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Abstract:

 Graphene oxide (GO) has been shown to be reduced by several microorganisms. Recent studies of the growth of Geobacter species in the presence of GO and electricity production by recovery of electrons on the reduced form of GO (rGO) have indicated substantial benefits of GO and GO-respiring bacteria (GORB) in microbial electrochemical systems. In this study, we enriched GORB from a coastal sample to investigate the distribution and phylogenetic variety of GORB in seawater environments. X-ray photoelectron spectroscopy (XPS) and four-terminal probing revealed that the enriched microbial community (designated as CS culture) reduced GO and self-aggregated into a conductive hydrogel complex with rGO (the CS-rGO complex). In the process of GO reduction, certain bacterial populations grew in a manner that was dependent on GO respiration coupled with acetate oxidization. High-throughput sequencing of 16S rRNA as a biomarker revealed the predominance of Desulfomonas species at 92% of the total bacterial population in the CS culture. The CS-rGO complex produced electricity with acetate oxidization, exhibiting less than 1 Ω/cm3 of charge transfer resistance. Thus, these results suggested that Desulfomonas species could grow on rGO and produce electricity via the reduced form of GO.
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1. Introduction


Graphene oxide (GO) has been shown to be reduced by several microorganisms, such as Shewanella species [1,2], Escherichia coli [3], and baker’s yeast [4]. In addition, we recently showed that the growth of Geobacter species was dependent on GO reduction [5], i.e., respiration coupled with acetate oxidization and GO reduction. Bacteria within the genera Geobacter and Shewanella are capable of respiration with the utilization of extracellular electron acceptors, such as iron oxide. Shewanella reduces GO through the outer membrane cytochrome, a key protein involved in respiration through extracellular electron acceptors [6]. The mechanisms of GO reduction in microorganisms unable to undergo this type of respiration, e.g., Escherichia coli [3] and baker’s yeast [4], are unknown but may involve electron transfer from electron carriers, such as vitamin C [7], produced by these microorganisms. In such cases, GO may be used as an electron sink and may not permit cell growth.



Two-dimensional materials have attracted increasing interest in biosystems research [8,9,10,11]. Among them, microbial GO reduction has received much attention in bioelectrochemical engineering applications, such as the enhancement of electricity recovery in bioelectrochemical systems (BESs) using microorganisms as biocatalysts. In BESs, GO and the microbially reduced form of GO (rGO) have great advantages as anode materials in the recovery of electrons from microbial cells; these advantages include the large surface area of GO, the hydrophilicity of the materials to allow better access to microbial cells, and functions promoting bacterial growth and respiration through extracellular electrodes and GO. In our recent demonstration of GO reduction by Geobacter species, GO was shown to be self-aggregated into a conductive hydrogel complex with cells of Geobacter species in the reduction process [5]. The hydrogel complex of the microbially reduced GO and bacterial cells showed stable electricity with better growth of biofilm, less charge transfer resistance, and larger capacitance compared with that associated with graphite felt, a representative anode for BES. However, most bacteria known to reduce GO, except Shewanella species, have been obtained from freshwater environments. In addition, Shewanella species do not form hydrogel solids but instead exhibit a floccular form.



In this study, we aimed to enrich marine bacteria that could reduce GO and form a conductive hydrogel with the reduced GO for future applications in the production of electricity from waste-biomass in seawater. Our results are also expected to provide insights into the diversity of GO-respiring bacteria (GORB) in the natural environment.




2. Results


2.1. GO Reduction by the CS Culture, An Enrichment Culture of Marine GORB


We obtained an enrichment culture of marine GORB designated as the CS culture by incubation of the mixture of seawater and coastal sand with GO and acetate and serial transfer more than 20 times. Figure 1A shows the apparent changes in the CS culture supplemented with GO. At day 0, the GO in the CS culture was initially well dispersed across the entire culture, which was brown in color, and then changed into a black hydrogel complex over the course of 10 days. From the X-ray photoelectron spectroscopy (XPS) analysis data shown in Figure 1B, the GO in the CS culture showed C1s spectra with two major peaks at approximately 287 eV for C=O and 285 eV for C–C/C–H bonds at day 0. The C=O peak was initially dominant and then gradually decreased in the CS cultures. Moreover, the C–C/C–H peak became dominant, and the C=O peak almost disappeared. These results indicated that microorganisms in the CS culture reduced GO to rGO, which appeared as a black hydrogel. Electrical conductivity analysis of GO and the black hydrogel complex showed significant increases in electrical conductivity following incubation (Figure 1C). The black hydrogel complex exhibited an electrical conductivity of 25 mS/cm, although the GO showed no significant conductivity in the analysis. Collectively, these data indicated that the marine GORB in the CS culture transformed water-dispersed GO to a conductive hydrogel aggregate of rGO.


Figure 1. Reduction of GO in the CS culture. (A) Appearance of GO reduction in the CS culture; (B) XPS spectra of GO and GO in the cultures inoculated with autoclaved and intact cells; (C) Electrical conductivity of GO/rGO in the cultures inoculated with autoclaved and intact cells.
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2.2. Microbial Growth Dependent on GO


Changes in acetate concentrations in the CS culture were monitored as shown in Figure 2A. During the reduction of GO, acetate in the culture was significantly consumed from 5.4 ± 0.45 to 4.2 ± 0.58 mM but was not changed without GO. The correspondence of GO reduction and acetate consumption indicated the redox coupling of acetate oxidization and GO reduction. Direct counting of cells in the whole culture after homogenization (to break the hydrogel) showed that cells in the culture supplemented with both acetate and GO exhibited a 20-fold increase in numbers from 3.1 ± 2.2 × 105 to 4.3 ± 2.2 × 106 cells/mL in the cultures (Figure 2B), although acetate and GO did not support growth individually.


Figure 2. Growth of microbial cells and acetate consumption depending on GO. (A) Acetate concentration in the CS cultures with and without GO; (B) Microbial cell counts in the cultures with and without GO and acetate; (C) Percentages of cells attached in complex and in planktonic liquid culture.
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Because cell growth requires both GO and acetate, we could conclude that the growth of the cells was indeed attributable to GO respiration coupled with acetate oxidization. Among the grown cells in the CS culture, 90% ± 2.5% were present in the developed hydrogel complex (Figure 2C) rather than in planktonic liquid culture. The results clearly indicated that microbial cells in the CS culture grew well with GO respiration and that the grown cells were present in the hydrogel formed by rGO. Therefore, the hydrogel complex is referred to as the rGO-CS complex hereafter.




2.3. Microbial Composition in the CS Culture


To identify the microorganisms grown in the rGO-CS complex at the genus level, we analyzed 16S rRNA genes by high-throughput sequencing. In the analysis using universal primer sets specific for prokaryotes, only bacteria were detected with a predominance of Desulfomonas species as major members having a population of more than 92% (Figure 3). Specifically, denovo692 and denovo3256 of operational taxonomic units (OTUs) having less than 97% sequence similarity were assigned to genus Desulfomonas and accounted for 89% and 3.2% of the total population, respectively. Desulfomonas species are known to reduce solid iron oxide [12,13] and electrodes and are frequently detected in marine microbial fuel cells [14,15]. Therefore, bacteria of the genus Desulfomonas, particularly those corresponding to denovo692, were the primary microorganisms reducing GO in the CS culture. In addition to Desulfomonas species, Geobacter (well-known exoelectrogenic bacteria) and Azospira species were detected, although these bacteria have been observed abundantly in GO-reducing enrichment cultures inoculated with freshwater samples [5].


Figure 3. Microbial composition of the rGO-CS complex determined by high-throughput sequencing of the 16S rRNA gene.
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2.4. Cyclic Voltanmetry (CV) and Electrochemical Impedance Spectroscopy (EIS) of the rGO-CS Complex


Figure 4A shows the CV for the CS-rGO complex. The CV showed the catalytic current of acetate oxidization, e.g., 1200–1700 μA/cm3 at 500 mV vs. Ag/AgCl with a 0.2 mV/s scan rate. No obvious redox peak was observed. The voltammogram showed a symmetric discharge of current, indicating electric double-layer capacitance due to the large surface area of the CS-rGO complex. The Nyquist plot yielded from EIS of the CS-rGO complex showed that the charge transfer resistance (Rct), indicated as a diameter of semicircles, was estimated to be less than 1.0 Ω/cm (Figure 4B). The catalytic current and charge transfer resistance were similar, as oberved in the complexes with pure culture of Geobacter sp. R4 and Geobacter-dominated cultures enriched from freshwater environments [5].


Figure 4. CV (A) and EIS (B) data of the rGO-CS complex. The numbers shown in the graph (B) are frequencies: f (Hz) = ω/2π.
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2.5. Electrochemical Cultivation


To analyze whether the rGO-CS complex with Desulfomonas predominace converted acetate to electricity, the rGO-CS complex was electrochemically cultivated at +200 mV (vs. Ag/AgCl). As shown in Figure 5, we observed immediate recovery of electricity in the CS culture and maximum peaks in the range of 800 μA/cm at one to two days. The electricity production gradually decreased and recovered after the addition of acetate on day 5. The immediate, stable production of electricity indicated the pre-growth of exoelectrogens during GO reduction and the stability in complexes after polarization, as observed in the rGO-complex with Geobacter dominance [5].


Figure 5. Electricity production by the rGO-CS complex. The arrow indicates the time at which 5 mM acetate was added.
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3. Discussion


GO is a nanomaterial that has been reported to have antibacterial or bactericidal effects toward a variety of bacteria [16,17,18,19,20] and to cause cytotoxicity in manmalian cells [21]. However, GO can also support bacterial growth, particularly for bacteria capable of exoelectron transfer. In this study, we examined the enrichment of GORB from a coastal sample to investigate the distribution and phylogenetic variety of GORB in seawater environments. Our results indicated that Desulfomonas and Geobacter species could grow on rGO and produce electricity via the reduced form of GO and provided important insights into the diversity of GORB in the natural environment.



The differences between the effects of GO reported in previous studies and this study may be associated with differences in bacterial species and physicochemical states of GO, such as sizes, dispersion in water, and coating on a dried surface [20]. Previously, GO or chemically reduced GO dispersed in aquous solutions has been reported to inactivate the cells due to oxidative stress [16,17], local heating by near-infrared irradiation [22], and membrane perturbation [19]. Potentially, some cells in rGO hydrogel were also inactivated via those mechanisms, while the total biomass in the culture was increased due to a balance of inactivated cells and the growth of surviving cells by GO respiration, which is a unique metabolism of exoelectrogens. For exoelectrogens, GO can function as a screening factor allowing the enrichment of exoelectrogens from natural environments. This study succesfully demonstrated the GO-dependent selectability of Desulfomonas species from coastal samples; this genus is a well-known representative marine exoelectrogen. The CS culture was obtained from the mixture of coastal sand and seawater using a procedure similar to that used for the enrichment of Geobacter sp. from freshwater environments, except for the changes in mineral compositions in the medium suitable for marine microorganisms. Therefore, the observed differences in the phylogenies of dominant bacteria may have been related to preferences regarding the sality of the environment.



The minor population of Shewanella spp. in the CS culture was unexpected because the species are known to produce electricity and reduce GO. Among more than 60 species of the genus Shewanella, countable species, e.g., S. oneidensis [23], S. putrefaciens [24], S. loihica [25], and S. electrodiphila [26], have been shown to generate electricity. Among these species, S. putrefaciens [24] and S. electrodiphila [26] can grow on acetate, while S. oneidensis [22] and S. loihica [27] cannot grow on acetate. Therefore, dominance of Desulfomonas species in the CS culture may be caused by the preference of the bacteria to redox coupling of acetate oxidization and GO reduction rather than Shewanella with limited capacity to reduce carbon electrodes by acetate oxidization.



The mechanisms through which Desulfomonas reduce GO are unknown. The electron transferring pathway from bacterial cells to GO has been studied using a range of mutants of S. oneidensis MR-1 lacking proteins of c-type cytochromes [1,6]. In the current model, electrons from acetate oxidation in the cytoplasm are passed via the menaquinone pool to outer membrane–anchored multiheme c-type cytochromes, MtrC and OmcA, together with an integral outer membrane scaffolding protein, MtrB. Forty-seven multiheme cytochromes are also encoded in the genome of a strain of Desulfomonas and are candidate proteins potentially involved in GO reduction [28].



The screening technique for GORB from natural environments used in this study, i.e., serial transferring enrichment using minimum medium supplemented with a simple electron donor and GO as the sole electron acceptor, is conventional but effective for enriching GORB with a preference for specific conditions. The agreement between the abilities to reduce GO and electricity production in both freshwater and marine environments indicated the wide applicability of GO for the enrichment of exoelectrogens and formation of a conductive hydrogel for different microbial inocula.




4. Materials and Methods


4.1. GO


GO was purchased as dried powder from Royal Elite New Energy Science & Technology Co., Ltd. (Shanghai, China) and used to enrich GORB. The GO was added to autoclaved MilliQ water and dispersed via ultrasonication for several hours. Most of the GO flakes were arranged in a single layer and had variable sizes (average: 0.26 ± 0.46 μm2), as analyzed by XPS and AFM imaging [5].




4.2. Enrichment of GORB


To enrich marine GORB, subsurface coastal sand and seawater were collected as an inoculum source from Ikobe coast in Toyohashi, Japan (34°39′27′′N, 137°23′31′′E). One gram wet weight of the coastal sand was mixed with 1 mL seawater, and the mixture was used as the inoculum solution. One milliliter of the inoculum solution was then introduced to serum bottles with a 60 mL capacity, including 20 mL DS-AGOFS medium containing following minerals in a basal medium (per liter): 20 g/L NaCl, 0.3 g/L KCl, 0.5 g/L NH4Cl, 0.1 g/L CaCl2·2H2O, 4 g/L MgCl2·6H2O, 0.6 g/L KH2PO4, 2.5 g/L NaHCO3, 1 mL/L SL-10, 1 mL/L Se/W solution, and 0.2 mg/L resazurin. This basal medium was prepared anaerobically under flashing N2:CO2 (80:20, v/v) gas [29] and then supplemented with 2 mM FeS solution, 10 mM acetate, and 0.67 g/L GO.



The microcosm of the mixture of environmental sample and the medium was incubated at 28 °C for seven days to allow microbial transformation of GO, which originally exhibited a brown color with dispersion in the liquid phase and then changed to black-colored aggregates of the rGO, as reported previously [30]. Then, the microcosm was transferred to fresh medium at 5% of the transfer rate and again incubated for seven days. The soil-free culture obtained by repeating the transfer more than 20 times was designated as the CS culture.




4.3. XPS and Electric Conductive Analysis


To determine chemical states of GO and rGO, samples deposited on glass slides were analyzed using XPS, as previously reported [1]. XPS spectra were acquired on an XPS instrument (Versa Probe PHI-5000; ULVAC-PHI Inc., Osaka, Japan) equipped with a monochromatic Al Ka X-ray source and operated at a bare pressure lower than 10−6 Pa. The electric conductivities of GO and rGO were determined by four-terminating sensing, as described previously [31].




4.4. Phylogenetic Identification of Bacteria in the CS Culture


For the identification of bacteria presented in the CS culture, high-throughput sequencing was performed for the 16S rRNA gene, a biomarker representing microbial phylogenetic affiliation. The partial hypervariable region of the 16S rRNA gene was amplified by polymerase chain reaction (PCR) [32] using the bacterial and archaeal consensus primers 515F and 806R. The amplicons were sequenced on an Illumina MiSeq platform at FASMAC Co., Ltd. (Atugi, Japan). A compiled set of the sequences was deposited in Short Read Archive database under accession number DRA004469.




4.5. Electrochemical Cultivation


For electrochemical cultivation, a hydrogel complex of rGO and microorganisms in the CS culture was prepared as follows. The CS culture was cultivated in a 0.93 L glass bottle (90 mm in diameter and 175 mm in height) with the following minor modifications. First, 1 L of DS-AGOFS medium was prepared as described previously. After autoclaving, the medium was mixed with 0.67 g/L GO and 15 mL of the CS culture, filled to the top of a glass bottle with removal of the headspace. The glass bottle was then incubated at 28 °C for one month. After incubation, the rGO-CS complex (approximately 30 mm in diameter and 10–20 mm in height) was obtained.



Electrochemical cultivation was conducted using a 0.93 L sterilized glass bottle (90 mm in diameter and 175 mm in height) as a cultivation cell. The bottle was filled with DS-AGOS medium, which had almost the same composition as the DS-AGOFS medium except for replacement of 0.075 mM FeS with 1 mM Na2S. Then, the rGO-CS complex was placed in a platinum cage in the bottle and connected with a platinum wire as the working electrode. An Ag/AgCl (KCl salt) electrode and another platinum wire were used as the reference and counter electrodes, respectively. Polarization was conducted by setting the working electrode potential at +200 mV vs. Ag/AgCl using a potentiostat (HA-1510; Hokuto Denko, Tokyo, Japan). During polarization, the current was recorded using a data logger (T&D Corporation, Nagano, Japan) every 60 min.




4.6. Electrochemical Analysis


Cyclic voltammetry (CV) analysis and electrochemical impedance spectroscopy (EIS) of the rGO-CS complex was conducted using an electrochemical measurement system (HZ-7000; Hokuto Denko). CV and EIS analyses were performed using the same bottle as that used for electrochemical cultivation described above after 2 h for stabilization following addition of 5 mM acetate. CV was conducted at a scan rate of 0.2 mV/s in the potential range from −400 to 600 mV (vs. Ag/AgCl). EIS was examined in a frequency range of 100 kHz to 0.5 mHz at 200 mV with 20 mV amplitude for the applied AC signal. Nyquist plots were obtained using ZSimpWin (Princeton Applied Research, Oak Ridge, TN, USA).





5. Conclusions


In this study, we successfully enriched a representative marine exoelectrogen, the Desulfomonas species, using GO. The Desulfomonas-dominated culture formed a hydrogel complex with rGO and generated electricity coupled with acetate oxidization by recovering electrons on rGO, as demonstrated using a representative freshwater exoelectrogen, Geobacter species. Our findings indicated the wide applicability of GO to enrich exoelectrogens in the hydrogel complex of rGO.
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