%), Sporobacterium (0.7±0.5%), Anaerotruncus (0.6±0.4%), and Stenotrophomonas (0.5±0.2%). Those 14 strains made up to 96.1% of the identified genera in the population. The complete list of identified genera and their relative abundances are available in the Supplementary Information.

Each genus was assigned a metabolic class with respect to terminal EAs according to their typical metabolism according to the literature (Table 2). These were either fermenters, which use intracellular metabolites as EAs, or anaerobic respirators, which are able to fully oxidize fermentation products using a terminal EA other than oxygen, such as sulfate, nitrate or an external anode with the appropriate redox potential. However, some species are capable of performing either metabolic function, depending on the prevalent environmental and/or physiological conditions. As it is impossible to identify the precise metabolic function of individual species in a complex microbial community, we have made the classification according to the predominant (or more likely) metabolic type at the level of genus, informed by the literature and by the type of metabolic products detected in the medium. We have used this approach before in the analysis of the microbial communities in single MFCs (Stratford et al., 2014; Grüning et al., 2015).

TABLE 2. The 14 most abundant genera found in the anodic biofilm and anolyte suspension of triplicate MFC cascades, classified according to their most likely metabolic function.
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The shifting dynamics of these 14 genera in the anodic biofilm and the anolyte suspension across the MFC cascade is shown in Figure 6. The heatmap shows the temporal changes of the most abundant genera in the individual MFCs, and the changes in abundances according to the position of the relevant MFC in the cascade. While the overall temporal trend along the cascade shows a clear increase of the respirators and a decrease of the fermenters, the time-course of the first two MFCs shows a slight increase of the fermenters, and an even slighter increase of respirators in the anolyte. At 120 h, the system has probably not reached the definitive composition, as it is suggested by the lower power output and the metabolite profile. Previous work has differentiated between electrical steady state and biological steady state (Ren et al., 2011), and our observation could be explained using this concept: even though the system might have reached steady electrical output, the biofilms were still maturing at 120 h, reaching the biological steady state at 240 h. Our results show that the system is fully mature at longer times: The segregation of the communities in the MFC cascade occurs as the biofilm reaches biological steady state.
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FIGURE 6. Heatmap showing the percentage abundance of the 14 most abundant genera within: (A) the anodic biofilm of each MFC in the cascade; (B) the anolyte suspension of each MFC in the cascade. Results shown are average percentage abundance of three biological replicates. Total fermentative population represents the total number of fermentative species out of the top 14 most abundant genera. Total respiratory population represents the total number of anaerobic respiratory species out of the top 14 most abundant genera. ∗Fermentative metabolism most likely, †Anaerobic respiration most likely.



The % relative abundance of genera with fermentative metabolism in each MFC decreased from an average of 75.6% (±10.1%) of the anodic biofilm in the first MFC in the cascade to just 36.7% (±8.3%) in the final MFC (Figure 6A). The largest changes were observed for Proteiniclasticum (7.4-fold decrease), Clostridium (2.5-fold decrease), and Anaerotruncus (1.5-fold decrease). Conversely, the % relative abundance of anaerobic respiring genera in each MFC increased from an average of just 24.4% (±10.1%) of the anodic biofilm in the first MFC in the cascade to 63.3% (±8.3%) in the final MFC (Figure 6A). The largest increases were observed for Comamonas (7.7-fold), Rummeliibacillus (2.4-fold), and Stenotrophomonas (twofold).

The composition of the suspended community in the anodic chamber (Figure 6B) was very different to that of the biofilm, and remained constant across the cascade. On average, 57.0% (±5.6%) of the anodic biofilm community is composed of a fermentative population, whereas in the anolyte suspension, the fermentative population makes up on average 96.1% (±1.4%) of the community. Fermentative metabolism does not require the use of external EAs (the anode, in an MFC), and metabolic energy is obtained by the conversion of substrates into fermentation products, which are normally excreted. On the other hand, the anaerobic respiratory population cannot fully oxidize those fermentation products without an external EA, and so are in high abundance in the anodic biofilm community.

The most abundant genus found in the MFC cascade is Clostridium, a member of the phylum Firmicutes. Firmicutes have been found to dominate anodic communities of acetate-fed MFCs (Aelterman et al., 2006; Wrighton et al., 2008; Beecroft et al., 2012) and cellulose-fed MFCs (Rismani-Yazdi et al., 2007). In our study, the abundance of Clostridium species in the anodic biofilm community (average relative abundance of 24.6±13%, Figure 6A) was nearly half of that in the anolyte suspension (46.8±11%, Figure 6B). Clostridium species are able to ferment glycerol (Yazdani and Gonzalez, 2007), xylose (Balasubramanian et al., 2001), and various pentosans (Rogers and Baecker, 1991; Broda et al., 2000) into acetate.

Similarly to Clostridium, species of the fermentative Lactococcus genus were abundant in the anolyte suspension (average relative abundance of 18.2±1.8%, Figure 6B), but were much less abundant in the anodic community (average relative abundance of 4.7±1.4%, Figure 6A). While Lactococcus species are able to ferment xylose into lactic acid and acetic acid (Tanaka et al., 2002), Lactococcus lactis can transfer electrons to an anode using mediators such as quinones (Freguia et al., 2009) or flavins (Masuda et al., 2010).

The third most abundant fermentative genus in the anodic community was Bacteroides (average relative abundance of 13.3±4.6%, Figure 6A), which has been previously reported to be abundant in anodic communities (Beecroft et al., 2012; Jia et al., 2013). Bacteroides species are able to ferment a range of plant polysaccharides and xylans (Salyers et al., 1977; Cooper et al., 1985) as well as some of the sugars present in DDGS, such as xylose (Turner and Roberton, 1979).

This is the first time a Rummeliibacillus species has been shown to be dominant in anodic communities (Figure 6A). Rummeliibacillus, previously classified as Bacillus, are generally unable to ferment common hexoses, pentoses, hexitols, disaccharides, and trisaccharides (Nakamura et al., 2002). Rummeliibacillus produces the menaquinones MK-7 and MK-8 (Her and Kim, 2013), which mediate anaerobic respiration by shuttling electrons from an oxidized fermentation product to an EA. Despite playing a dominant role in the anodic biofilm (average relative abundance of 34.5±3.8%), the abundance of Rummeliibacillus species is low in the anolyte suspension, with an average relative abundance of 3.6±1.2% (Figure 6B).

The effect of the abundance of fermenters in the biofilm across the cascade on the power output was tested by a linear effects model (Table 1, Model 3), which showed that the fermenters responsible for converting DDGS components into acetate have a statistically negative correlation with peak power (β = -0.50, p ≤ 0.0001). This confirms that along the cascade, the fermentative population in the suspension generates the substrates for the electrogenic population in the biofilm.

DISCUSSION

Relationships between metabolite pools, microbial functional types and power output were characterized in a hydraulic cascade of MFCs inoculated with a complex microbial community. The results obtained indicate that the microbial community in the anode self-organizes in accordance to the substrate availability. Considered individually, the MFCs showed changes in the composition of the community and in the metabolic profile, attributable to the acclimation and maturation of the community to the available substrates. When considering the whole cascade, the abundance of fermentative genera is highest in the first MFC, and decreases across the cascade. This can be explained by the decrease in fermentable substrates, which prevents the formation of a stable fermentative community in the biofilm. The anaerobic respirators, on the other hand, become more abundant in the anodic community further along the cascade due to the highest availability of SCFAs. Respirator species can oxidize those compounds and utilize the anode as the EA, resulting in the observed trends in power output.

The microbial communities in the anode could also be separated into two groups, one associated to the biofilm and another associated to the anolyte suspension. Those populations were composed by fermentative and anaerobic respiratory genera, as determined by both taxonomic and extracellular metabolite analyses. Mean genera abundances were very different, with the vast majority (>90%) of the anolyte suspension being composed of fermentative microorganisms, whereas in the anodic biofilm community the fermentative population abundance was only 50%. These differences suggest that the anode is selecting for anaerobic respirators with redox systems best suited for utilizing the anode as an EA.

Our experimental data provide evidence that fermentative pathways are active in the MFCs, converting the components of DDGS (carbohydrates and pentosans) to yield free sugars (e.g., glucose, xylose) that can be metabolized to yield the SCFAs commonly used by electrogenic species. This is in agreement with the presence of fermentative metabolism products which accumulated across the MFC cascade, notably acetate (Figure 3C), propionate and succinate (Supplementary Information). The increased concentration of acetate in the fourth MFC indicates that the fermentative population in the early stages has converted all fermentable substrates into SCFAs for respiration. These might have been accumulated due to the external resistance of the MFC being too high to drain all acetate electrons through the anode.

The fermentative population themselves contribute little to power production but produce acetate, which can only be completely oxidized by the anaerobic respiratory population if electrons are donated to the anode (Grüning et al., 2015; Sun et al., 2015). Therefore for complex substrates, fermentative species play a crucial role in the ability of microbial communities to fully oxidize carbohydrates in MFCs. Although a pre-fermentation step prior to feeding MFCs could be used to provide substrates for the respiratory population (Sharma and Li, 2010; Goud and Mohan, 2011), our cascade system naturally generates a selective environment for the evolution of communities with the right composition and activities for the given substrate and HRT. Considerably longer residence times would be required in single MFCs, to achieve the same bioconversion of complex substrates to power production and the HRT would need to be fine-tuned to achieve the optimal proportions of fermentative and respiratory communities. From a scalability perspective, studies focusing on improving single MFC performance have demonstrated that increasing anodic chamber size results in an increase in internal resistance (Ieropoulos et al., 2008); connecting a series of smaller, more efficient MFCs in hydraulic cascade overcomes this limitation (Walter et al., 2015). Understanding how MFCs will perform depending on their position in the cascade is an important step toward application of this technology.

To the best of our knowledge, this is the first exhaustive analysis of microbial communities in MFC cascades, showing the link between the composition of the community, the metabolic profile and the power output, and demonstrating how the relationship between the fermentative and anodophilic populations underpin the observed increase in power yields across the cascade. Previous reports have mentioned the existence of syntrophic relationships in single MFCs fed with simple carbon sources (Freguia et al., 2008; Yamamuro et al., 2014), or simplified systems involving only two species (Kimura and Okabe, 2013).

We show here that a cascade of multiple MFCs is an ideal platform for the study of those relationships, as it provides a high-resolution map of the interactions between species. The presence of different anodic communities in the MFCs in the cascade, as demonstrated by the taxonomic analysis and illustrated in the heatmap (Figure 6), together with the different metabonomic profiles discussed above (Figures 3–5) clearly indicate that the effect of a cascade set up is the segregation of different communities according to the metabolic functions prevailing in each MFC unit. The native initial community is therefore “stretched” along the different MFCs in the cascade, ensuring that the generated sub-communities act optimally. Changes in the structure of the cascade (e.g., changing the number of MFCs and/or the HRT) will promote changes in the structure of the sub-communities, allowing not only for a more efficient performance but also to disentangle the taxonomic structure of functional consortia (Dolfing, 2014). This approach could be extended to the study of other equally complex processes where the concerted activity of microbial communities is required.
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FIGURE S1 | Performance at 120 h of MFCs inoculated with aerobic and anaerobic enriched microbial community derived from lignocellulose compost. Lignocellulosic compost was used to inoculate chemostats continuously fed with 10% DDGS medium. The process was performed under aerobic and anaerobic conditions, and both enriched communities were tested for their electrogenic activity in single MFCs. The aerobically enriched community produced higher peak power at 120 h, and was therefore chosen as the inoculum for the MFC cascade.
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Shewanella oneidensis MR-1 is capable of extracellular electron transfer (EET) and hence has attracted considerable attention. The EET pathways mainly consist of c-type cytochromes, along with some other proteins involved in electron transfer processes. By whole genome study and protein interactions inquisition, we constructed a large-scale electron transfer network containing 2276 interactions among 454 electron transfer related proteins in S. oneidensis MR-1. Using the k-shell decomposition method, we identified and analyzed distinct parts of the electron transfer network. We found that there was a negative correlation between the ks (k-shell values) and the average DR_100 (disordered regions per 100 amino acids) in every shell, which suggested that disordered regions of proteins played an important role during the formation and extension of the electron transfer network. Furthermore, proteins in the top three shells of the network are mainly located in the cytoplasm and inner membrane; these proteins can be responsible for transfer of electrons into the quinone pool in a wide variety of environmental conditions. In most of the other shells, proteins are broadly located throughout the five cellular compartments (cytoplasm, inner membrane, periplasm, outer membrane, and extracellular), which ensures the important EET ability of S. oneidensis MR-1. Specifically, the fourth shell was responsible for EET and the c-type cytochromes in the remaining shells of the electron transfer network were involved in aiding EET. Taken together, these results show that there are distinct functional parts in the electron transfer network of S. oneidensis MR-1, and the EET processes could achieve high efficiency through cooperation through such an electron transfer network.

Keywords: c-type cytochrome, extracellular electron transfer, k-shell decomposition, protein disordered region, protein–protein interaction network

INTRODUCTION

The transmission of electrons to extracellular solid acceptors (extracellular electron transfer, EET) is an important reaction in some microorganisms, such as Geobacter sulfurreducens and Shewanella oneidensis (Shi et al., 2007). C-type cytochromes play important roles in the EET processes (Shi et al., 2012; Tremblay and Zhang, 2015), for example, four c-type cytochromes, CymA, MtrA, MtrC, and OmcA, can form an electron transfer chain with a trans-outer membrane protein MtrB in S. oneidensis MR-1 (the classical MtrCAB pathway). Some other EET pathways (such as MtrDEF and the dimethyl sulfoxide (DMSO) pathway) have also been proposed in recent years (Gralnick et al., 2006; Coursolle and Gralnick, 2010, 2012; Breuer et al., 2012, 2014). However, because of the diversity of c-type cytochromes, Shewanella can express different c-type cytochrome genes in different environments. Thus it remains challenging to accurately characterize the EET processes in such species.

Previous studies have revealed the high efficiency of the prediction of biological pathways from biological networks (Planas-Iglesias et al., 2012; Huang et al., 2013; Mukhopadhyay and Maulik, 2014). Following initial work on a small-scale c-type cytochrome network (Zhang et al., 2008), a recent study constructed a network for all of 41 c-type cytochromes in S. oneidensis MR-1 and the classical EET pathways (e.g., MtrCAB, MtrDEF) can be identified from the c-type cytochrome network (Ding et al., 2014). Furthermore, from the view of steric properties of individual proteins, Volkov and van Nuland (2012) performed extensive conformational sampling, mapped out functional epitopes in c-type cytochrome complexes (involving cytochrome c and other redox-active proteins such as peroxidase and cytochrome b5) and then assessed the electron transfer properties of such interactions.

To take advantage of the extracellular solid electron acceptors which widely exist in cellular living environment, Shewanella species develop effective EET strategies based upon c-type cytochromes and other redox-active proteins. Here, we explored such processes by constructing an electron transfer network and analyzing its formation and extension, as well as the functional parts in the network. Proteins in the core of a genome-scale protein–protein interaction (PPI) network have a high probability of being essential (Wuchty and Almaas, 2005), and network peripheral proteins tend to be preferentially involved in recent or ongoing adaptive events (Kim et al., 2007), therefore such a core-periphery structure can be helpful to understand PPI networks. Furthermore, k-shell analysis has been widely used to explain both network formation and current structure (Kitsak et al., 2010; Pei et al., 2014), we thus engaged it in this study.

After whole genome study and identification of interactions of proteins that are potentially involved in electron transfer processes in S. oneidensis MR-1, a large-scale electron transfer network was constructed (see Construction of the Electron Transfer Network). Then, by integrating protein disordered regions and subcellular localization data, we found that the k-shell structure can be helpful for understanding the formation and extension of the electron transfer network (see K-shell Structure of the Electron Transfer Network). Finally, the functional significance of the various shells in the network is discussed in this paper (see The Top Three Shells Take Charge of Electron Generation, The Fourth Shell Is Responsible for Extracellular Electron Transfer, The c-type Cytochromes in the Remaining Shells Are Involved in Aiding Extracellular Electron Transfer).

MATERIALS AND METHODS

Protein Selection

C-type cytochromes, which play the most important roles in the EET processes, were identified from genome annotation data (Meyer et al., 2004), and then were verified according to the literature. Other proteins that are potentially involved in electron transfer processes (such as pilin proteins, flavoproteins, and various redox-active proteins) were manually selected from the complete genome of S. oneidensis MR-1 (Heidelberg et al., 2002) via the KEGG genome database1.

Network Construction

Interaction information for these manually selected proteins was obtained from the famous protein interaction database STRING2 (Franceschini et al., 2013). Furthermore, experimentally identified and verified interactions from the literature were also considered. Then, the PPI network was built based on these interaction data. GO biological process and KEGG pathway enrichment analyses were carried out using STRING online tools.

K-shell Analysis

As described elsewhere (Kitsak et al., 2010; Pei et al., 2014), the k-shell decomposition method assigns a ks value to each node in a network. Such values can be obtained by successive pruning of nodes level by level. That is, removing all nodes with degree k = 1 and repeatedly making such procedure, until there are no remaining nodes with degree k = 1; all such removed nodes are then assigned a ks value with ks = 1. Then, via a similar procedure, one can iteratively obtain the next ks value (ks = 2), and so on until all nodes are removed.

Disordered Regions

Protein disordered regions are functionally versatile and can mediate new interactions of proteins (Buljan et al., 2013; Uhart and Bustos, 2014); they thus play an important role in the formation and extension of PPI networks. The disordered regions of proteins were identified with the tool IsUnstruct (v2.023) (Lobanov and Galzitskaya, 2011). All disordered segments with two or more continuous amino acid residues were considered as disordered regions.

Subcellular Localization

The subcellular localization of proteins contributes to understand EET processes and the role of different proteins in EET; in this study, it was performed by the following procedures: (1) using PSORTb4 (Yu et al., 2010), which is one of the best tools for current subcellular localization analysis; then, (2) using CELLO5 (Yu et al., 2006) for proteins that were not resolved by PSORTb; and at last, (3) referring to specific-protein-related literature or known molecular function for checking or revising of the subcellular localization.

Protein Domains and Their Interactions

Protein (families) domains were mainly determined from Pfam (release 27.06) (Finn et al., 2014), and proteins without domain information in Pfam were analyzed by the prediction tool FFAS7 [note that if the predicted templates had overlap area, only the template with the best score was chosen (Jaroszewski et al., 2005)]. Protein domain-domain interactions (DDIs) were mainly resolved from 3did8 (Mosca et al., 2014).

RESULTS AND DISCUSSION

Construction of the Electron Transfer Network

C-type cytochromes play important roles in the transmission of electrons from intracellular space to extracellular acceptors (Shi et al., 2012; Tremblay and Zhang, 2015). These highly water soluble proteins covalently bind heme via two cysteine residues. Using pattern matching (the heme-binding CXXCH motif), Meyer et al. (2004) identified 42 genes encoding c-type cytochromes in the S. oneidensis MR-1 genome. However, according to published literatures, we found that SO_4570 is a pseudo gene and SO_3623 is a degenerate gene; these two genes were thus eliminated. SO_1748 was identified as a periplasmic monoheme c-type cytochrome following several recent reports (Romine et al., 2008; Gao et al., 2010; Jin et al., 2013). Furthermore, other proteins that play roles in electron transfer were identified by analyzing genome-wide annotation data. The main types of these proteins are: pilin proteins, flavoproteins, quinone/ubiquinone oxidoreductases, and other various redox-active proteins (e.g., flavodoxins, ferredoxins, and metalloproteases). Overall, 481 proteins were identified (Supplementary Data Sheet S1).

Next, we needed to obtain all interaction information on these 481 proteins. Because large-scale experimental data are not presently available, we performed protein interaction inquisition in STRING. The most important parameter for protein interaction inquisition in STRING is the confidence score, which is defined as the approximate probability that a predicted interaction exists between two proteins in the same metabolic map in the KEGG database. To obtain more comprehensive information, medium confidence (0.4) was set. The interaction information was then obtained (Supplementary Data Sheet S2, December 2014) and a large-scale electron transfer network was constructed accordingly. After removing isolated nodes (23 proteins) and separated links (two interactions), we obtained a network with 2266 interactions among 454 proteins (Supplementary Methods). Furthermore, experimentally identified and verified interactions were also considered. We found that most of the experimentally verified interactions were included in STRING’s predictions. Nevertheless, 10 further interactions were discovered by literature retrieval (Borloo et al., 2011; Schutz et al., 2011; Fonseca et al., 2013) (Supplementary Methods). Overall, 2276 interactions among 454 proteins were determined in the final electron transfer network.

The electron transfer network was then modeled as an undirected graph, in which nodes represent the proteins and the links represent protein interactions. It is clear that network structure strongly correlates with its function, for example, several classical EET pathways have been identified by modular analysis of a c-type cytochrome network (Ding et al., 2014). As k-shell analysis has been widely used to explain both the formation and current structure of networks (Kitsak et al., 2010; Pei et al., 2014), we thus engaged this method to study the formation and extension of Shewanella electron transfer network and its functional parts, as well as their potential implications for EET processes.

K-shell Structure of the Electron Transfer Network

We first performed k-shell decomposition for the S. oneidensis MR-1 electron transfer network (Figure 1A, Supplementary Methods, Supplementary Data Sheet S3). From the network formation and extension view, it is clear that the nodes with high k-shell values (ks) were those connected initially (Kitsak et al., 2010; Pei et al., 2014). These nodes form a core network that was reconstructed and expanded as new nodes were constantly connected. Since PPIs are strongly influenced by their local environment, the protein interaction system is constantly reconstructed (e.g., by rewiring interactions among existing proteins [Kim et al., 2012]) and expanded (e.g., by recruiting new proteins into the network for highly specific and/or more efficient functions [Nam et al., 2012]) according to changes in the environment. As a result, the structure of the PPI network evolves. Therefore, such a k-shell network structure reflects the formation and extension of the PPI network.
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FIGURE 1. (A) Visualization of the k-shell structure of the S. oneidensis MR-1 electron transfer network, using the program LaNet-vi (Beiro et al., 2008). The nodes are ordered by their ks values. Black panes indicate proteins that form representative EET pathways. (B) The negative correlation between the ks and the average DR_100.



To further explore the formation and extension of the electron transfer network, we considered an important feature of proteins, namely disordered regions. Such disordered regions cannot fold into stable three dimensional structures but increase the functional versatility of proteins; they can also mediate new protein interactions (Buljan et al., 2013; Uhart and Bustos, 2014) and thus play an important role in the formation and extension of PPI networks. For each protein, we first obtained its disordered regions (Supplementary Data Sheet S4) and computed the disordered regions per 100 amino acids (DR_100). Since many disordered regions locate at the termini of proteins, small proteins will significantly perturb the statistical results. Therefore, the proteins that are less than 100 amino acids were excluded (19 proteins). Then, we analyzed the average DR_100 for the proteins in every shell of the electron transfer network, and found that there was a negative correlation between the ks and the average DR_100 (DR_100Ave = -0.0165 ×ks + 1.1616, p = 0.0395) (Figure 1B).

The results demonstrated that there has been a selection preference for proteins during the formation and extension of the electron transfer network. Proteins with fewer disordered regions seem to have been preferably selected in the core of the electron transfer network. Because the intrinsically disordered regions in proteins do not fold into stable structures under physiological conditions, the proteins in the core of the electron transfer network, with less disordered regions, have a high probability of being stable. The stability of these proteins could favor formation of the macromolecular complexes required to carry out essential cellular processes. For example, metabolic proteins have been shown to possess the lowest disordered content (Pavlovic-Lazetic et al., 2011). In contrast, with the more disordered regions in network peripheral proteins suggests there are frequent dynamic interactions, since protein disordered regions are functionally versatile, and allow the same polypeptide to undertake different interactions with different consequences (Wright and Dyson, 2015). Protein disordered regions can interact with numerous different partners by using molecular recognition features (or linear motifs), participate in the assembly of protein complexes, and provide accessible sites for post-translational modification (van der Lee et al., 2014; Wright and Dyson, 2015), which enables that proteins in the network periphery can aid essential cellular processes and/or function in a wide variety of environmental conditions.

As previous studies have indicated that nodes with similar ks values in a network have equal importance (Kitsak et al., 2010; Pei et al., 2014), and proteins with similar interactions (or topology) in PPI networks have been widely recognized to carry out similar functions (Vazquez et al., 2003; Radivojac et al., 2013; Davis et al., 2015). We thus speculated that various shells in the network might take different biological functions. To address this point, we first analyzed proteins with different ks values and their subcellular localization (Figure 2, Supplementary Data Sheet S5). We discuss the biological significance of the different shells in the following sections.
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FIGURE 2. Numbers of proteins and their subcellular localization in every shell in the S. oneidensis MR-1 electron transfer network. Ex, Extracellular; OM, Outer Membrane; Pe, Periplasm; IM, Inner Membrane; Cy, Cytoplasm.



The Top Three Shells Take Charge of Electron Generation

As Figure 2 shows, the proteins in the top three shells (with ks 14, 13, and 10, respectively) are mainly located in the cytoplasm and inner membrane, with a small number in the periplasm, without outer membrane and extracellular space. Because there are dense interactions among network core proteins; by taking a larger fraction of their surface involved in many interactions, these proteins tend to be constrained, without further need of adaptive evolution that preferentially occurs in outer membrane and extracellular space (Kim et al., 2007). The Gene Ontology (GO) biological processes were exploited to obtain biological insights into these proteins; we found that the most representative category is metabolic processes (Figure 3). The results indicate that these proteins are mostly capable of cellular metabolism.
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FIGURE 3. Bar chart showing the GO biological process categories for the 77 proteins (or their encoding genes) in the top three shells of the S. oneidensis MR-1 electron transfer network (p < 0.0001). The most representative category is “metabolic processes”.



Then, KEGG enrichment analysis was used to probe into the details (Table 1). The enrichments results were highly consistent with the metabolism of Shewanella species. Metabolic pathways and carbon metabolism were the most common enrichments. The enrichment of oxidative phosphorylation reflected that it is the primary ATP synthesis pathway in Shewanellae (Venkateswaran et al., 1999). Enrichments of glyoxylate and dicarboxylate metabolism (a variation of the TCA cycle) and the citrate cycle (TCA cycle) correspond to Shewanella species having a complete TCA cycle under aerobic conditions (Pinchuk et al., 2010), and pyruvate fermentation in S. oneidensis MR-1 can provide essential energy for cell survival (Pinchuk et al., 2011).

TABLE 1. KEGG enrichment analysis for the 77 proteins (or genes) in the top three shells of the S. oneidensis MR-1 electron transfer network (p < 0.0001).
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Methane metabolism was also identified as an important enriched pathway. This was because anaerobic methane oxidation can be carried out for interspecies electron transfer (Stams and Plugge, 2009). The processes are thought to help bacteria sustain growth in syntrophic communities, which differ markedly from pure cultures and occur where diverse microbes exist in natural environments (Rotaru et al., 2015; Smith et al., 2015). Furthermore, there were 24 proteins identified to associate with microbial metabolism in diverse environments, such as FccA (fumarate reductase), Mdh (malate dehydrogenase), and SdhABC (succinate dehydrogenase). These diverse metabolic capabilities imply that S. oneidensis MR-1 has evolved flexible metabolic mechanisms to survive in a wide variety of environmental conditions, which agrees with the observation that a wide variety of type and concentration of substrates (e.g., fumarate, malate, and succinate) can be utilized by S. oneidensis MR-1 (Pinchuk et al., 2010). More importantly, with such a variety of metabolic capabilities, S. oneidensis MR-1 can oxidize many different substrates in different environments. Then, the generated electrons can be delivered into the quinone pool by NADH-quinone reductase (Nqr) and NADH-ubiquinone oxidoreductase (Nuo), which are found in the top three shells.

The Fourth Shell Is Responsible for Extracellular Electron Transfer

Unlike the top three shells, which contain no outer membrane or extracellular proteins, the fourth shell (ks = 9) contains such proteins (Figure 2). We considered detailed subcellular localization information for all proteins in this shell (Table 2). The outer membrane proteins (DmsF, MtrB, MtrE, SO_1659, SO_4359) and extracellular proteins (DmsA, DmsB, MtrC, MtrF, OmcA, SO_4357, SO_4358) in this shell are mostly functionally important for EET, as indicated by previous studies (Coursolle and Gralnick, 2010, 2012). Furthermore, proteins in this shell are broadly located in all five compartments of S. oneidensis MR-1 (i.e., the cytoplasm, inner membrane, periplasm, outer membrane and extracellular). Such diversified subcellular localization of proteins endows S. oneidensis MR-1 with the important EET ability, since electrons must be transferred from cytoplasm, via inner membrane, periplasm and outer membrane, to extracellular electron acceptors.

TABLE 2. Subcellular localization of proteins in the fourth shell of the S. oneidensis MR-1 electron transfer network.
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We found that the proteins in this shell can be categorized into several modules according to their roles in EET (Figure 4):
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FIGURE 4. Subcellular localization and functional roles of the proteins in the fourth shell of the S. oneidensis MR-1 electron transfer network are illustrated schematically (protein interactions are elided). Module 1: reduction of extracellular insoluble electron acceptors, four EET pathways are marked by red lines; Module 2: reduction of extracellular soluble electron acceptors; Module 3: cytochrome c maturation (Ccm) system. The other proteins are also clustered and labeled with their functions.



Module 1 – Reduction of Extracellular Insoluble Electron Acceptors

With these outer membrane and extracellular proteins previously mentioned in this section, S. oneidensis MR-1 is capable of transferring electrons generated in the cytoplasm and gathered in the quinone pool (see The Top Three Shells Take Charge of Electron Generation) to extracellular insoluble acceptors. According to reported literatures (Coursolle and Gralnick, 2010, 2012), four EET pathways are formed from these proteins and their functional partners. These pathways include: (1) the MtrCAB pathway: CymA → MtrA → MtrB → MtrC → OmcA (Shi et al., 2012), and (2) the MtrDEF pathway: CymA → MtrD → MtrE → MtrF → OmcA (Breuer et al., 2012, 2014). In these two pathways, inner membrane CymA obtains electrons from the quinone pool, then transfers them via periplasmic MtrA/MtrD, outer membrane MtrB/MtrE, and extracellular MtrC-OmcA/MtrF-OmcA complexes, respectively, and finally to extracellular electron acceptors. These two pathways are considered to be metal reduction pathways. (3) The DMSO pathway: CymA → DmsE → DmsF → DmsAB complex; it was found that DmsE and DmsF play important roles in DMSO reduction, and the DMSO pathway was thus proposed (Gralnick et al., 2006). (4) The SO_4360-57 pathway: CymA → SO_4360 → SO_4359 → SO_4358/4357; analysis of homologs and subcellular localization has revealed that SO_4360/4359 are similar to MtrAB/MtrDE/DmsEF (Ding et al., 2014). That is, this pathway might be functionally redundant to the other three EET pathways. These results are consistent with Coursolle and Gralnick (2010, 2012) work, in which they deduced that the pathway shared overlapping functionality with the DMSO and MtrDEF pathways.

Module 2 – Reduction of Extracellular Soluble Electron Acceptors

This module deals with extracellular soluble electron acceptors that can be respired inside the cell. The napDAGHB gene cluster encodes nitrate reductase (NapA) and accessory proteins, the nrfA gene encodes the nitrite reductase (NrfA); they reduce nitrate to ammonium in a two-step manner in S. oneidensis MR-1, that is, reduction of nitrate to nitrite by NapA and followed by reduction of nitrite to ammonium by NrfA (Gao et al., 2009). The torCAD genes are three conserved structural components of the trimethylamine N-oxide (TMAO) respiratory system, which encode the Tor pathway that endows Shewanella species to use TMAO as a terminal electron acceptor for extracellular anaerobic respiration (Gon et al., 2002). PhsA is also functionally important for reduction of extracellular soluble electron acceptors, since Burns and DiChristina have shown that the anaerobic respiration of elemental sulfur and thiosulfate by S. oneidensis MR-1 requires PsrA, which is a homolog of PhsA (Burns and DiChristina, 2009).

Module 3 – Cytochrome c Maturation System

It has been shown that multiple post-translational modifications are required to synthesize the components of the EET pathways (such as the MtrCAB pathway). With reference to c-type cytochromes, this process is assured by the inner membrane proteins CcmABCEFGHI in this shell. These proteins are the components of the cytochrome c maturation (Ccm) system, which loads heme into the apocytochromes c to form mature cytochromes, such as MtrA and MtrC (Goldbeck et al., 2013). Be similar with the Ccm family proteins, the heme synthetases SirE and SirF in this shell also play an important role in the maturation of c-type cytochromes (Brockman, 2014).

Other Proteins Related to Extracellular Electron Transfer

The other proteins in the fourth shell have also been investigated. FdhX-2 is a formate dehydrogenase, gene expression of the fdh family genes has been shown to be significantly increased in syntrophic communities between S. oneidensis and Escherichia coli (Wang et al., 2015). The results of Wang et al. strongly suggest that the exchange of formate is favored in such a mutualistic condition, which might be because that formate serves as an electron carrier for direct interspecies EET between these two species (Shrestha and Rotaru, 2014). Despite no report in Shewanella species, the membrane-bound Rnf complex encoded by rnfBCDEG can combine carbon dioxide fixation with the generation and use of a sodium ion gradient for ATP synthesis in many bacteria, and this complex has been shown to be a major electron transport mechanism linked to energy conservation (Tremblay et al., 2012; Kracke et al., 2015).

Our results indicate that important c-type cytochromes were in the fourth shell of the network, including those that form the well-known EET pathways for reduction of extracellular insoluble electron acceptors and several respiratory systems for reduction of extracellular soluble electron acceptors. The accessory Ccm system and some other proteins linked to EET were also in this shell. From the network formation and extension view, that might be because many extracellular electron acceptors (such as various iron ores) exist in the environment of S. oneidensis MR-1, but the proteins in the top three shells cannot transfer electrons to the outside of cells. Thus, in order to take advantage of these extracellular electron acceptors, these EET-related c-type cytochromes were connected into the network. Then, other c-type cytochromes were continuously connected into the network to aid more efficient EET or accommodate other environmental conditions. In the long-term formation and extension of the network, these early c-type cytochromes that can transfer electrons outside of the cell gradually became part of a relative inner-shell of the network (here, the fourth).

The C-type Cytochromes in the Remaining Shells Are Involved in Aiding Extracellular Electron Transfer

There is a huge periplasmic space between the inner membrane and outer membrane in S. oneidensis MR-1, and a 23.5 ± 3.7 nm distance has been determined by cryo-TEM measurements (Dohnalkova et al., 2011). To facilitate electrons crossing the periplasmic space of S. oneidensis MR-1, some periplasmic c-type cytochromes are needed.

Periplasmic tetraheme cytochrome c CctA can interact with its redox partners (CymA and MtrA) through a single heme. Therefore, it can serve as periplasmic electron relay to facilitate electrons transfer through the periplasmic space, that is, CymA → CctA → MtrA (Fonseca et al., 2013); CctA was found in shell 6 of the electron transfer network. As one of the most abundant periplasmic c-type cytochromes, ScyA in shell 7 has been shown to function as a mediator of electron transfer between CymA and CcpA (c-type cytochrome peroxidase) (Schutz et al., 2011; Fonseca et al., 2013). Furthermore, the cytochrome bc1 complex (encoded by the pet gene cluster) has been predicted to be the dominant electron donor to the cbb3-HCO-type oxidase (encoded by the cco gene cluster), and it has been shown that ScyA increases the electron flow from the bc1 complex to cytochrome cbb3-HCO oxidase (Yin et al., 2015). The expression level of the monoheme cytochrome c SorB and the decaheme cytochrome c SO_4360 were found to be upregulated with soluble iron(III) and oxygen as electron acceptors (Rosenbaum et al., 2012), and these two c-type cytochromes directly interact with each other, which raised a speculation that SorB can be used to help electrons reach SO_4360 and assist the SO_4360-57 pathway. It should be noted that fumarate reductase (FccA) also plays such an assistant role, just be similar with CctA (Fonseca et al., 2013). However, to support cellular metabolism as previous determined, this c-type cytochrome was found in the top three shells (see The Top Three Shells Take Charge of Electron Generation), rather than in a peripheral shell here.

Furthermore, although the physiological role remains to be examined in vivo, the octaheme tetrathionate reductase Otr displays nitrite, hydroxylamine, and tetrathionate reduction activities in vitro (Atkinson et al., 2007), which enhanced periplasmic electron transfer. It was also found that periplasmic c-type cytochromes can interact with several non c-type cytochrome proteins (Supplementary Data Sheet S2), which suggested that they also cooperated with non c-type cytochromes to facilitate periplasmic electron transfer in various environmental conditions. This mechanism offers one of the ways that ensure electricigens thrive in extreme environments. For example, Embree et al. (2014) recently reported that the expression of almost all c-type cytochromes of G. sulfurreducens sharply decreased when the iron ion concentration decreased, but the expression of c-type cytochrome GSU3274 increased gradually in these conditions, which can be reasonably interpreted to mean that GSU3274 is used in electron transfer by interacting with other non c-type cytochrome proteins, when the iron concentration becomes extreme limited.

Therefore, overall, functioning as multiple electron mediators or enhancing periplasmic electron transfer, the c-type cytochromes in the peripheral shells of the S. oneidensis MR-1 electron transfer network can help electrons cross the periplasmic space and hence they are involved in aiding EET processes. Furthermore, it is also interested that most (18 in 24) of the c-type cytochromes in the shells with ks values less than 9 are located in the periplasm (Table 3). We speculated that they will form some short-range channels with other proteins by transient protein interactions, such as those formed by CctA/FccA (CymA → CctA/FccA → MtrA) (Fonseca et al., 2013).

TABLE 3. Subcellular localization of c-type cytochromes in the periphery of the S. oneidensis MR-1 electron transfer network (ks < 9).
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To assess this, we analyzed the protein disordered regions in these 18 periplasmic c-type cytochromes and computed their DR_100. All of the 18 c-type cytochromes had a high level of disordered content compared with the average DR_100 of the other proteins in the corresponding shells (Figure 5). Although protein disordered regions can fluctuate rapidly through a range of conformations, such conformational flexibility of disordered protein regions are quickly lost upon binding, which will reduce the overall free energy of binding and lead to weaker and more transient interactions (van der Lee et al., 2014).
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FIGURE 5. Ratio of DR_100 of the 18 periplasmic c-type cytochromes in the periphery of the S. oneidensis MR-1 electron transfer network (ks < 9) to the average DR_100 of the other proteins in the corresponding shells.



We then analyzed the PPIs of these 18 periplasmic c-type cytochromes with all of their direct protein partners (interactions among these partners were not considered). As Figure 6 shows, these c-type cytochromes (green nodes) were highly interconnected. Indeed, the density of this sub-network was 2.12-times higher than that of the whole electron transfer network, even though many interactions were not considered here. Their interaction partners included both other c-type cytochromes (red nodes in Figure 6) and non c-type cytochromes (Figure 6, small nodes). To further investigate whether weaker interactions could be formed, we performed domain-domain interaction (DDI, which are correspond to strong interaction) analysis for this sub-network (see Supplementary Data Sheet S6 for protein domain). We found that there are only a few DDIs in the sub-network (Figure 6, red lines), and therefore, most of these periplasmic c-type cytochromes make weak, transient interactions with other proteins, rather than permanent interactions. Then, a dynamic electron transfer network forms in periplasm via the high frequency of transient protein interactions, as discussed elsewhere (Sturm et al., 2015). Since periplasmic electron transfer processes involve in assigning specific c-type cytochromes for particular electron acceptors and triggering of different pathways to achieve electron transfer (Sturm et al., 2015), thus the assignment of these periplasmic c-type cytochromes to different parts of the network (different shells here, see Table 3) is an effective strategy to achieve fast and efficient periplasmic electron transfer.
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FIGURE 6. Highly interconnected interactions of the 18 periplasmic c-type cytochromes in the periphery of the S. oneidensis MR-1 electron transfer network (ks < 9). These c-type cytochromes are indicated by green nodes, and their interacted partners are indicated by red nodes (other c-type cytochromes) or small nodes (non c-type cytochromes), respectively. Domain-domain interactions are shown with red lines, indicating that two clusters are formed.



Furthermore, although there were only a few DDIs in this sub-network, two clusters were clearly formed from these DDIs (Figure 6). Previous studies have concluded that DDIs correspond to strong interactions that form functional modules in PPI networks (Kim et al., 2014). We therefore suggest that two functional clusters exist in periplasmic electron transfer (Figure 6, clusters 1 and 2). These clusters could be used to assist electrons to reach MtrA and DmsE, respectively, completing the most representative EET pathways: the MtrCAB pathway and the DMSO pathway. In addition to these EET pathways, they can also aid other proteins located at outer membrane or extracellularly (Figure 6).

CONCLUSION

Shewanella oneidensis MR-1 is able to utilize a wide variety of extracellular solid electron acceptors such as iron or manganese oxides, which implies that it has evolved effective EET strategies (Kasai et al., 2015). Typically, this species uses numerous diverse biological pathways to efficiently perform such processes, which means that there is an interconnected network existent. As networks have been shown to strongly correlate with their function, and previous studies have shown high efficiency in the prediction of biological relevancy using network topology (Planas-Iglesias et al., 2012; Huang et al., 2013; Mukhopadhyay and Maulik, 2014), we thus explored such EET processes through an electron transfer network in S. oneidensis MR-1. We identified that protein disordered regions played an important role during the formation and extension of the electron transfer network, by analyzing the average disordered regions of proteins in every shell of the network. We also found that there are distinct functional parts in the network, and the functional significance of the various shells was discussed. Such a network-based study can be helpful for understanding potential EET processes in S. oneidensis MR-1.
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Microbial fuel cell (MFC) with nitrite as an electron acceptor in cathode provided a new technology for nitrogen removal and electricity production simultaneously. The influences of influent nitrite concentration and external resistance on the performance of denitrifying MFC were investigated. The optimal effectiveness were obtained with the maximum total nitrogen (TN) removal rate of 54.80 ± 0.01 g m−3 d−1. It would be rather desirable for the TN removal than electricity generation at lower external resistance. Denaturing gradient gel electrophoresis suggested that Proteobacteria was the predominant phylum, accounting for 35.72%. Thiobacillus and Afipia might benefit to nitrite removal. The presence of nitrifying Devosia indicated that nitrite was oxidized to nitrate via a biochemical mechanism in the cathode. Ignavibacterium and Anaerolineaceae was found in the cathode as a heterotrophic bacterium with sodium acetate as substrate, which illustrated that sodium acetate in anode was likely permeated through proton exchange membrane to the cathode.
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INTRODUCTION

Microbial fuel cell (MFC) possesses great potential in the application of wastewater treatment because of its unique capability of converting the chemical energy of organic waste into electrical energy (Logan et al., 2006). It has been proved that both nitrate and nitrite can be removed from wastewater as electron acceptors in the cathode of MFCs through electrochemical reduction or autotrophic denitrification (Wang et al., 2009; Desloover et al., 2011; Zhao et al., 2011). In MFC, the organic substrates are oxidized by exoelectrogenic microbes in the anode chamber to produce electrons and protons. Electrons produced are transferred through the external circuit to the cathode while protons move through the proton exchange membrane to the cathode, where they combine to an electron acceptor (e.g., nitrate or nitrite) to complete the circuit (Van Doan et al., 2013). Virdis et al. (2008) discovered that nitrite could serve as an efficient terminal electron acceptor at the cathode of MFC, which further reduced the carbon-nitrogen ratio demand. The similar results were also demonstrated by Puig et al. (2011) and Desloover et al. (2011). The biotic cathode using nitrite as an electron acceptor showed a TN removal percentage of 48% and a removal rate of 7.6 g ([image: image]-N) m−3 d−1 during the 4 h continuing mode of operation (Puig et al., 2011). Although the TN removal rate via cathodic (autotrophic) denitrification in MFC is generally lower than that via heterotrophic denitrification, it is very important to notice that autotrophic microbes need few carbon source and their slow growth results in small sludge production (Wang et al., 2009; Zhao et al., 2011). Consequently, autotrophic denitrifying MFCs are promising technologies to treat low organic carbon wastewater, which greatly reduced the dependence on carbon in denitrifying process.

However, nitrite is oxidized easily by biological or electrochemical processes which significantly degraded the TN removal and electricity generation efficiency. Puig et al. (2011) found that about 52% nitrite oxidized to nitrate in the MFC cathode at an external resistance of 100 Ω. And he speculated that disappeared nitrite was oxidized by nitrite oxidizing bacteria (NOBs) or by other electrochemical processes. Li et al. (2014) also found that about 80% nitrite oxidized to nitrate. To inhibit the nitrification, one way was to add sodium azide in the cathode (Guisasola et al., 2005; Puig et al., 2011), the other way was to change the operating conditions of a cathode chamber(e.g, external resistance and HRT and temperature; Li et al., 2014). In order to further clarify these influencing factors of denitrifying MFC and the mechanism of nitrite conversion to nitrate in the cathode of MFC without the addition of chemical inhibitors, this study aimed to investigate the performance of the denitrification of MFC, which based on electricity generation and nitrite removal with different nitrite concentrations and external resistances in the denitrifying MFC at the long duration of the operation. PCR-DGGE was used to assess the cathode microbial community to speculate for possible reactions in the cathode.

MATERIALS AND METHODS

Structure of MFC and Operation

The MFC consisting of an anode chamber and a cathode chamber placed on opposite sides of a single methacrylate rectangular chamber with dimensions of 15 cm high, 5 cm long, and 2.5 cm wide. A proton exchange membrane (nafion117, DuPont, USA) was used as a separator between anode and cathode chambers. Each chamber was filled with rectangular graphite felts (140 mm long, 11.7 mm wide, and 5 mm thick) as electrode and inserted with a graphite rod, which led to the eventual volume of 160 cm3 for cathodic and anodic chamber, respectively. The electrodes were sequentially washed in 1 M HCl and 1 M NaOH to remove possible metal and biomass contamination (Bond and Lovley, 2003). The cathodic and the anodic electrodes were connected to the external resistor to close the electric circuit. A Hg/Hg Cl electrode (+0.242 V vs. SHE) was used as a reference electrode placing in the cathode solution. Three peristaltic pumps (Lan Ge YZ1515X, Baoding, China) were used to continuously supply influents to anode and cathode chambers, and reflux the cathode solution. All experiments were performed at 32 ± 1°C. Figure 1 showed the schematic diagram of the MFC in this study.


[image: image]

FIGURE 1. Schematic of the double chamber MFC.



The electrode material was immersed in corresponding seeding sludge (anaerobic sludge from Xi'an Hans Brewery Wastewater Treatment, China) for 48 h to absorb bacteria and then loaded in corresponding chambers. The starting procedure of the MFC was followed as reported by Virdis et al. (2008). The flow rate of influent was maintained at 3 mL h−1. The initial resistance was set at 1000 Ω for 15 days and then turned to 100 Ω for about a month. When the output voltage of the MFC was stable and reached 200 mV with external resistance of 100 Ω, the start-up of the MFC was considered to be successful. Then, the resistance was kept constant at 10 Ω, and maintained for 240 days. A series of experiments were performed, the performance of MFC was studied in terms of changing the nitrite nitrogen concentrations of (60, 90, and 180 mg L−1) at external resistance of 10 Ω. Afterward, the effect of external resistance was studied by varying external resistances in the range from 5 to 10, 25, 50, 100, and 200 Ω.

The anode solution was composed of CH3COONa (3.84 g L−1), KCl (0.13 g L−1), MgSO4·7H2O (0.1 g L−1), CaCl2 (0.015g L−1), K2HPO4·3H2O (8.57 g L−1), KH2PO4 (2.88 g L−1), and trace elements 1 mL L−1.

The cathode solution was composed of NaNO2 (0.15 g L−1), NaHCO3(1 g L−1), MgSO4·7H2O (0.1 g L−1), CaCl2 (0.015g L−1), K2HPO4·3H2O (8.57 g L−1), KH2PO4 (2.88 g L−1), and trace elements 1 mL L−1.

Data Calculation and Analysis

The voltage (V) and cathode potentials of the MFC were monitored at 1 min intervals and 10 min averaged with a data acquisition system (Yanhua PCI1713, China). Current (I) and power (P = I·V) were determined according to Ohm's law. Power and current densities were calculated by dividing power or current by the net cathodic volume. The cathodic Coulombic efficiencies was calculated according to Logan et al. (2006). DO was determined using Hach-HQ30d (HACH, USA). The concentrations of [image: image]-N and [image: image]-N were measured according to standard methods (APHA, 1998). During the experimental, all analyses under the same operations were carried out more than triplicate.

DNA Analysis

After being operated stably for 9 months at the external resistance of 10 Ω and the flow rate of 3 mL h−1 and the nitrite nitrogen concentrations of 188 mg L−1, biofilm sample from the suspension liquid of the cathode was taken to be investigated with denaturing gradient gel electrophoresis (DGGE), and DNA was extracted using a fast DNA spin kit (SK8233) for soil according to the manufacturer's instructions. The bacterial 16S rRNA genes were amplified by polymerase chain reaction (PCR) techniques with the universal primers F357-GC (5′-CGC CCGCCGCGCCCCGCG CCCGGCCCGCCGCCCCGCCCCCCTACGGGAGGCAGC AG-3′) and R518 (5′-ATTACCGCG GCTGCTGG-3′). Polyacrylamide gel (8%) with a 30–60% denaturing gradient was used to separate the PCR products (7 mol L−1 urea and 40% formamide comprising 100% denaturant), and the PCR product was analyzed by the DGGE technology and washed with ultrapure water for flushing the gel and dye. The eight representative DGGE strips were selected by a clean scalpel to select and transfer in a 1.5 mL centrifuge tube. Then, the target DNA fragments were excised and reamplified by using the primer sets F357 (5′-CCTACGGGA GGCAGCAG-3′) and R518 (5′-ATTACC GCGGCTGCTGG-3′), and the obtained sequence was matched with the Seqmatch database for sequence alignment. The homology information of each strip was obtained by Shanghai Sangong Biological Engineering Co., Ltd. China. This process was similar to that reported by Deng et al. (2016).

RESULTS AND DISCUSSION

Performance of Denitrification MFC with Different Nitrite Concentrations

The results of different influent nitrite concentration at the inflow rate of 3 mL h−1 and the external resistance of 10 Ω and temperature of 32°C were listed in Tables 1, 2.

Table 1. Electrical characteristics of the MFC with different nitrite concentrations.
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Table 2. Characteristics of denitrification with different nitrite concentrations.
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As shown in Table 1, when the flow rate was 3 mL·h−1, the increase of influent nitrite concentration had little benefit on current density and power density. The cathode potential decreased with the increase of current density. The cathode coulombic efficiency was higher than 100% due to other oxidizing substances (e.g., oxygen) in the cathode functioning as a terminal electron acceptor especially when the nitrite concentration of the effluent was about zero (Table 2; Xie et al., 2011). Cha et al. (2010) found that microorganism using with oxygen as electron acceptor for oxygen utilization efficiency was very high, which might compete with denitrifying microorganism and affect the cathode denitrification.

The autotrophic denitrification of nitrite to nitrogen gas in the bio-cathode can be described by the following equations (reaction 1-3; Clauwaert et al., 2007). Table 2 showed that when the flow rate was maintained at 3 mL h−1, with increasing concentration of the influent nitrite, the TN removal rate increased significantly from 26.91 ± 1.72 g m−3 d−1 to the maximum of 54.80 ± 0.01 g m−3 d−1; but the nitrification percentage increased from 0.33 to 26.33% meanwhile. Therefore, considering two factors of nitrification and the TN removal, we operated the MFC at the high influent nitrite of 188 mg L−1 which would be favorable.
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Under the condition of strict measures to maintain the anoxic condition in the cathode, but the cathode still showed obvious nitrite nitrification. The small part of nitrite to nitrate transformation might be caused by biological nitrification in this study (reaction 4) because of trace oxygen in the cathode. While the other part of the nitrite transformation also might be oxidized by other electrochemical processes (Puig et al., 2011).

Performance of Denitrification MFC at Different External Resistances

When the influent nitrite nitrogen concentration and influent flow rate were 188 ± 2.3 mg L−1, 3 mL h−1, respectively. The results of denitrification at different external resistances were shown in Figures 2, 3, respectively.
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FIGURE 2. Profiles of characteristics of cathode effluent with different external resistances.
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FIGURE 3. Characteristics electricity production of MFC with different external resistances.



Different external resistances cause different electron transfer rates and variations in microbial metabolic activities and kinetic differences in substrate utilization (Zhang et al., 2011). Usually, the pollutant removal of MFC is faster at the smaller external resistance which can reduce the extracellular electron transfer resistance and increase the electron transfer rate (Katuri et al., 2011). As external resistance was increased from 5 to 200 Ω, the concentrations of nitrite in effluent and the TN removal rate decreased significantly from 26.55 ± 0.85 to 1.26 ± 0.09 mg L−1 and 51.51 ± 0.17 to 42.25 ± 0.24 g m−3 d−1, whereas the nitrate concentration in effluent increased from 52.84 ± 0.48 to 92.62 ± 1.47 mg L−1 (Figure 2), the increase of effluent pH changed with the increase of the TN removal rate, which showed that a large external resistance was not help to denitrification. Zhang and He (2012) found that the TN removal rate increased from 51.9 to 68% with decreasing external resistance from 712 to 10 Ω in a dual chamber MFC. At the same time, the potential of cathode increased (excepting at 5 Ω) -35.49 to 31.11 mV, while the current density and the cathode coulombic efficiency decreased 15.66–6.7 Am−3 and 133.91 to 65.05%. The low coulombic efficiency (65.05%) indicated possible intermediate accumulation such as N2O and NO. Because the reduction of nitrite to N2 requires 3 mol electrons, whereas the reduction of nitrite to NO and N2O need 1 mol and 2 mol electron, respectively, which causing low current density and coulombic efficiency (Wrage et al., 2001). These results were in accordance with Virdis et al. (2010) who observed 29.2% total nitrogen conversion to N2O, Puig et al. (2011) also showed that the cathode coulombic efficiency was ~48%, confirming the existence of the intermediate product NxO in the process of denitrification, causing the cathode coulombic efficiency to be below 100%.

It was found that the highest power density(1.71 W m−3) was obtained at 50 Ω while the highest TN removal rate (54.80 ± 0.01 g m−3 d−1) was at 10 Ω (Figures 2, 3). The result implied that operation of denitrifying MFC at a lower external resistance would be desirable for the TN removal but not electricity generation (Li et al., 2013). The performance of the MFC became poor when the external resistance was turned to 5 Ω, which indicated the MFC reaching the limit current. Therefore, if the aim of the MFC was the TN removal over electricity generation for a denitrifying MFC, operation would be desirable at lower external resistance (except generating limit current).

Identification of Cathode Microbial Species

The microbial communities of the nitrite bio-cathodes were analyzed by DGGE. As shown in Table 3. The microbial community structure was diversity in the cathode of MFC. In addition to these bands, the bio-cathode samples contained clones that were mostly assigned to known sequences, The bacterial communities were Devosia(bands 6), Pelomonas(bands 19), Thiobacillus(bands 20), and Afipia(bands 29) in Phylum Proteobacteria (35.72%), Proteobacteria was found to be dominative in the denitrification of MFC cathode (Karanasios et al., 2010). Kondaveeti et al. (2014) also identified several members of Proteobacteria and Firmicutes in cathodic nitrate and nitrite reduction. Truepera(bands 9 and 18) related to Phylum Deinococcus–Thermus (30.98%), Ignavibacterium(bands 5 and 22) similar to Phylum Ignavibacteriae (17.14%), and Bellilinea(bands 16) and Anaerolineaceae (bands 31) corresponding to Phylum Chloroflexi (16.15%).

Table 3. The identifications of DGGE bands.
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Analysis of the microbial communities newly developed on the bio-cathodes revealed that most of them have previously been demonstrated to be capable of communicating with the electrode, For example, Afipia and Thiobacillus were dominant species responsible for autotrophic denitrifying in the cathode of MFC (Kelly and Wood, 2000; La Scola et al., 2002). Devosia had nitrification ability contributing to the nitration phenomenon in the experiment (Vanparys et al., 2005). Ignavibacterium (Okamoto et al., 2013) was distinctively detected on the bio-cathode and involved in heterotrophic denitrifying bacteria. Anaerolineaceae was the anaerobic methanogenesis for sodium acetate as the substrate (Yamada et al., 2006). The proportion of aerobic Truepera and Pelomonas was 39.64%, which exhibited the ability of respiration with oxygen (Albuquerque et al., 2005; Chandra et al., 2011).

Mechanism of the Cathode Chamber

From the analysis of the microbial community composition and the experimental results, we speculated for possible reactions in the cathode of MFC (Figure 4).

(1) Autotrophic denitrification: Known as autotrophic electrotrophs with an electrode as the electron donor in the cathode of MFC (Virdis et al., 2008; Puig et al., 2011). Afipia and Thiobacillus directly contributed to autotrophic denitrification. Several researchers also demonstrated the autotrophic bacterium dominated in the cathode microbial community (Wrighton et al., 2010).

(2) Heterotrophic denitrification: Organic matter was not added in the cathode, however, about 25 mg L−1 of COD was detected, so the existence of heterotrophic denitrifying bacteria Ignavibacterium might be caused by sodium acetate in the anode permeate through proton membrane to the cathode (Kim et al., 2007; Chae et al., 2008; Okamoto et al., 2013). Xiao et al. indicated the heterotrophic bacterium survival in the autotrophic denitrifying cathode of MFC (Xiao et al., 2015).

(3) Autotrophic nitrification: The high convert of nitrite to nitrate in this experiment and autotrophic nitrifying bacteria Devosia indicated nitrification happened in the cathode (Vanparys et al., 2005).

(4) Oxygen reduction: The cathode coulombic efficiency over 100% in most of the experiments and aerobic Truepera and Pelomonas indicated oxygen as the electron acceptor in the cathode (Albuquerque et al., 2005; Chandra et al., 2011; Xie et al., 2011).

(5) Other electrochemical reactions: Although oxygen was not detected in cathode through the whole experiment, the high cathode coulombic efficiency and nitrification rate showed the presence of other oxidant. We speculated that the oxidant might be produced from the other electrochemical reactions.


[image: image]

FIGURE 4. Mechanism of the cathode chamber.



CONCLUSIONS

Nitrite reduction has been shown to be a bio-catalytic process in denitrifying MFCs that could produce bioelectricity. Nitrite could be oxidized in the cathode via biological or electrochemical processes; the maximum TN removal rate of 54.80 ± 0.01 g m−3 d−1 was obtained. It would be desirable for the TN removal but not electricity generation at a lower external resistance in MFC. An analysis of bio-cathode biofilms indicated Proteobacteria was the dominant species, accounting for 35.72%. Afipia and Thiobacillus mainly benefit to autotrophic denitrification in MFC. Truepera, Devosia, and Pelomonas might contribute to electricity generation. We speculated for possible reactions in the cathode according to the microbial community analysis and the experimental results.
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To improve the performance of microbial fuel cells (MFCs), the biocathode electrode material of double-chamber was optimized. Alongside the basic carbon fiber brush, three carbon materials namely graphite granules, activated carbon granules (ACG) and activated carbon powder, were added to the cathode-chambers to improve power generation. The result shows that the addition of carbon materials increased the amount of available electroactive microbes on the electrode surface and thus promote oxygen reduction rate, which improved the generation performance of the MFCs. The Output current (external resistance = 1000 Ω) greatly increased after addition of the three carbon materials and maximum power densities in current stable phase increased by 47.4, 166.1, and 33.5%, respectively. Additionally, coulombic efficiencies of the MFC increased by 16.3, 64.3, and 20.1%, respectively. These results show that MFC when optimized with ACG show better power generation, higher chemical oxygen demands removal rate and coulombic efficiency.
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INTRODUCTION

Microbial fuel cell (MFC) is an emerging and rapidly developing interdisciplinary technology that combines biotechnology, environmental engineering, and electrochemistry (ElMekawy et al., 2014; Sharma et al., 2014). MFCs use electrochemically active microorganisms as catalysts to convert chemical energy directly into electrical energy and are expected to realize the production of clean energy during sewage treatment (Mohan et al., 2014). Based on thermodynamic theory, taking acetic acid as the electron donor and oxygen as the electron acceptor, the maximum theoretical voltage of a MFC system is 1.105 V (Logan, 2008). Currently, the open circuit voltage achieved by MFCs is almost equal to that of traditional fuel cells. However, the achievable output power is still at a low level. Thus, most studies of MFCs are still stuck in the laboratory stage owing to their inefficiency in large-scale applications. The main factors influencing the electricity generation performance of MFCs include exoelectrogens (Sun et al., 2012; Debuy et al., 2015; Rimboud et al., 2015), reactor structure (Izadi et al., 2015; Tian et al., 2015), electrode material (Guerrini et al., 2015), and substrate type (Zhang et al., 2013; Tang et al., 2014; Zhang et al., 2015a). It is generally believed that the electrode material is one of the most critical factors determining MFC performance.

An excellent electrode material should have qualities such as high conductivity, low corrodibility, high specific surface area and porosity, suitability for microorganism growth, and low cost (Wei et al., 2011b). Because many carbon-based materials such as carbon paper (Zhang et al., 2012), activated carbon (Zhang et al., 2014b; Pasupuleti et al., 2015), carbon cloth (Wang et al., 2013), graphite granules (GG; Ye et al., 2015), and carbon fiber brushes (Lanas and Logan, 2013; Liao et al., 2015) have all of these qualities, nowadays they are widely used as MFC electrodes. There has been a number of works carried out on anode material modification and optimization to obtain maximum output power and to improve MFC electricity generation performance (Liang et al., 2011; Li et al., 2014; Liu et al., 2014; Ge et al., 2015). The results of these studies have shown that such approaches can efficiently shorten the MFC startup time, increase the anode biofilm activity, reduce the resistance and increase the output voltage of the system.

Microbial fuel cell cathodes can be divided into chemical and biological cathodes. To improve their performance, chemical cathodes often require precious metals (Quan et al., 2015), metal complex catalysts (Zhang et al., 2015b), or an electrolytic medium (Wetser et al., 2015) to be involved in the reaction. The high cost of suitable catalysts and the easily caused secondary pollution limits the development of chemical cathodes. In contrast, using functional microorganisms as the catalyst, biocathodes have the advantages of low cost, sustainable operation, and wide application. Zhang et al. (2012) found that the use of graphite felt in biocathodes improved catalytic activity toward the oxygen reduction reaction beyond that achieved with carbon paper and stainless steel mesh. Carbon nanotube (Jourdin et al., 2014) and polyaniline/tourmaline (Zhang et al., 2014a) modified electrode were also found to improve biocathode performance by enhancing bacteria–electrode interaction and microbial extracellular electron transfer. Zhang et al. (2011) compared the performance of three types of electrode materials: graphite brushes, GG, and graphite brushes + GG. They found that the MFC startup time was shorter with the graphite brushes + GG cathode than with graphite brushes alone, and a maximum power density of 38.2 ± 12.6% could achieve a correspondingly higher coulombic efficiency.

All previous studies focus on pre-MFC startup, using different electrode materials, applying processing or modifications to the test materials to observe the resulting impacts on MFC startup time and MFC performance (at its stationary phase). However, the electricity generation performance of an MFC is determined by exoelectrogenic growth, which is sensitive to the external environment. Even if two MFCs started up under exactly the same external environment, their electricity generation performance may still vary. In this study, four MFCs were started up with the same electrode material (carbon fiber brushes). GG, activated carbon granules (ACG) and activated carbon powder (ACP) were added to the cathodes after the MFC output voltage reached the stationary phase. After eliminating the errors caused by different microbial growth situations in different treatment phases, through vertical self-comparison we observed the impact of cathode material optimization on the MFC electricity generation performance and the corresponding effect on the contaminant removal from an entirely new point of view.

MATERIALS AND METHODS

Sludge Inoculation

The inoculation sludge used in this experiment was collected from the mixed sludge of the Beijing Qinghe Wastewater Treatment Plant, China. Part of the sludge was held under anaerobic conditions for 7 days, while the other was held under aerated conditions. 10 mL of each sample (MLSS ≈ 4000 mg/L) were injected into the anode chamber and the cathode chamber of the MFCs.

Electrode Materials

During the cell start-up phase, both the anode and cathode electrode materials were carbon fiber brushes, which were twisted from carbon fibers and titanium wires (brush head of 3 cm length and 3 cm diameter, titanium wire of 3 cm length). The brushes were soaked in acetone overnight and then heated at 450°C for 30 min in a muﬄe furnace (Feng et al., 2010). After being soaked in HCI and NaOH solution for 18 h in each turn (Kim et al., 2007), the GG (1–5 mm in diameter) and ACG (1–2 mm in diameter) were washed and soaked in deionized water, and then dried for further use. Part of the processed ACG were passed through a 100-mesh sieve to obtain ACP.

Experimental Apparatus

The MFC reactor in this experiment was constructed of two chambers, the main parts of which were made of plexiglass. The two chambers were both cylindrical, separated by a cation exchange membrane (CMI-7000, Membranes International Inc., USA). Each chamber was 3 cm in length and 4 cm in diameter (net volume of 28 cm3), and contained two small holes (1 cm in diameter) on the top usually closed with rubber plugs. The chamber solutions used in the experiments provided nutrients for the electricigens. The anode solution contained 3.4 g/L K2HPO4, 4.4 g/L KH2PO4, 1.5 g/L NH4Cl, 0.1 g/L MgCl2, and 0.1 g/L CaCl2, while 1.625 g/L CH3COONa was used as a carbon source. The cathode solution contained the same components except for the use of 0.94 g/L NaHCO3 (pH = 7, while the phosphate buffer maintained the pH in the range of 7–8 during each batch, to avoid the pH affect the ability to establish an active biofilm on the cathode) as an inorganic carbon source. The anode and cathode solutions were circulated at a rate of 1 mL/min and 5 mL/min using separate peristaltic pumps (BT00-1L, Lange, China) to create an external cycle inside 250 mL circulating containers. An aquarium micro aeration pump was placed inside the circulating container of the cathode chamber to ensure an adequate level of dissolved oxygen. The circulating container was thermostatically heated to 30°C in a water bath to provide a comfortable growth temperature for the microorganisms. A schematic diagram of the experimental apparatus is shown in Figure 1.
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FIGURE 1. Schematic diagram of the reactor.



Data Acquisition and Analysis

The output voltage data were recorded every minute with a data acquisition card (7660B, ZTIC, China), and its hourly average was archived. The apparent cell internal resistance was measured using the static discharge method (Liang et al., 2007). The voltage values corresponding to the change in external resistance from high to low were recorded, and the corresponding current values were calculated using the following equation

[image: image]

Where, I is the output current (A), U is the output voltage (V) and R is the external resistance (Ω)

Plotting the voltage values versus the current values yielded the polarization curve. The fitted ohmic polarization region of the polarization curve typically showed a linear relationship, the slope of which was the apparent internal resistance. Meanwhile, a saturated calomel electrode was inserted into the cathode chamber as a reference electrode to measure cathode potential. The anode potential was calculated as the cell voltage minus the measured cathode potential. The output power of the cell was calculated using Eq. (2)
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Where, P is the output power (W).

The power density of the cell was calculated based on the area of the cation exchange membrane. Plotting the power density values versus the current values yielded the power-density curve. Generally, the highest point of such a curve is the maximum power density of the cell.

The soluble chemical oxygen demands (COD) of the MFCs were measured according to the standard method. Coulombic efficiency is the ratio between the number of output electrons and the number of electrons that the consumed organic compounds can provide. It describes the energy transfer efficiency of an MFC, and is an important indicator of MFC electricity generation performance. For the present experiments, the coulombic efficiency was calculated as follows:
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Where, CE is the coulombic efficiency (%), Q is the total output of the MFC during a cycle (C), F is he Faraday constant (96485 C/mol), V is the volume of anode solution (mL), ΔCOD is the change in the COD concentration during a cycle (mg/L) and “8” is the constant when using oxygen as the electron acceptor.

Cyclic voltammetry curve was implemented by electrochemical workstation (CHI-604E, CH Instruments, China) through conventional three electrode system. The morphology of the biofilms on the electrode materials was examined by scanning electron microscopy (SEM; S-3400N, Hitachi, Japan). The samples were processed for imaging according to the method described in Zhang et al.’s (2012) report.

RESULTS AND DISCUSSION

MFC Start-Up and Stationary Phase

Four reactors were used in this experiment labeled: CFB (control reference), GG (adding graphite granules), ACG (adding activated carbon granules), and ACP (adding activated carbon powder). All four reactors were identical in structure and operating conditions. The cycling time of the solutions was 5 days. During the start-up phase, the generation capacity was low and unstable owing to the lack of biofilm on the electrode material. In the second cycle, anode potential began to drop significantly (see Figure 2) due to the rapidly growing of electricigens in the anode chamber. Meanwhile dissolved oxygen without catalyst hardly accepted the electrons form organic matter degradation leading to electron enrichment on the surface of carbon fiber, which caused cathode potential going downward. However, when the biofilm grew-up, cathode potential started to ascend. After 30 days, when the maximum output voltage no longer increased during three consecutive cycles, the MFCs were considered to have successfully started and reached the stationary phase.


[image: image]

FIGURE 2. Electrode potential changes during the start-up period.



The output voltages of the four fully started MFCs ranged between 350 and 385 mV. The corresponding current densities (external resistance = 1000 Ω) were all in the range of 0.50–0.55 mA/cm2. These results show that the differences among the four MFCs are unremarkable, and indicate that the microbial growth and distribution of each MFC is relatively consistent and that their electricity generation performance is comparable. As such, these results allowed us to move to the next phase.

MFC Generation Performance

Thirty hours after the solutions were replaced at stable output voltage; 1 g GG, 1 g ACG and 1 g ACP were added into the corresponding cathode chambers through the small holes at the top of each reactor (Figure 1). The earlier results of preliminary experiment suggested that the best dosage of carbon material is 1 g. Therefore, the output voltages were monitored by data acquisition card and the currents of each MFC was calculated accordingly to assess the MFC performances.

As shown in Figure 3A, the output currents of all the MFCs (after addition of carbon material) display a significant increase, and their maximum values are achieved within 3 min. This might be due to the following reasons: (1) the electrical conductivity of carbon materials reduced the internal activation resistance of the MFC in a short time. (2) The dry carbon materials that contain oxygen may increase oxygen content of the cathode solutions, thus speeding up oxygen reduction rate and leading to the greatly enhanced cathode performance. (3) Graphite and activated carbon have been reported as effective catalysts for oxygen reduction in cathodes of MFCs (Freguia et al., 2007; Zhang et al., 2014b).
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FIGURE 3. Change in output current (external resistance = 1000 Ω) before and after addition of carbon material: (A) first 2 h; (B) during five cycles. -□- CFB, -○- graphite granules (GG), -△- activated carbon granules (ACG), -▽-activated carbon powder (ACP).



However, after 3 min different MFCs show substantial differences in performance (Figure 3A). (1) The current of GG stabilized at around 0.436 mA. (2) The current of ACG continued to increase and reached a maximum 0.575 mA after 10 min while after about 40 min, it started to decline and finally remained at about 0.549 mA. (3) The current of ACP began to drop rapidly, from about 0.605 mA to about 0.422 mA, and then remained stable. At the end of the experiment, when we washed the apparatus, we found that the filaments of the carbon brush blocked the ACG owing to granule’s large diameter. This increased the specific surface area of the electrode to some extent, which may have attracted more aerobic microbes and increased the productivity of ACG accordingly. In contrast, the powder was too small to be blocked by or attached to the brushes effectively, thus passed through the brush filaments into the reactor bottom (the non-conductive dead zone), and part of them passed out of the reactor with the eﬄuent. This resulted in a lower conductivity and underutilized biocompatibility for ACP. Accordingly, after adding the ACP the output voltage and current of ACP increased rapidly and then declined significantly as the powder started to deposit.

To investigate the catalytic behaviors caused by chemical catalysis or biological catalysis, four types of electrodes (carbon fiber brush, carbon fiber brush + GG, carbon fiber brush + ACG and carbon fiber brush + ACP) without and with biofilm attached were characterized by cyclic voltammetry. The measurement was performed in air-saturated cathode solution as reported in Section “Experimental Apparatus.” As shown in Figure 4, there was no remarkable redox peak in four types of electrodes without biofilm, suggesting that the raw electrodes had no chemical catalysis in this experiment. On the contrary, electrodes with biofilm had remarkable reductive peaks. Moreover, the peak current of carbon fiber brush + ACG electrode with biofilm was higher than that of the others. This result further indicates that electrochemical active microorganisms in the cathodes catalyze oxygen reduction reaction.
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FIGURE 4. Cyclic voltammetry curves for cathode electrodes: (A) without biofilm attached; (B) with biofilm attached.



All the MFC reactors remained stable and functional for several cycles after the carbon materials were added (Figure 3B). The output current of CFB almost did not change, indicating that the external environment did not influence the power generation of the MFCs during the test period. The output current of the other reactors did not obviously increase beyond the maximum current which was observed just after the addition of the carbon materials. Moreover, the surface morphology of the carbon material observed by SEM (Figure 5) showed the biofilm attached on carbon fiber, GG, and activated carbon. Because the carbon fiber surface was smooth, only a small amount of microbes could adhere and most of the microbes clumped together away from the filaments (Figure 5A). As a result, the power generation performances of the MFCs were low before the addition of carbon materials. This phenomenon is similar to the observation by Karra et al. (2013) and Sonawane et al. (2014).
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FIGURE 5. SEM images of biofilms attached to the cathodes: (a) CFB; (b) GG; (c) ACG; (d) ACP.



The added graphite and activated carbon had large porosity and adsorptive capacity that could spread the clumped microbes adsorbed on the electrode surface and increased the surface area of the electrode. Previous studies suggested that the amount of bacteria on the biocathode should be one of the limiting factors to determine the charge transfer resistance and power generation (Rabaey, 2010; Zhang et al., 2012). Since the area of biofilm in direct contact with dissolved oxygen was increased, the oxygen reduction rate was promoted and the electricity generation performance of the MFC was improved.

In addition, it has been reported that the specific area of activated carbon was approximately 2.4 times higher than the specific area of GG (Wei et al., 2011a). This higher specific area enabled the more effective collection of electrochemical active microorganisms and the performance of ACG increased accordingly.

As shown in Figure 6, the anode potential measured after the addition of carbon material did not have obvious change. Thus, the improvement in the performance of the MFCs occurred mainly because of cathode polarization. After the addition of carbon material, the open circuit voltages of GG, ACG, and ACP were increased by 11.3, 31.7, and 9.5% to approximately 601, 713, and 597 mV, respectively. After linear fitting of the polarization curves, the internal resistances of GG, ACG, and ACP were calculated to be 269, 204, and 299 Ω, respectively, all lower than their initial values. Early research indicated that the total internal resistance of an MFC consists of three components: ohmic resistance, activation resistance, and diffusion resistance (Logan et al., 2006). Ohmic resistance depends on the type of electrolyte and membrane; activation resistance is determined by the activation rate of the electrode surface; diffusion resistance (aka. concentration resistance) is dependent on the diffusion rate of the reaction products transferring toward the electrode surface and solution.
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FIGURE 6. Polarization and power density curves after addition of activated carbon material: (A) CFB; (B) GG; (C) ACG; (D) ACP. -■-, -□- Anode potential; -●-, -○- Cathode potential; -▲-, -△- Power density.



The cathode resistance is generated from the electrochemical oxygen reduction reaction on the cathode surface. Thus, taking the same experimental conditions into account, apparatus, and ohmic resistance, a reduction in cathode activation resistance may have been the main cause of the observed drop in the total internal resistance of all three reactors. This result was similar to Zhang et al. (2011) and Zhang et al. (2014a). Furthermore, the diffusion resistance also decreased owing to the increase in the specific surface area of the electrodes after addition. The in-depth study on the composition and mechanism of change in the MFC internal resistance are still required.

According to equation (2), the output power density of the MFC was proportional to the square of the open circuit voltage, and inversely proportional to its internal resistance. Under the condition that the open circuit voltage increased while the internal resistance decreased, the maximum power densities of GG, ACG, and ACP reached approximately 391, 736, and 391 mW/m2, increased by 47.4, 166.1, and 33.5%, respectively, after the addition of carbon materials. This further indicated the significant improvement in the electricity generation performance of the MFCs after the addition of carbon materials (ACG especially) to the cathode. This improvement was caused by the reduction of the internal resistance due to higher specific surface area of the graphite and activated carbon than the carbon fiber brushes. A higher specific surface area could increase the growth of electrochemically active microorganisms, which catalyze the oxygen reduction reaction, and could reduce the activation internal resistance of the cell, thereby increasing the electricity generation performance.

COD Removal and Coulombic Efficiency

The changes in COD removal and coulombic efficiency before and after the addition of the carbon materials were measured. The COD removal and coulombic efficiency data were collected and averaged from the three cycles before and after the addition of carbon material. The results are illustrated in Figure 7.
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FIGURE 7. Changes in chemical oxygen demands (COD) removal and coulombic efficiency before and after addition of activated carbon materials.



As shown in Figure 7, before the addition of carbon materials to the MFCs, the COD removal rates of the four reactors were between 89.3 and 90.5%. This demonstrated that the microbial growth and the performance of the four anodes were similar. The coulombic efficiency of each reactor was low, only between 20 and 23%. The majority of the energy was lost during the process of converting COD removal to electricity generation. After the addition of ACG, the COD removal increased to 91.2%, indicating that the optimization of the cathode could also have an indirect effect on anode COD removal. Accordingly, after the addition of GG and ACP, the COD removals were almost unchanged but the output power increased a little. This result confirmed that the increased electricity generation performance was mainly determined by the improvement of the cathode. With similar initial COD removals, the coulombic efficiency of GG, ACG, and ACP increased by 16.3, 64.3, and 20.1%, respectively. This further verified that the MFC coulombic efficiency varied directly with the output power density.

CONCLUSION

The experimental results of this study showed that the current of an MFC (double-chambers, carbon brush as start-up electrode material) in stationary phase rapidly increased by the addition of carbon materials due to the physical property of the materials. The addition of carbon material increased the specific surface area of electrode material and improved the activity of the catalytic microorganisms toward the oxygen reduction reaction, and thus maintained the high performance of the MFCs in following cycles. As a result, the internal resistance of the MFCs reduced effectively and electricity generation performance improved. Using ACG, the maximum power density increased significantly by 166.1%. The ACG optimized anode also showed higher COD removal rate than those with GG or carbon powder. However, all three-carbon materials improve the coulombic efficiency rate of the MFCs.
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Bioelectrochemical systems (BESs) are promising technologies for energy and product recovery coupled with wastewater treatment, and the core microbial community in electrochemically active biofilm in BESs remains controversy. In the present study, 7 anodic communities from 6 bioelectrochemical systems in 4 labs in southeast, north and south-central of China are explored by 454 pyrosequencing. A total of 251,225 effective sequences are obtained for 7 electrochemically active biofilm samples at 3% cutoff level. While Alpha-, Beta-, and Gamma-proteobacteria are the most abundant classes (averaging 16.0–17.7%), Bacteroidia and Clostridia are the two sub-dominant and commonly shared classes. Six commonly shared genera i.e., Azospira, Azospirillum, Acinetobacter, Bacteroides, Geobacter, Pseudomonas, and Rhodopseudomonas dominate the electrochemically active communities and are defined as core genera. A total of 25 OTUs with average relative abundance >0.5% were selected and designated as core OTUs, and some species relating to these OTUs have been reported electrochemically active. Furthermore, cyclic voltammetry and chronoamperometry tests show that two strains from Acinetobacter guillouiae and Stappia indica, bacteria relate to two core OTUs, are electrochemically active. Using randomly selected bioelectrochemical systems, the study has presented extremely diverse bacterial communities in anodic biofilms, though, we still can suggest some potentially microbes for investigating the electrochemical mechanisms in bioelectrochemical systems.

Keywords: high-throughput sequencing, microbial community, electrochemically active microorganisms, microbial fuel cells, bioelectrochemical systems, electron transfer

INTRODUCTION

Bioelectrochemical systems (BESs) are promising technologies for energy and products recovery coupled with wastewater treatment and have attracted increasing attention (Liu and Logan, 2004; Lovley, 2006a; Zhao et al., 2009b; Liu et al., 2013). Many studies have been conducted to expand the application of BESs and increase the efficiency of electricity production (Zhao et al., 2009a; Zhou et al., 2011; Xiao et al., 2013a). Microorganisms are believed to play key roles in electricity production (Logan and Regan, 2006; Lovley, 2006b), and extracellular electron transfer, the basis of electricity production, is the most frequent concern in BESs research. However, most studies on extracellular electron transfer are focusing on the two model species of Shewanella oneidensis (Marsili et al., 2008; Jiang et al., 2010) and Geobacter sulfurreducens (Reguera et al., 2005; Shrestha et al., 2013).

Electrochemically active microorganisms (EAMs) are a group of microorganisms which can transfer electrons from cells to an electron acceptor or accept electrons from an electron donor. Up to date, several EAMs have been identified (Xiao et al., 2013b). However, the understanding of performance of electrochemically active biofilm (EAB), which consists of EAMs and other microorganisms, is still poor due to limited knowledge on the microbial community in EAB.

Similar to soil and activated sludge, EAB is a very complex system consisting of viruses, bacteria, archaea, and fungi. However, the microbial community in EAB remains largely unstudied. This should be partly ascribed to the lack of robust techniques required to explore the highly complex community. In previous studies on the microbial community in EAB, denaturing gradient gel electrophoresis (DGGE) and cloning library are two commonly used techniques (Jung and Regan, 2007; Sun et al., 2011; Beecroft et al., 2012; Liang et al., 2013), and these traditional molecular approaches provide relative low sequencing depth while compared with the vast microbial diversity in EAB. The current investigations merely represent a snapshot of some dominant species in EAB community without providing information on species with medium to low abundances.

High-throughput sequencing, which can provide enough sequencing depth to cover a complex microbial community (Shendure and Ji, 2008), is a promising technology to explore the microbial communities in EAB. Up to now, the method has been widely used to analyze environmental microbial communities in marine water (Stoeck et al., 2010), activated sludge (Zhang et al., 2012), soil (Rousk et al., 2010), and also in BESs (Lee et al., 2010; Miceli et al., 2012; Xiao et al., 2015), these studies gained limited sequences. Therefore, people have not yet pictured full profiles of the microbial communities in EAB.

Six anodic EAB samples were randomly collected from four laboratories in Beijing, Changsha, and Xiamen in China. The 454 pyrosequencing targeting 16S rRNA genes was used (1) to profile the abundance, diversity, and composition of different anodic communities, (2) to investigate whether there are commonly shared species in randomly selected anodic EAB, (3) to compare the variability in anodic EAB during substrate replacing, and (4) to confirm whether dominant species in EAB are electrochemically active.

EXPERIMENTAL

Samples

The samples of anodic biofilm were collected from six BESs at steady operation in Changsha (CS-LXM) (Liu et al., 2009), Beijing (BJ-CZ, BJ-HX) and Xiamen (XM1, XM2, and XM3). As the object of the study was to profile the bacterial communities and summarize the core members in anodic biofilm, we only showed some common information of the stably operated BESs (Table 1). To test the reproducibility of pyrosequencing, sample BJ-HX was divided into two samples (designated as BJ-HX1 and BJ-HX2) and subjected to sequential DNA extraction, PCR and pyrosequencing.

Table 1. Characteristics of the anodic electrochemically active biofilm samples.
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DNA Extraction

For each sample, the genomic DNA was extracted by a previously reported protocol using CTAB and proteinase K (Yang et al., 2007), which can successfully extracted genomic DNA from microbes in various environments e.g., compost and sludge (Xiao e al., 2009; Xiao et al., 2011a,b). The extracted genomic DNA was purified with a kit (DP1501, BioTeke, China). DNA quality was assessed by agarose gel electrophoresis and the 260/280- and 260/230-nm absorption ratios on an ND-2000 spectrophotometer (Nanodrop, USA).

PCR and 454 Pyrosequencing

Before pyrosequencing, the purified DNA was amplified with a set of primers targeting the V1-V3 hypervariable regions of bacterial 16S rRNA genes. The forward primer was 5′-AGAGTTTGATCCTGGCTCAG-3′ (27F) with the Roche 454 “B” adapter, and the reverse primer was 5′- TTACCGCGGCTGCTGGCAC -3′ (533R) which containing the Roche 454 “A” adapter and specific 10 bp barcode. The Roche 454 “A”/“B” adapter located on the 5′-end of each primer, respectively. Each 20 μL of PCR reaction system contained 4 μL of 5 × FastPfu buffer, 2 μL of dNTPs (2.5 mM), 0.8 μL of forward primer (5 μM), 0.8 μL of reverse primer (5 μM), 0.4 μL of FastPfu polymerase and 10 ng of template DNA (the rest of bulk was Milli-Q water). The PCR amplification followed the conditions: one cycle of initial denaturation at 95°C for 2 min; 25 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 30 s; a final extension at 72°C for 5 min.

The PCR products were quantitated by QuantiFluor™ -ST (Scientific Products, USA) and then mixed for pyrosequencing. The high-throughput pyrosequencing was processed on Roche GS FLX+ System (Roche, USA).

Post-run Analysis

The pyrosequencing data were processed using Quantitative Insights Into Microbial Ecology (QIIME) pipeline (Caporaso et al., 2010b). Before the statistical analysis of data, QIIME were used to (1) check the completeness of the barcodes and the primer sequencing, (2) remove reads shorter than 200 bp, and (3) remove reads comprising chimera and quality score below 25. Secondly, the sequences belonging to different samples were exactly assigned using the unique 10 bp barcodes from raw data, and then the barcodes sequences were removed. Only the 97% identity of the effective sequences were divided into OTUs for further analysis, and the most abundant sequence from each OTU was selected as the representative sequence by PyNAST (Caporaso et al., 2010a). Then, these representative sequences were used for the classification of taxonomic according the Greengenes database. The sequences were used to explore the Alpha-diversity in each sample, and the UniFrac metric was employed to compare the beta-diversity between samples. To study the diversity in every sample, the number of OTUs, Chao1 index and phylogenetic richness index diversity were calculated from each sample. In the light of OTUs table, we performed principal component analysis by R v.2.15.0. OTU abundance is relative abundance determined by dividing the sequence number of any given OTU by the total sequence number of that sample.

Electrochemical Test

The strain of Acinetobacter guillouiae Ax-9 was screened from Yi-lan in Taiwan (Ng et al., 2014) and cultured in LB broth at 37°C. The strain of Stappia indica MCCC 1A01226 was bought from Marine Culture Collection of China (Lai et al., 2010) and cultured with Difco™ Marine Broth 2216 (BD, USA) at 25°C. The cyclic voltammetry (CV) test was anaerobically conducted on glassy carbon electrode using strains at the late-log growth phase after washed twice with PBS buffer (pH 7.0) (Wu et al., 2014). Chronoamperometry (CA) measurements were conducted in three-electrode systems where carbon felts (9 cm; Liu et al., 2013), stainless steel mesh (9 cm2) and saturated Ag/AgCl were used as working electrode, counter electrode and reference electrode, respectively. LB broth and Difco™ Marine Broth 2216 were added as culturing medium, respectively, and the reactor was sealed by rubber seal to maintain anaerobic condition in the chamber. During the test, 1% of bacteria suspension was inoculated into the reactors and a potential of +0.30 V (vs. Ag/AgCl) was applied onto the working electrodes by an electrochemistry workstation. In the abiotic control experiment, only LB broth or Difco™ Marine Broth 2216 was added into the reactor.

Nucleotide Sequence Accession Numbers

Twenty-five OTU sequences with high average abundance in the 7 samples have been deposited in the GenBank database under accession numbers KJ009261-KJ009285.

RESULTS AND DISCUSSION

Overall Pyrosequencing Information

After filtering the low quality reads (length <200 bp and quality score <25) and trimming adapters and barcodes, a total of 266,791 high quality reads were obtained for the 7 EAB samples using QIIME (Table S1). Then, the high quality reads were denoised, and chimeras were filtered out. There were 30,269–43,868 effective reads (a total of 251,225 sequences) for the 7 EAB samples. Since the smallest library among the 7 samples consisted of 30,269 sequences, the library size of each EAB sample was normalized to 30,269 sequences, and the downstream analyses for different samples were conducted at the same sequencing depth of 30,269 sequences. For the selected 211,883 sequences (7 samples), the average length of sequences is 485.8 bp. According to the Pearson correlation coefficient for the relation between samples BJ-HX1 and BJ-HX2 (R2 = 0.903; Figure S1), the pyrosequencing showed high repeatability and reliability.

Diversity of Bacterial Communities

The numbers of operational taxonomic units (OTUs), Chao 1, Phylogenetic Diversity index and Good's coverage at the cutoff level of 3% are summarized in Table S1. Good's coverage shows the sampling completeness and the probability i.e., the possibility of a randomly selected sequence from the sequence data of a sample has already been sequenced. Though, 30,269 sequences for each sample were obtained from pyrosequencing, the Good's coverage ranged between 78.4 and 98.2%. The Good's coverage result together with the plots of OTU number, Chao 1 and Phylogenetic Diversity Index vs. sequence number (Figure S2) demonstrated that enough sequence depth was necessary for profiling complex EAB samples.

Based on the 251,225 effective sequences, a total of 31,502 OTUs were detected in 7 EAB samples. While each OTU could be assigned to a different microbial species, the diversity in EAB community is considerably rich, even higher than that in activated sludge (Zhang et al., 2012). There were only 1129 OTUs in sample BJ-CZ, while the OTU numbers in the other 6 samples varied from 3695 to 9468 and were 3.5–8.5 times of that in this sample. According to the three indices of OTUs, Chao 1 and Phylogenetic Diversity index, the lowest diversity of community was found in sample BJ-CZ which was inoculated with paddy soil. The other 6 BESs were inoculated with activated sludge. Some studies, at the same sequencing depth, show that the bacterial diversity in soil is as rich as or even richer than that in activated sludge (Zhang et al., 2012). However, the results in this study seemed to demonstrate that BESs inoculated with activated sludge had considerably richer community diversity than that inoculated with soil. Some studies, at the same sequencing depth, show that the bacterial diversity in soil is as rich as or even richer than that in activated sludge (Zhang et al., 2012). However, the results in this study seemed to demonstrate that BESs inoculated with activated sludge had considerably richer community diversity than that inoculated with soil. The microbial diversity in CS-LXM and XM3 was considerably richer than that in the other samples, which might be attributable to the complex organic substrates of excess sludge and organic kitchen waste in these BESs.

In most of samples (6 in 7), Proteobacteria was the most dominant phylum (Figure 1), accounting for 37.5–92.8% of the 211,883 sequences (30,269 sequences for each sample). The results were similar to previous reports on anodic communities (Lee et al., 2010; Yates et al., 2012) or isolated EAMs (Xiao et al., 2013b). In these 6 samples, Bacteroidetes (3.4–19.2%, averaging at 9.7%), Firmicutes (0.9–13.8%, averaging at 4.7%), and Chloroflexi (0.02–11.2%, averaging at 4.4%) were the other sub-dominant phyla. Unlike that in the other 6 samples and previous reports (Lee et al., 2010; Miceli et al., 2012; Yates et al., 2012), Firmicutes was the most (39.6%) abundant phylum in sample XM2, while Bacteroidetes, and Proteobacteria were the second (25.0%) and the third (22.5%) abundant phylum, respectively. Firmicutes usually is the dominant phylum in cellulose degradation system (Kröber et al., 2009; Eichorst et al., 2013). Therefore, that Firmicutes dominated sample XM3 might be ascribed to the feeding substrate of kitchen waste which is rich in cellulose.
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FIGURE 1. Relative abundances of major phyla (>1% in at least one sample) and classes in Proteobacteria in the 7 EAB samples. The relative abundance is presented as the percentage in 30269 effective sequences in each sample. Minor phyla refer to taxa with a maximum relative abundance <1% in any sample.



Within Proteobacteria, Alpha-, Beta-, and Gamma-proteobacteria showed similar abundance (averaging 17.7, 17.1, and 16.0%, respectively) in the 7 EAB samples. Though, showing similar average abundance in all samples, Alpha- and Gamma-proteobacteria had extremely high abundance (>60%) in XM1 and BJ-CZ, respectively. Deltaproteobacteria was usually reported as the most dominant class in anodic EAB. However, the class occurred at relative low levels (0.1–10.7, averaging 4.5%) in this study, which was considerably different from previous studies with very low pyrosequencing depth (Lee et al., 2010; Yates et al., 2012).

It is interesting that Epsilonproteobacteria showed very low abundance in 6 samples (0–0.5%) except for CS-LXM (8.2%) which was fed with excess sludge. Previous studies showed that Epsilonproteobacteria occurred at very low level (<1%) in activated sludge (Zhang et al., 2012), anodic biofilm (Lee et al., 2010; Miceli et al., 2012; Yates et al., 2012), and excess sludge anaerobic digester (Zhang et al., 2009). The result in this study seemed to show the ability of BES to enrich some strains in Epsilonproteobacteria for excess sludge degradation.

Besides Alpha-, Beta-, Delta-, and Gamma-proteobacteria, two classes of Bacteroidia and Clostridia were dominant and commonly shared class (relative abundance >1.0%, occurring in at least 5 of 7 samples; Figure S3). Clostridia, typical cellulose degradators in mesophilic environment, was the most dominant (39.3%) class in sample XM2, which could be attributable to the cellulose rich substrate used in this BES.

Similarity Analysis of the EAB Samples

Using OTUs abundance, principal coordinate analysis (PCoA) using weighted UniFrac approach was conducted to compare the similarities between the 7 EAB samples (Figure 2). Though being fed with sodium acetate, the three samples from Beijing were different from XM1 and XM3. Some research indicates significant differences between the microbial communities in sewage treatment plants from different geographical areas (Zhang et al., 2012). Since most of the EAB was inoculated with activated sludge, the PCoA analysis demonstrates that the geographical areas other than the substrates significantly influenced the microbial communities in EAB. The close relationship of samples BJ-HX1 and BJ-HX2 also indicated high repeatability and reliability of the pyrosequencing. Results from OTU based cluster analysis (Figure S4) well agreed with the PCoA analysis.
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FIGURE 2. OTU abundance based principal coordinate analysis of 7 EAB samples using weighted UniFrac.



Core Genera

There were 275 OTUs that could be assigned at genera level (Table S2). OTU number was significantly less than that reported in activated sludge (Zhang et al., 2012), indicating that there are many unknown bacteria in EAB. Among these genera, only 20 genera (accounting for 3.6–76.0% of total sequences) could be found in all the 7 samples, and a total of 81 genera (accounting for 7.9–83.4% of total sequences) could be classified as commonly shared genera which were shared by at least 5 samples (Table S3).

There were 60 abundant genera of 275 assigned genera, whose average relative abundance in 7 EAB samples was higher than 0.1% (a total of >0.71%; Figure 3), and 33 genera belong to Proteobacteria. Though, there were 81 commonly shared genera, only 47 genera showed high abundance (a total of >0.71%) in these samples. Among the 60 abundant genera, genera Azospirillum (0–4.3%, averaging 1.8%) and Geobacter (0–7.5%, averaging 2.4%) showed higher abundance (>1%) in five and four samples, respectively.
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FIGURE 3. Heat map of 60 genera whose average relative abundance in 7 EAB samples was higher than 0.1% (a total of >0.71%). The color intensity in each panel shows the relative abundance (in percentage) of a genus in a sample, referring to color key at the right top.



Genus Azospirillum is reported to be able to fix molecular nitrogen under microaerophilic conditions (Tarrand et al., 1978) and have been rarely detected in bioelectrochemical systems (Hou et al., 2011; Pisciotta et al., 2012). However, a recent study reports (42) that a novel species of Azospirillum humicireducens can reduce extracellular anthraquione-2,6-disulfonate, which is an analog of humic substances and known to function as electron shuttle for the bioreduction of U(VI) (Jeon et al., 2004). Though no study has directly reported Azospirillum as EAMs, the results seemed to predict their important roles in anodic communities by using electron shuttles e.g., humic substances to perform extracellular electron transfer.

As a model of extracellular electron transfer, genus Geobacter is one of the most widely reported EAMs (Lovley, 2012). In some previous studies, Geobacter was detected as the most dominant microorganisms in anodic community by low depth pyrosequencing (Lee et al., 2010; Miceli et al., 2012; Yates et al., 2012). With a much deeper sequencing depth in this study, genus Geobacter was detected in 6 but not all anodic samples, and only in 4 samples its abundance was >1%. The results indicated that Geobacter was not always the dominant microorganisms in anodic communities of BESs, and low sequencing depth would have introduced inaccurate conclusions in analyzing complex microbial communities.

There were four genera i.e., Acinetobacter, Bacteroides, Pseudomonas, and Rhodopseudomonas which dominate one or two samples with very high abundance (>10%). (i) Genus Acinetobacter, reported as nosocomial pathogens (Bergogne-Bérézin and Towner, 1996), was detected as dominant bacteria in samples BJ-CZ and BJ-HX1 (abundance >7% in BJ-HX2). Based on clone libraries, previous studies have detected the genus as abundant bacteria in anodic (Sun et al., 2010) or cathodic communities (Rabaey et al., 2008). Together with all these results, Acinetobacter was suggested to be an important composition in EAB community and further electrochemical test might be helpful to understand their roles in EAB. (ii) A previous study has once isolated a Fe(III)-reducing fermentative bacterium Bacteroides sp. W7 from the anode suspension of a BES (Wang et al., 2010). A Fe(III)-reducing usually suggests the potential of extracellular electron transfer. This genus was the most dominant genus in sample XM2 which was fed with kitchen waste and the abundance of this genus decreased as sodium acetate was used as substrate again. Therefore, it's speculated that Bacteroides might be very important for BESs' current generation with complex substrate. (iii) It's very interesting that genus Pseudomonas accounts for 56.4% of total sequences in sample BJ-CZ. Though some studies have reported Pseudomonas aeruginosa as an EAM by secreting electron shuttle of pyocyanin (Rabaey et al., 2005), no research have ever reported such a dominance of Pseudomonas in BESs. The results might also suggest mediated extracellular electron transfer mainly contributing to current generation in BJ-CZ. (iv) Genus Rhodopseudomonas consists of a group of photosynthetic bacteria, and a strain of Rhodopseudomonas palustris can directly produce current coupling with acetate respiration (Xing et al., 2008).

Besides the six genera mentioned above, genus of Azospira (formally Dechlorosoma) which was detected in all the 7 samples seemed to be another core genus in anodic EAB. Though, the genus was not the most abundant genus in any sample, it showed high abundance (>5%) in BJ-CZ, BJ-HX1, and BJ-HX2. The genus was previously detected as dominant residents in anodic EAB (Sun et al., 2011). Therefore, further investigation on the electrochemical activity of Azospira spp. is an urgent need for understanding their roles in EAB due to the absent research on this aspect.

The genus Shewanella contains several species of EAMs (especially Shewanella oneidensis) and therefore has been widely investigated (Borole et al., 2011). However, the pyrosequencing detected no sequence related to this genus, which suggested that Shewanella was not a widely spread EAM. The results from the pyrosequencing showed that some commonly shared genera i.e., Azospira, Azospirillum, Acinetobacter, Bacteroides, Geobacter, Pseudomonas, and Rhodopseudomonas dominate the bacteria community and therefore were defined as core genera in EAB. Though, the electron transfer of Geobacter has been widely studied, very limited attention has been paid to the other genera. The results suggest that, to better understand the electrochemical activity of EAB, the research community should conduct some extra studies to investigate the electron transfer of the bacteria in the other 6 genera.

Core OTUs

A total of 31502 OTUs (3% distance) were detected in the present study. Among these genera, only 9 OTUs were found in all the 7 samples, and a total of 115 OTUs (accounting for 1.3–38.4% of total sequences) could be classified as commonly shared OTUs which were shared by at least 5 samples (Table S4).

The pyrosequencing detected 108 OTUs with an average relative abundance higher than 0.1%, which accounted for 18.1–81.7% of total sequences (Table S5). While 17, 21, 6, and 15 of 108 OTUs belong to classes Alpha-, Beta-, Delta-, and Gamma-proteobacteria, respectively, only 1 OTU belongs to Epsilonproteobacteria. Besides, 12 and 13 of 108 OTUs belong to classes Bacteroidia and Clostridia, respectively.

Though six genera have been proposed as core genera in EAB, specific species was still unknown. Therefore, a total of 25 OTUs, average relative abundance >0.5%, were selected and designated as core OTUs for further analysis (Figure 4).
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FIGURE 4. Relative abundance of the core OTUs (3% distance) in the sequenced 16S rRNA gene sequences.



Fifteen of 25 OTUs belong to phylum Proteobacteria, and 6 OTUs belong to Alphaproteobacteria. OTU 36744 was the most abundant OTU (abundance of about 20%) in sample XM1. The OTU was 99% identical to strains of Stappia indica (GenBank accession number of EU726271.1), which has never been reported as an EAM. OTU 28339 was 99% identical to strain Rhodopseudomonas palustris DX-1 which was reported as an EAM (Xing et al., 2008). The OTU was shared by all 7 samples, suggesting that the photosynthetic strain is a widely spread EAM in anodic EAB. Though, OTU 6374 showed high abundance (abundance of 4–5%) in samples BJ-HX1 and BJ-HX2, it could be classified to any specific genus. OTU 14215 was highly identical to strains of Rhizobium sp. (99%) or Agrobacterium tumefaciens (98%) which both were detected in anodic biofilm of microbial fuel cell (Ishii et al., 2008; Sun et al., 2010). OTUs 16867 and 32034 were highly identical to Azospirillum lipoferum (96%) and Azospirillum zeae (99%), respectively. As previously discussed, these strains may be able to use electron shuttles for extracellular electron transfer, which still needs further confirmation.

Three OTUs belong to Betaproteobacteria, and OTUs 14184, 15613, and 19577 were highly identical to Acidovorax caeni (99%), Azospira oryzae (100%), and Rhodocyclus sp. (99%), respectively. Though, all the three known genera/species were detected in anodic EAB (Borole et al., 2009; Song et al., 2012), no extracellular electron transfer in these species has been reported (Xiao et al., 2013b). Two OTUs within Deltaproteobacteria i.e., 960 and 14436 shared high similarity to Geobacter sulfurreducens strain PCA (97%) and Geobacter sp. (99%), respectively. Geobacter sulfurreducens strain PCA is known as the model strain for studying bioelectricity generation (Bond and Lovley, 2003), and genus Geobacter is one of the most widely reported EAMs (Lovley, 2012). While OTU 960 was a dominant OTU (2.3–5.7%) in BJ-HX1 and BJ-HX2, OTU 14436 was abundant in samples XM2 (0.9%) and XM3 (3.7%). The results seemed to show a geography discrepancy in Geobacter species. OTU 4350 belong to Epsilonproteobacteria and shared 99% similarity to uncultured Arcobacter sp. Though, this OTU was the most dominant one (abundance of 6.2%) in sample CS-LXM, it was not detected in the other six samples, which might be attributable to the substrate of excess sludge used in this BES. Three OTUs i.e., 161, 4293, and 15511 belong to Gammaproteobacteria. OTU 161 was 100% identical to Pseudomonas aeruginosa which was reported as a producer of electron shuttle of pyocyanin (Rabaey et al., 2005). The OTU accounted for more than 54.5% of total sequences in sample BJ-CZ, which confirmed our previous speculation that mediated extracellular electron transfer mainly contributed to current generation in this BES. OTU 4293, sharing 98% similarity to Acinetobacter guillouiae, was the second abundant OTU (abundance of 7.9%) in BJ-CZ and also shared high abundance in BJ-HX1 (abundance of 2.0%) and BJ-HX2 (abundance of 1.1%), which indicated that the OTU might be important to the current generation. A strain Ax-9 of Acinetobacter guillouiae could degrade synthetic dye (Ng et al., 2014), indicating that the species of bacterium may be electrochemically active.

OTUs 236, 4653, and 22405 belong to class Bacteroidia. OTUs 4653 and 22405 were 96 and 99% identical to Petrimonas sp. and Bacteroides sp., but OTU 236 did not share high similarity to any specific genus. Previous studies have classified some strains in Bacteroides sp. as EAMs (Xiao et al., 2013b), indicating that OTU 22405 relating strain might be important to the current generation of EAB as it accounted for 3.5 and 8.1% of total sequences in XM3 and XM2, respectively. OTUs 29337 and 34368 were 96 and 99% identical to Victivallis sp. and Sphaerochaeta sp., respectively. Though, strains close to these genera have been detected in microbial fuel cells, no EAM has been reported yet. The left 5 OTUs did not share >95% similarity to known genus, though their abundance was higher than 2% in one or two samples. The results indicated that a great number of dominant strains in EAB are still not isolated and identified.

Electrochemical Tests

The redox peaks in the CVs of the two bacteria (Figure 5A) provide the first indications that both Acinetobacter guillouiae Ax-9 and Stappia indica MCCC 1A01226 may be electrochemically active. While four redox peaks (at −0.41, −0.38, −0.14, and +0.95 V vs. Ag/AgCl, respectively) could be counted in the CV of Acinetobacter guillouiae, only one oxidation peak at +0.12 V vs. Ag/AgCl could be observed in the CV of Stappia indica.
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FIGURE 5. Cyclic voltammetry (A) and chronoamperometry (B) tests for Stappia indica and Acinetobacter guillouiae.



Since redox peaks in a CV don't guarantee bio-electricity production, we employed CA to test the current yield by the bacteria (Figure 5B). The background current of LB and Marne broth were about 4 and 15 μA, respectively. While Acinetobacter guillouiae could produce a current higher than 400 μA, a relative low current of about 50 μA was produced by Stappia indica. To summarize, CA measurement and CV tests notably indicated that the both bacteria are electrochemically active and can produce electricity, and the results also implied that core OTUs of 36744 and 4293 were electrochemically active and played important roles in current production in anode.

Community Dynamics Following Substrate Change

Sample XM1 was collected after the BES was fed with sodium acetate for 8 months. Samples of XM2 and XM3 were collected from the same BES after it was sequentially fed with organic kitchen wastes and sodium acetate for 60 days. The performance of the BES was illustrated in Supporting Material (Figure S5). The relative abundance fold change of OTUs for the substrate of BESs was evaluated as a microbial community dynamics using scatter plots (Figures 6A,B). The scatter plots distinctly showed that 84.20% of OTUs was over 10-fold change or under 1/10-fold change in the first substrate alternation (from acetate to organic kitchen wastes), and 26.80% of OTUs was over 10-fold change or under 1/10-fold change in the second substrate alternation (from organic kitchen wastes back to acetate). The distribution of OTUs was more centralized after the first alternation than that after the second alternation, suggesting microbial community was more impacted by the first substrate alternation. We could infer that the start-up substrate of BESs exerts further influence on substrate changes in the process of operation.
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FIGURE 6. Scatter plots of 500 dominant OTUs responses to the carbon source of MFCs. The carbon source of MFC changed from acetate to organic kitchen waste (A) and from organic kitchen waste to acetate (B). (C,D) Detailed summary of OTUs that showed a significant response to changing carbon source. The 64 OTUs significantly adapted to acetate (E) and 153 OTUs significantly adapted to organic kitchen waste (F) were analyzed relative to taxonomic assignment. AC, acetate; OKW, organic kitchen waste.



To address the prominent OTUs related to substrate change in the microbial community, we classified those OTUs that upregulated in the first alternation or downregulation in the second alternation as objects which were apt to acetate. Another part of OTUs which adapted to organic kitchen wastes were selected following the similar way which downregulated in the first alternation or upregulation in the second alternation. Above two kinds of OTUs (>1-fold, ≥10-fold change) were figured using Venn diagram between carbon source conditions (Figures 6C,D). 64 OTUs significantly adapted to acetate and 153 OTUs significantly adapted to organic kitchen wastes, suggesting microbial community better adapted to multi-component organic kitchen wastes. Among 64 OTUs, 20 OTUs were not detected by pyrosequencing after the first alteration and were came back after retrieving acetate, which suggesting that OTUs had a certain degree of preference on the substrate.

Based on taxonomic assignment, 7 and 9 dominant phyla were detected in the 64 OTUs and 153 OTUs (Figures 6E,F), respectively. Three dominant phyla (relative abundances over 1%), that was Bacteroidetes (22.22%), Firmicutes (47.06%), Proteobacteria (23.53%), were detected in apt-organic kitchen wastes OTUs. Among apt-acetate OTUs, a wider range of phyla was identified as dominant, i.e., Actinobacteria (7.81%), Bacteroidetes (10.94%), Chloroflexi (3.13%), Firmicutes (1.56%), Planctomycetes (6.25%), and Proteobacteria (62.50%). The dominant portion was changed from Proteobacteria to Firmicutes between apt-acetate OTUs and apt-kitchen garbage OTUs, suggesting the substrate of BESs could drive the change of microbial community. Such as those described genera, Bacteroides was abound in XM2 which fed with multicomponent substrate, and Rhodopseudomona was a dominant genus in XM1.

Compare with previous Studies on EAB

Most previous studies on microbial community in anodic EAB have been heavily relied on 16S rRNA gene fragments based DGGE and clone library analysis (Jung and Regan, 2007; Sun et al., 2011; Beecroft et al., 2012; Liang et al., 2013). Though, some researchers have applied 454 pyrosequencing to investigate the anodic communities in microbial fuel cells (Lee et al., 2010; Yates et al., 2012), their results are sometimes insufficient to fully profile the microbial communities due to limited sequences obtained in those studies. It should be noted that most pyrosequencing studies on EAB try to understand the complex microbial community under control conditions (i.e., primary inoculum, and substrates etc.; Lee et al., 2010; Yates et al., 2012; Wang et al., 2013). There is no doubt that the experiment using controlled conditions is conducive to explore the function under this specific condition. However, a control experiment is limited for studying EAB in specific BESs. It is necessary from an overall point, to develop the heterogenous BESs for fully understanding EAB.

The study is the first systematic work on the microbial communities of multiple anodic EAB samples by investigating >30,269 and 16S rRNA gene fragments per sample. By employing PCR-based 454 pyrosequencing technique, the deep sequencing showed a high diverse microbial community in anodic EAB and proposed some core genera and OTUs in the 7 geographically separated EAB samples from China.

Some of our findings agree with part of previous research. For example, Proteobacteria were the dominant members in most anodic EAB samples, and Epsilonproteobacteria were the rarely existed bacteria (Lee et al., 2010; Yates et al., 2012). However, our study showed below novel findings: (1) extremely diverse bacterial communities were found in anodic EAB samples, and Deltaproteobacteria was not the dominant class in all samples, the results should be attributable to the deeper sequencing depth used in this study. (2) Several genera of Azospira, Azospirillum, Acinetobacter, Bacteroides, Geobacter, Pseudomonas, and Rhodopseudomonas played roles as core members in randomly selected anodic EAB samples, and studies on their EET, rather than confined to Geobacter, will help us understand the electron transfer within mixed bacterial EAB. The genus of Shewanella, one of the model strains for electron transfer studies, was not detected in all EAB samples. (3) The study showed that some pathogens i.e., Acinetobacter spp. and Pseudomonas aeruginosa were highly dominant members in some samples, which reminds the research community to be very careful in conducting research.

CONCLUSIONS

Using randomly selected EAB samples and pyrosequencing technology, we have profiled a diverse bacterial community in anodic biofilm of BES. Six commonly shared and abundant genera i.e., Azospira, Azospirillum, Acinetobacter, Bacteroides, Geobacter, Pseudomonas, and Rhodopseudomonas were defined as core genera in electrochemically active communities. Twenty-five OTUs were selected as core OTUs in EABs, and two core OTUs related strains from Stappia indica and Acinetobacter guillouiae were proven to be electrochemically active. Most dominant bacteria in EAB may be electrochemically active, and high-throughput sequencing such as pyrosequencing is helpful to suggest potential EAMs.
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Organism Reactors Temp. ilution Yeast HEM? pHstat'  Acetate  Acetate Reference
© rate (d~) extract (g/Lm) electron
(@) recovery
Mooreli thermoacatica 70% EE dectiolyzer  Bubble  60° 216 10 Yes Yes 11 3% Husetal, 2016
column
Acetobacterium woodli 70% EE lectolzer  CSTR 300 084 4 No Yes 076 108% 46%°  Kantzowetal, 20
Acetabacterium woodli 70% EE dectolyzer  CSTR 30 84 4 Yes Yes 6.16 55.9% 264%  Kantzowetal
Acstobacterium sp. (mix)  Bioelectrochemical 2° 5 o No No 078 35% 121%  This study
constant current®
Clostridiales (mix) Bioclectrochomical 21 Bach o No No 0024 61% 21%  Gidemynetal, 2015
constant current®
Sporomusa ovata Boelectrochemical 250 00144 o No No 00009 105% 50%  Giddigsetal, 2015
constant votage®
Aceate electron recovery for indirect MES was based on electror jided by Hy through the reactor from the efectrolyzer: Acstate enery efficiency was calculated
power. that has a 70% energ of Hy produced,
CSTR. PApplisd Current: 8 Allcamcte (83.3 A/mP projctect). “Applied Current: 0.143 AlLcamoite (5 A/M2prcjectea). “Applied Voltage: 1.9 V. Hollow ) rar

*pH auxostat system.
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Band Taxon Similarity (%) ~ Accession  Phylum/Genus

2 Ureibacillus 912 AF403017  Firmicutes/ ‘Aerobic, thermophilc, grows at 37-60°C, optimum at 50-60°C,
thermosphaericus Ureibacilus negative for nitrate reduction, anaerobic growth, acid production from
glucose (Fortina et al., 2001).
4 As above 100 Asabove  Asabove
5 As above 946 Asabove  Asabove
8 As above %25 Asabove  Asabove
9 As above 973 Asabove  Asabove
7 As above 957 Asabove  Asabove
10 Bacilus sp. R-7413 100 AY422985  Firmicutes/ Heterotrophic, anaerobic, nitrate reduction, optimum at 70°C (Kim
Bacilus etal., 1998)
13 Anoxybacilus kaynarensis 973 EU926955  Firmicutes/ Heterotrophic, aerobic, can reduce nitrate to nitrte, grows from
Anoxybacilus approximately 35 to 70°C, optimum at 60°C (inan et al., 2013).
3 Geobacills toebil 924 EU428777  Firmicutes/ Heterotrophic, aerobic, nitrate and nitrte reduction posilive, grows from
Geobacilus 5510 75°C, optimum at 68°C (Poli et al,, 2006).
Anoxybacills calidus 100 FU430012  Finmicutes/ Facultatively anaerobic, heterotrophic, Np gas produced from nitrate,
Anoxybacilus 35-70°C, optimurm at §5°C (Cihan et al,, 2014).
1 Uncultured planctomycete 100 Gass Ignavibacteriae/  Refers to a strain of [gnavibacterium album Mat9-16T, strictly
Ignavibacterium  anacrobic, heterotrophic, grows at 80-55°C, optimum at 45°C (ino
etal, 2010).
6 Uncultured Chioroflexi 834 JIN825481  Chioroflexi/ Refers to a strain of Anaerolinea thermolimosa IMO-1T, strctly
bacterium Unlassified anaerobic, heterotrophic bacteria, cannot utiize nitrate as electron
Anaerolineaceae  acceplors, grows at 42-55°C optimum at 50°C (Yamada et al, 2008).
14 Cucumivacter marinus (T) 9.8 EF211830  Proteobacteria/  Heterotrophic aerobic bacteria, cannot reduce nitrate to nitite, grows

Cucumibacter  at 16-40°C, optimum at 30-36°C (Hwang and Cho, 2008).
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Band

25

26

27

24

28

Taxon

Aquamicrobium
aestuarii
Brevundimonas
diminuta

Unculured bacterium

Pelomonas
saccharophila (T)

Brachymonas sp.
canine oral taxon 015

Comarmonas
denitrificans
Alshewanella sp. NS

Acinetobacter
‘gyllenbergi (T)

Similarity (%)

100

98.1

957

100

894

87.8

100

Accession

GU199003

X87274

EF173342

AB021407

INT13175

AF233876

EU287929

AJ293694

Phylum/Genus.

Proteobacteria/
Aquamicrobium
Proteobacteria/
Brevundimonas
Proteobacteria/
Altererythobacter

Proteobacteria/
Pelormonas

Proteobacteria/
Brachymonas
Proteobacteria/
Comamonas

Proteobacteria/
Alishewanella

Proteobacteria/
Acinetobacter

Properties

Grows at 15-45°C, optimum at 30-35°C, can reduce nitrate to ritite,
stritly aerobic, heterotrophic bacteria (Jin et al., 2013).

Brevundimonas gen. nov, is aerobic, grows at 30-37°C, cannot reduce
nitrate, 90% of the strains are autotrophic (Segers et al., 1994).

Refers to Altererythrobacter epoxidivorans JCS350T, cannot reduce
nitrate, grows at 20-40°C, aerobic, optimum at 35°C, heterotrophic
bacteria (Kwon et al,, 2007).

Grows at 4-40°C, optimum at 26-32°C, aerobic, able to fix nitrogen and
show autotrophic growth with hydrogen but not photoautotrophic.
Glucose and acetate are uiized as carbonsources for growth but
negative for denttification (Xie and Yokota, 2005).
Refers to Brachymonas denitificans, aerobic, denitification positive,
grows at 10-40°C, optimum at 30-35°G (Hiraishi et al., 1995).

Grows at 20, 30, and 37°C, aerobic, heterotrophic, can reduce nirate to
nitrogen gas and contains cd1-type nitrite reductase (the only species in
the genus Comamonas to do s0) (Xing et al., 2010).

Refers to Alishewanella aestuari, grows at 18-44°C, aerobic, opli
37°C, can reduce nitrate to nitrte and nitrogen gas, maltoss
assimilated, heterotrophic bacteria (Roh et al., 2009).
Strictly aerobic, grows at 26-37°C, incapable of dissimilative
denitrification, heterotrophic bacteria (Nemec et al., 2009).
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Substrate Culture

p-Coumarate  Pure cuiture

Co-

culture with G.
sulturreducens

n-Butyrate

Acetate

R. palustris
strain

Wid-type

R. palustris
CGA009
NifA*-mutant
R. palustris
Wid-type

R palustris
CGA00O
NifA*mutant
R. palustris
Wid-type

R. palustris
CGA00Y
NifA™-mutant
R palustris

+HCO;  -HCO;

Numbers in the final two columns are identified in the text. Results are shown for: 1~ in
Figure 1; 5 and 7 in Figure 3; 6, 8, and 10 n Figure 4; and 9 in Figure 5.

Non-lethor I

Lethal

Lethal with electric current reporter

]
Non-lethal with electric current reporter ||
Non-lethal, electric curent positve. NN
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Sample name

Anode (contro)
Anode (100 M)
Anode (200 M)
Cathode (control)
Cathode (100 M)
Cathode (200 M)

Effective tags

53,807
53,136
54,932
51,054
54,592
50,373

OTUs

824
630
679
692
697
741

Shannon

5.21
3.716
4.706

43
5.021
5.5642

Chao1

908.307
691.84
786.136
755.5
757.026
810.327

Simpson

0.884
0.733
0.886
0.748
0.879
0.927

ACE

900.018
703.657
796.327
773.924
771.527
813.045

Good's coverage





OPS/images/fmicb-09-00349/cross.jpg
3,

i





OPS/images/fmicb-08-01371/cross.jpg
3,

i





OPS/images/fmicb-06-01410/crossmark.jpg
®

o fark





OPS/images/fmicb-07-00344/fmicb-07-00344-g002.gif
......
!





OPS/images/fmicb-07-00344/fmicb-07-00344-g001.gif
Pump





OPS/images/fmicb-07-00530/fmicb-07-00530-g006.jpg
,# Inner Membrane

7
s - ,* » Outer Membrane
- Sg ’ ’
- * ’






OPS/images/fmicb-07-00344/crossmark.jpg
®

o fark





OPS/images/fmicb-07-00530/fmicb-07-00530-g005.jpg
The Ratio

C-type Cytochromes





OPS/images/fmicb-07-00530/fmicb-07-00530-g004.jpg
5,0, HSUSO;" TMAO TMANO; NO; NH,"
Extracellular ’ ' ]

Periplasm

, Raf Complex
S

Cytochrome C Maturation System

:mbrane\ \ “;Sﬁb : Module 3 ;
.............. ——— *\.._‘;./._l..-_......_.._-_..__._...-___-_....._._._ .

/
s

Cytoplasm

\Not Clearly Understood





OPS/images/fmicb-07-00530/fmicb-07-00530-g003.jpg
GO Biological Processes Categories

N o .
& &
» &K

OIS

D S e B e o s S S S o
 © §F &@% & c&e & F S F S E
B & & LK o & & §
B R A ROASRASRAN
FFFFFSS TS
P P

L 5 zfv%’ & zf"% Q“o% > & > &
& &E SN 3 S
$ S &

S

*@






OPS/images/fmicb-07-00530/fmicb-07-00530-g002.jpg
BEx
o)
OPe
W I
OCy

o
-

o
[t

o O O O
L = ™M o

utaioxd Jo sIaqumy

10

13

14

K-shell





OPS/images/fmicb-07-01082/inline_9.gif
HCO;





OPS/images/fmicb-07-01082/inline_7.gif
HCO;





OPS/images/fmicb-07-01082/inline_8.gif
HCO;





OPS/images/fmicb-07-00344/math_1.gif
Nitrite reduction: NO; +¢~ +2H™ = NO +H:0
B — +0350VvsSHE (1)





OPS/images/fmicb-07-01082/inline_5.gif
HCO;





OPS/images/fmicb-07-00344/math_2.gif
Nitric oxide reduction: NO + ¢~ + H™ = 05N,0 + 0.5H
= +1175VwsSHE  (2)





OPS/images/fmicb-07-01082/inline_6.gif
HCO;





OPS/images/fmicb-07-00344/math_3.gif
Nitrous oxide reduction: ~ 0.5N;0 +€~ +H™ = 0.5N;
+05H,0





OPS/images/fmicb-07-01082/inline_3.gif





OPS/images/fmicb-07-00344/math_4.gif
3)
(@)

NOT +050,






OPS/images/fmicb-07-01082/inline_4.gif





OPS/images/fmicb-07-01082/inline_15.gif





OPS/images/fmicb-07-01082/inline_2.gif
HCO;





OPS/images/fmicb-09-00349/fmicb-09-00349-g011.jpg
30

(;w/yw) Ajisuap Jamod

O o O o
(Q\| (Q\| <~ -~

mDye decolorization @Power density

mCurrent density

150

120 -

o o
(@) ©
(;w/yw) Ajisuaq juaiing

(94,) uoneziiojooa(

30 -

Time (hour)





OPS/images/fmicb-07-00344/inline_3.gif
NO;





OPS/images/fmicb-07-01082/inline_14.gif
HCO;





OPS/images/fmicb-07-00344/inline_2.gif
NO;





OPS/images/fmicb-07-00344/inline_1.gif
NO;





OPS/images/fmicb-09-00349/fmicb-09-00349-g010.jpg
Diesel degradation (%)

(o))
o
1

AN
o
1

N
o
1

m AC (800 mg/l)
m OC (800 mg/l)
m CC (800 mg/l)

0 8 18 30
Time (Days)





OPS/images/fmicb-06-01410/fmicb-06-01410-t001.jpg
Code Source (name, city, and location) ~ Substrate Inoculant Electrode material  Output power density/W m™

CS-LXM Prof. Xiao-Ming Li, Changsha, central  Excess sludge Activated sludge  Carbon cloth 031 (Liu et al, 2009)
south China.

B-CZ Dr. Zheng Ghen, Beijng, north China  Sodium acetate Paddy soil Garbon cloth 125

BJ-HX1and2  Prof. Xia Huang, Bejing, north China  Sodium acetate Activated sludge  Carbon granucle 382

X2 Dr. Yong Xiao, Xiamen, southeast Sodium acetate Activated siudge  Garbon felt 10.1
China

XM22 Organic kitchen waste  — Carbon felt 95

XMa? Sodium acetate - Garbon felt o7

*The three samples were collected from the same BES which was sequentialy fed with sodium acetate, organic kitchen waste, and sodium acetate. Each material was used as substrate
for 60 days.
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Before MFCs.
operation

After MFCs
operation

LSDo.0s

Soil

M
HB
HN
Js
JX
FJ
GX
M
HB
HN
Js
JX
FJ
GX

pH

851(0.01)
8.33 (0.04)
8.26 (0.01)
7.07 0.02)
4.12(0.01)
7.96(0.03)
4.04(0.03)
8.22(0.02)
8.24(0.08)
8.12(0.03)
6.17 (0.02)
4.61(0.03)
8.16(0.09)
4.98 (0.05)
005

OC (gkg™")

8.31(1.71)
6.38(0.70)
11.18(3.28)
25.41 (2.87)
24.83 (2.71)
12.60 (0.51)
14.96 (0.62)
8.51(1.28)
7.33(0.49)
9.97 (1.46)
14.53(0.77)
14.52 (0.60)
6.03(1.23)
8.06 (0.56)
272

TN(gkg™")

1.12(0.02)
088 (0.06)
1.05 (0.03)
2.26 (0.35)
1.71 (0.04)
1.21(0.08)
1.30(0.02)
1.22(0.09)
0.86 (0.01)
1.08 (0.04)
2.23(0.07)
1.59 (0.03)
1.07 (0.07)
1.35 (0.03)
055

TP(gkg™")

0.38 (0.06)
153 (0.26)
1.71(0.30)
096 (0.11)
0.40 (0.10)
1.85 (0.36)
0.27 (0.03)
0.42 (0.16)
1.25(0.22)
1.63 (0.04)
0.95(0.18)
0.39 (0.03)
1.32(0.08)
054 (0.09)
0.29

poc
(mg kg™")

44.02 (6.99)
51.26 (2.49)
56.73 (7.07)
75.47 (6.02)

148.88 (11.12)

123.47 (21.62)

228,85 (11.25)
39.24 (4.72)
44.18 (4.54)
48.71(1.02)
46.47 (4.28)
77.76 (4.64)
67.89(11.13)
49.99 (1.77)

14.62

HC (gkg™")

476 (0.05)
4.90(0.33)
5.63(0.19)
9.91(0.16)
10.26 (0.34)
520 (0.49)
6.86(0.87)
3.05(0.08)
2.05(0.16)
2.75(0.32)
9.85(0.43)
10.52 (0.68)
269 (0.66)
7.25(0.33)
072

DFer
(mg kg~")

381.79(15.92)
123.95 (7.66)
133.15 (11.16)
40139 (1.28)
547.84 (14.00)
150.87 (5.56)
347.03 (11.69)
410.43 (10.61)
100.74 (4.47)
108.99 (8.29)
383.99 (17.57)
569.74 (6.74)
128.75 (24.33)
351.29 (6.27)
19.87

MBC
(mg kg~")

125.39 (18.62)
21.41(5.62)
116.52 (15.93)
377.96 (38.98)
304.55 (22.85)
147.34 (32.98)
247.76 (22.06)
26.43 (5.41)
37.96 (8.92)
38.71(2.87)
78.18 (6.75)
90.04 (13.83)
82.78(17.76)
76.07 (5.64)
31.44

LSDq,05 represents the least significant difference at level of P < 0.05. Data are presented as means with the standard error in parenthesis. OC, organic carbon; TN, total
nitrogen; TF, total phosphorus; DOC, dissolved organic carbon; HC, total humic carbon; DFer, total dissolved iron; MBC, microbial biomass carbon.
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Isolate

RN

ANucleotide sequence accession number of the related species in the GenBank database.

Related species

Clostridium sporogenes
Clostridlum botulinum
Clostridium bifermentans
Clostridium glycolicum
Clostridium irregulare
Clostridium sp.

Clostridium amylolyticum,
Clostridium mesophilum

Clostridium bejerincki
Clostridium venationis
Clostridium celerecrescens

Clostridium subterminale,
Clostridium thiosulfatireducens

Clostridium sphenoides,
Clostridium celerecrescens

Robinsoniella peoriensis

Hydrogenoanaerobacterium
saccharovorans

Eubacterium contortum
Oscillbacter ruminantium

Accession
number?

CP009225
CP000726
JX267061

KJ722507
EU887817
FJ384387

NR044386
JNB50296

CP006777
EU089966
JNB50298

NR113027
NR042718

LC053840
JNB50298

AF445283
NR044425

EU980608
NR118156

Identity

99%
99%
99%
99%
99%
99%

99%
99%

99%
99%
99%
99%
99%
99%
99%
99%
99%

99%
99%

Family

Clostridiaceae

Lachnospiraceae
Ruminococcaceae

Eubacteriaceae
Ocilospiraceae

Source

IM, HB, HN, JS, JX, FJ, GX

IM, HB, HN, JS, JX
HB, FJ, GX
HN, FJ
HB, HN
HB

HN
Js
Js
FJ

JS, JX, GX

Js
FJ

FJ
FJ
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Sample

APLO
APL_10
A_PL_30
A_PL_SO
APL_TO
SPLO

S_PL_10
S_PL_30
S_PL_50
S_PL_70
APHO

A_PH_20
A_PH_35
A_PH_70
S_PHO

S_PH_20
S_PH_35
S_PH_70

A, anode; S, suspension.

Chaol

1948 + 126
1364 + 225
1062 + 122
1370 + 82
1820 + 121
2611 347
1467 + 100
1046 + 131
1664 + 24
1969 + 252
3465 + 265
2858 £ 172
2415 £ 190
2395 + 227
2496 £ 117
2886 + 14
2029 + 110
1607 £ 171

Observed OTUs

560 + 20
385+ 12
34111
399+4
5437
641+ 10
448 + 6
365 £ 10
568+ 1
524 +15
1225 + 14
1051 £ 18
887 £ 15
899 £ 18
10656 + 15
1032+ 1
899 £ 23
625+ 15

PD index

46+ 2
33+2
30£1
34+056
44 £0.7
512
38+0.7
31+1
44 £0.05
45+ 2
75%2
65+ 1
57+0.8
58+ 15
65+ 1
62 +0.03
54£2
41£1

Shannon diversity index

6.03 + 0.07
4.92 +£0.11
4.18 £ 0.07
5.03 + 0.02
6.4 +0.02
6.8 +0.04
5.9+ 0.09
4.74 £ 0.06
6.79 + 0.004
6.12+0.14
6.5+ 0.04
6.2+ 0.06
5.6+ 0.04
5.6 +0.04
6.84 +0.07
6.26 + 0.04
6.81 £ 0.04
4.42 +0.02
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Sample Chao1 Observed OTUs PD index Shannon diversity index

AALO 808 + 100 238 £ 12 2917 53+0.12
AAL_10 216+ 71 T4+ 4 12+08 218 +£0.08
A_AL_30 262 +£73 79+6 12+08 2.39+0.08
A_AL_S0 223+ 74 85+8 13+£08 2.82 +£0.07
A_AL_70 274+ 41 119+4 17+08 5.06 £ 0.05
SALO 547 £ 72 213+9 26+12 5.64 +0.09
S_AL_10 274 + 56 95+ 4 12+08 3.69 + 0.06
S_AL_30 271+ 80 102+8 1831 3.88 +0.07
S_AL_50 298 + 88 107 £ 6 16+£1 4.39 £ 0.09
S_AL_70 128+ 9 865+ 1 12+£0.1 4.33 £ 0.01
A_AH_O 906 + 169 244 £ 15 3016 554 £0.11
A_AH_15 745 +£ 126 217+ 10 24+186 4.99 +0.10
A_AH_35 404 + 83 159+7 21+£09 4.9+ 0.09
A_AH_70 559 + 81 188+ 8 2111 4.78 £0.07
S_AH0 628 + 107 225+9 27+14 5.63 + 0.06
S_AH_15 765 + 126 235+8 26+12 5.64 £ 0.07
S_AH_35 551 + 109 1918 2207 5.74 £ 0.05
S_AH_70 435+ 28 181+5 18+05 4.51+£0.06

A, anode; S, suspension.
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biofiim formation (clearty visible), and +-++ strong biofim formation (thick biofim such as in Figure 6-right).

- ~two replicates. *Biofim intensity was roughly visually determined around the electrode, with the following representations:

weak biofim formation (barely visible), +-+ medium
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main main 7 N
Anaerotruncus F X X Lawson et al., 2004
Bacteroides F X X Nishiyama et al., 2009
Clostridium F X X Hott, 1994
Comamonas R X X Gumaelius et al., 2001
Dysgonomonas F X Lawson et al., 2002
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Ethanoligenes F X X Xuetal, 2010
Lactococcus F X X Tanaka et al., 2002
Leuconostoc F X Giglio and McCleskey, 1953
Proteiniciasticum F X X Zhang et al., 2010
Rummelibacilus R X X Her and Kim, 2013
Sporobacterium F X X Mechichi et al., 1999
Stenotrophomonas R X X Yu et al., 2009
Streptococcus F X X Thomas and Turner, 1981

F, fermentative metabolism; R, anaerobic respiration; Anode Biofilm Main: more abundant in anodic biofim than anolyte suspension; Suspension Main: more abundant in
anolyte suspension than in anodic biofilm; Biofilm Cascade /': increase in abundance in anodic biofilm across MFC cascade; Biofiim Cascade™\.: decrease in abundance
in anodic biofilm across cascade.
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