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Electrochemical Characterization of Marinobacter atlanticus Strain CP1 Suggests a Role for Trace Minerals in Electrogenic Activity
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The marine heterotroph, Marinobacter atlanticus strain CP1, was recently isolated from the electroautotrophic Biocathode MCL community, named for the three most abundant members: Marinobacter, an uncharacterized member of the Chromatiaceae, and Labrenzia. Biocathode MCL catalyzes the production of cathodic current coupled to carbon fixation through the activity of the uncharacterized Chromatiaceae, renamed as “Candidatus Tenderia electrophaga,” but the contribution of M. atlanticus is currently unknown. Here, we report on the electrochemical characterization of pure culture M. atlanticus biofilms grown under aerobic conditions and supplemented with succinate as a carbon source at applied potentials ranging from 160 to 510 mV vs. SHE, and on three different electrode materials (graphite, carbon cloth, and indium tin oxide). M. atlanticus was found to produce either cathodic or anodic current that was an order of magnitude lower than that of the Biocathode MCL community depending on the oxygen concentration, applied potential, and electrode material. Cyclic voltammetry, differential pulse voltammetry (DPV), and square wave voltammetry (SWV) were performed to characterize putative redox mediators at the electrode surface; however no definitive redox peaks were observed. No effect on current was observed when genes encoding a putative rubredoxin (ACP86_RS07295), as well as a putative NADH:flavorubredoxin oxidoreductase (ACP86_RS07290), were deleted to evaluate their role in EET. The addition of either riboflavin or excess trace mineral solution increased anodic current by ca. an order of magnitude under the conditions in which Biocathode MCL is typically grown. These results indicate that M. atlanticus has a non-negligible ability to utilize electrodes as an electron acceptor, which can be enhanced by the presence of excess trace minerals already available in the growth medium. The ability of M. atlanticus to utilize trace minerals as electron shuttles with extracellular electron acceptors may have broader implications for its natural role in biogeochemical cycling.
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INTRODUCTION

Marinobacter spp. are considered “biogeochemical opportunitrophs” due to their metabolic flexibility (Singer et al., 2011), diverse substrate utilization, and wide geographic range including hydrocarbon-contaminated water (Gauthier et al., 1992), saline soil (Martin et al., 2003), and hot springs (Shieh et al., 2003). Based on their prevalence in subsurface environments (Edwards et al., 2003), demonstrated ability to oxidize iron (Edwards et al., 2003; Bonis and Gralnick, 2015), and identification in biocathode microbial communities (Erable et al., 2010; Debuy et al., 2015; Rowe et al., 2015; Wang et al., 2015b; Stepanov et al., 2016), Marinobacter spp. are thought to perform extracellular electron transfer (EET), however, no mechanism has been identified.

Marinobacter atlanticus strain CP1 was recently isolated from the Biocathode MCL community, named for the three most abundant members: Marinobacter, an uncharacterized member of the Chromatiaceae, and Labrenzia (Wang et al., 2015b; Bird et al., 2018). The Biocathode MCL community was originally enriched from seawater at 310 mV vs. SHE and is proposed to catalyze electron transfer from an electrode to oxygen and carbon dioxide for growth due to the activity of the uncharacterized Chromatiaceae [renamed “Candidatus Tenderia electrophaga” (Eddie et al., 2016)]. “Ca. Tenderia electrophaga” is an electroautotroph that cannot currently be cultivated in isolation and expresses proteins required for CO2 fixation through the Calvin-Benson-Bassham cycle. Marinobacter and Labrenzia are heterotrophs (unable to fix CO2) and presumably receive fixed carbon through the activity of “Ca. Tenderia electrophaga.” Metagenomic and 16S rRNA gene sequencing have shown that the relative abundance of M. atlanticus was negatively correlated with cathodic current (Malanoski et al., 2018), and relative activity of M. atlanticus tracked with relative abundance in a complementary study (Eddie et al., 2016). In addition, preliminary testing of M. atlanticus grown under the same conditions as Biocathode MCL and supplemented with an organic carbon source indicated some capacity to generate anodic current (Wang et al., 2015b), possibly indicating a competing electron transfer (ET) process to that of “Ca. Tenderia electrophaga.”

In the present study, we build on these previous observations to confirm whether M. atlanticus is an electroactive organism in order to further understand its electrochemical contribution, if any, to Biocathode MCL. M. atlanticus bioelectrochemical systems (BES) were established using oxygenated artificial seawater medium under identical conditions to those used for Biocathode MCL, but were supplemented with succinate (26 mM) as a carbon source and electron donor. Current production was evaluated at four different applied potentials (160, 260, 310, and 510 mV vs. SHE) and on three different electrode materials commonly used in BES [carbon cloth, graphite blocks, and indium tin oxide (ITO)]. We hypothesized that M. atlanticus biofilms would produce anodic current from succinate oxidation at potentials sufficiently positive to act as an electron acceptor once oxygen became limiting. At more negative potentials, we hypothesized that M. atlanticus may behave as a biocathode in the presence of O2 based on the observation that this strain can oxidize iron. When configured as a biocathode, M. atlanticus still requires supplemental carbon to grow since it cannot fix CO2, therefore succinate was also provided here.

The genome of M. atlanticus does not contain large multi-heme c-type cytochromes, such as those known to facilitate EET in well-known electroactive (EA) organisms like Geobacter sulfurreducens (Otero et al., 2018) and Shewanella oneidensis MR1 (Coursolle et al., 2010). Features ascribed to an Fe–S4-containing protein were previously observed in the Biocathode MCL biofilm (Yates et al., 2016) and within the Biocathode MCL community M. atlanticus expresses the gene for rubredoxin (Eddie et al., 2017), a class of small Fe–S4 proteins commonly involved in electron transfer events (Zanello, 2013; Liu et al., 2014). While rubredoxin has not yet been identified as a component of an EET conduit, synthetic biofilms employing rubredoxin as the charge mediator are capable of electron transfer between an electrode and a multi-copper enzyme and achieved even higher current densities than corresponding systems using cytochrome c (Altamura et al., 2017); therefore, its function as an ET mediator in M. atlanticus was explored.

For both the wild type (WT) and mutant strains, either anodic or cathodic current was generated, depending on the electrode potential and material used. No difference in current production was observed between the two strains. The presence of protein or small molecule redox mediators was investigated using cyclic voltammetry (CV), square wave voltammetry (SWV), and differential pulse voltammetry (DPV). While no definitive features corresponding to endogenous redox-active species were observed, the addition of exogenous redox-active species, riboflavin or excess trace mineral solution, resulted in approximately an order of magnitude increase in current production. This result suggests that soluble trace redox mediators available in the medium can facilitate EET in M. atlanticus BES. The use of soluble redox mediators may represent a more general role for M. atlanticus in biogeochemical cycles in the environment.

MATERIALS AND METHODS

Construction of In-frame Deletion Mutants

M. atlanticus CP1 was previously isolated by plating cells from the Biocathode MCL electrode biofilm and restreaking for pure colonies (Wang et al., 2015b). Following isolation, the strain was stored as a glycerol stock at −80 °C. To cultivate this strain, an aliquot of the glycerol stock was struck on a fresh BB agar plate [18.7 g of Difco Marine Broth (MB) 2216 (Becton Dickinson, Franklin Lakes, NJ, USA), 5.0 g of tryptone, 2.5 g of yeast extract, 5.0 g of sodium chloride and 15.0 g of agar per one liter], and a single colony selected to inoculate overnight cultures. In-frame deletions of the M. atlanticus gene for a putative rubredoxin (locus: ACP86_RS07295) and a putative NADH:flavorubredoxin oxidoreductase (locus: ACP86_RS07290) were generated by overlap PCR (Warrens et al., 1997) according to an approach previously described for M. atlanticus (Bird et al., 2018). Briefly, 500 bp DNA fragments upstream and downstream of the target gene open reading frame were amplified from M. atlanticus genomic DNA using the primer pairs a/b and c/d (Table S1), respectively. The two PCR products were annealed at their overlapping region and amplified using primers a and d. The resulting 1 kb PCR fragment was digested with BamHI and SacI and cloned into the plasmid pSMV3 (Saltikov and Newman, 2003), which contains the kanamycin resistance gene for selection following conjugation, and the sacB gene for counterselection. The resulting gene deletion plasmids, pZW1207 for the rubredoxin gene and pZW2018 for the oxidoreductase gene, were transformed into Escherichia coli DH5α λpir strain (UQ950) for maintenance. Following growth and plasmid isolation, pZW1207 and pZW2018 were transformed into E. coli strain WM3064 by electroporation. Conjugation was carried out as previously described (Bird et al., 2018). Briefly, the M. atlanticus recipient strain was grown in Marine Broth (MB) 2216 (Becton Dickinson, Franklin Lakes, NJ, USA) overnight at 30 °C with shaking while the WM3064 donor strain was grown in lysogeny broth (LB) (10.0 g of tryptone, 5.0 g of yeast extract, and 10.0 g of sodium chloride per liter) supplemented with 50 μg/mL kanamycin and 600 μM diaminopimelic acid at 37 °C for 5 h with shaking. 400 μL of each strain was mixed, pelleted, and resuspended in 400 μL LB prior to selection on MB agar plates supplemented with 50 μg/mL kanamycin. The in-frame deletion mutants for the rubredoxin gene and NADH:flavorubredoxin oxidoreductase gene (hereafter denoted as Δrub and Δroo, respectively, for convenience) were further counter-selected on MB agar plates supplemented with 6% sucrose and verified by PCR with primers a/d and internal primers e/f (Table S1).

Description of Bioelectrochemical System and Inoculation

All biofilm electrochemical experiments were performed in 250 mL (total volume) water-jacketed bioelectrochemical systems (BES) (Pine Instruments, Durham, NC) set up under aerobic conditions except where specifically noted below. Reactors contained a Ag/AgCl reference electrode (3 M KCl, Bioanalytical Systems, Inc.) and carbon cloth counter electrode (4 × 6 cm). All potentials reported here are vs. the standard hydrogen electrode (SHE; +210 mV vs. Ag/AgCl [3 M KCl]). Working electrodes were either 3 × 6 cm carbon cloth (Zoltek PX30 woven carbon fabric, PW06 weave, Zoltek Corporation), 2 × 2.5 cm ITO (Corning 1737, Delta Technologies, Limited), or 3.5 × 1 × 0.3 cm graphite block (grade AXF-5Q, POCO Graphite, Inc.). Prior to use, ITO electrodes were cleaned in concentrated sulfuric acid (Trammell et al., 2011), rinsed with ultrapure deionized water (Millipore-Sigma, Burlington, MA), sandwiched between two titanium washers using a titanium nut and bolt to connect the ITO to a titanium wire, and autoclaved dry. Graphite electrodes were prepared as previously described (Yates et al., 2016). Briefly, electrodes were gently sanded, sonicated, and soaked in 1 N HCl overnight. Graphite electrodes were then rinsed with ultrapure deionized water and allowed to soak in fresh ultrapure water until use. Carbon cloth electrodes were soaked overnight in 1 N HCl, then rinsed repeatedly until all HCl was removed. Working and counter electrodes were connected to a potentiostat via titanium wire and titanium nuts, bolts, and washers. Current densities were reported using the geometric surface areas of 36, 9.7, and 5 cm2 for carbon cloth, graphite, and ITO electrodes, respectively. Reactors contained ca. 200 mL artificial seawater (ASW) medium (Emerson and Floyd, 2005) (per 1 L: 27.50 g NaCl, 3.80 g MgCl2•6H2O, 6.78 g MgSO4•7H2O, 0.72 g KCl, 0.62 g NaHCO3, 2.79 g CaCl2•2H2O, 1.00 g NH4Cl, 0.05 g K2HPO4) supplemented with 7 g/L sodium succinate dibasic hexahydrate as a carbon source, and 1 mL/L Wolfe's Mineral Solution (per 1 L: 1.5 g nitrilotriacetic acid, 3.0 g MgSO4•7H2O, 0.5 g MnSO4•H2O, 1.0 g NaCl, 0.1 g FeSO4•7H2O, 0.1 g CoCl2•6H2O, 0.1 g CaCl2, 0.1 g ZnSO4•7H2O, 0.01 g CuSO4•5H2O, 0.01 g AlK(SO4)2•12H2O, 0.01g H3BO3, 0.01 Na2MoO4•2H2O). The medium was brought to a final pH of 6.5–6.8 with CO2. BES temperature was maintained at 30 °C using a Haake AC200 (Thermo Scientific) recirculating water bath with continuous stirring (200–250 rpm).

A single colony of M. atlanticus WT, Δrub M. atlanticus, or Δroo M. atlanticus was used to inoculate a 3 mL culture of low calcium artificial seawater (lcASW) medium (Bird et al., 2018) (same as ASW except with a reduced concentration of calcium chloride, 0.05 g/L CaCl2•2H2O, to promote planktonic growth) supplemented with 7 g/L sodium succinate dibasic hexahydrate (carbon source and electron donor) and 1 mL/L Wolfe's Mineral Solution. The resulting culture was allowed to grow aerobically for ca. 40 h which resulted in an optical density at a wavelength of 600 nm (OD600) of ca. 0.9 for all strains. Approximately 1 mL was used to inoculate each BES, where the inoculum was normalized such that all BES received the same number of cells.

Electrochemical Measurements

Working electrodes (carbon cloth, graphite block, or ITO) were poised at 160, 260, 310, or 510 mV vs. standard hydrogen electrode (SHE) and chronoamperometry was recorded on a multichannel potentiostat (Solartron 1470E) under software control (Multistat; Scribner). Prior to inoculation, abiotic current was measured in all BES until it became steady; that is, it no longer increased in either the anodic or cathodic direction (3–24 h). Chronoamperometry is presented as the average of triplicate reactors overlaying the spread of high and low current.

For chronoamperometry of WT M. atlanticus reported in Figure 1, triplicate BES were measured at each potential. Following chronoamperometry, biofilm samples were preserved in RNAlater (ThermoFisher Scientific, USA) for future analysis. Laser scanning confocal microscopy (LSCM) of WT M. atlanticus biofilms reported in Figure 3 were obtained from a separate, independent set of BES grown on carbon cloth electrodes at all potentials. For comparison between WT and Δrub as shown in Figure 5, a separate independent set of triplicate BES were grown on carbon cloth electrodes at each potential and biofilm samples were again preserved in RNAlater (ThermoFisher Scientific, USA) for future analysis. Separate, independent BES were grown for SWV and DPV as described in the Supplementary Materials. For comparison of electrode materials, triplicate BES containing WT M. atlanticus were grown at 310 mV vs. SHE. At the conclusion of the experiment, biofilm samples were taken for LSCM or for cyclic voltammetry (CV) (Figure S3).
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FIGURE 1. Chronoamperometry of M. atlanticus biofilms grown at 510 (red), 310 (blue), 260 (black), and 160 (green) mV vs. SHE. Current produced by both abiotic and biotic BES is shown in panel (A). Panel (B) shows a zoomed-in view of current production where 0 μA/cm2 is indicated by a dashed line. Bioelectrochemical systems (BES) equipped with carbon cloth working and counter electrodes were inoculated with wild type (WT) M. atlanticus and current was monitored over time. Solid lines represent an average of triplicate measurements and shaded areas represent the maximum and minimum values obtained.



Dissolved Oxygen Measurements

A NeoFox (Ocean Optics, Largo, FL, USA) small footprint phase fluorometer was coupled with the Foxy R-series oxygen sensor probe (Ocean Optics, Largo, FL, USA) and an O-series non-linear probe assembly for temperature correction (Ocean Optics, Largo, FL, USA). Oxygen sensors were factory calibrated and O2 concentration was recorded per the manufacturer's instructions. The oxygen sensor probe was sterilized using a 10% bleach solution and inserted through a septum into the BES. Oxygen measurements were recorded in two of the triplicate reactors grown on carbon cloth electrodes at 310 mV as described above.

Laser Scanning Confocal Microscopy

Electrodes for microscopy were collected at the conclusion of chronoamperometry measurements as noted above and submerged in Live/Dead staining solution [1 μL/mL 5 mM SYTO9 and 1.5 μL/mL 20 mM propidium iodide in ASW medium] for 30 min in the dark at room temperature, rinsed once with ASW medium, and then placed into a Nunc Lab-tek #1.0 borosilicate chambered cover glass (Thermo Fisher Scientific, Rochester, NY, USA). Fluorescence images of unfixed, stained cells from each electrode sample were acquired with a Nikon A1RSi confocal microscope using a CFI Plan Apochromat Lamba 20X, 0.75 numerical aperture objective over 184.32 μm to 245.76 μm square fields of view (0.18–0.24 μm/px) with 0.95–1.1 μm Z-step intervals. Pinhole widths varied from 20.43 to 26.82 μm depending upon the thickness of the Z-stack images for resolution of voxels deeper within the optical sections. SYTO9 and PI fluorescence spectra were excited with the LU-N4 laser unit at 489.4 nm (SYTO9) and 561.5 nm (propidium iodide). Emission data were collected using 525/50 (SYTO9) and 595/50 (PI) filters and detected with the DU4 GaAsP PMT detector. The images were recorded and processed into maximum intensity projections using identical settings with the NIS Elements software (Nikon Instruments, Melville, NY, USA). Three random fields of view were imaged from one electrode for each potential or electrode material and representative images are shown.

Addition of Electron Transfer Mediators

A third set of independent M. atlanticus electrode biofilms were grown as described above on carbon cloth electrodes at 310 mV vs. SHE. Riboflavin (3.5 μM, n = 3) or sterile-filtered excess trace minerals [1 mL of Wolfe's Mineral Solution (5X), n = 2] were added to either abiotic BES after 2.5–5 h, or to M. atlanticus electrode biofilms after ca. 40 h and chronoamperometry was recorded.

RESULTS

Electrochemical Characterization of Wild Type Marinobacter atlanticus Grown on Carbon Cloth Electrodes

The electrochemical behavior of M. atlanticus was first characterized across a range of applied potentials (160, 260, 310, or 510 mV) for 25 h on carbon cloth electrodes in oxygenated artificial seawater medium where succinate (26 mM) was provided as both the electron donor and carbon source (M. atlanticus does not fix CO2) and O2 served as the electron acceptor in sealed BES. The 25 h experimental time frame was selected in order to (1) capture images of the biofilm that would reveal the morphology shortly after reaching peak current, and (2) save biofilms for future transcriptomics studies before cells entered into stationary phase where current no longer increased.

Carbon cloth electrodes were initially selected because they are commonly employed in BES and typically used by our lab to cultivate Biocathode MCL at 310 mV. The most positive potential of 510 mV was selected based on the typical applied potential for anode experiments by our group using G. sulfurreducens (Strycharz-Glaven and Tender, 2012). The potentials of 260 and 160 mV were selected to allow for characterization at more negative potentials while avoiding the onset of abiotic oxygen reduction observed in our system at ca. 150 mV. Prior to inoculation, abiotic current resulting from electrode interactions with the medium was measured until the current became steady (3–24 h) and is reported as negative time in Figures 1, 4, 5. Dashed lines represent the time point at which BES were inoculated. When biofilms were grown at 160, 260, or 310 mV, cathodic (negative) current immediately began to increase (Figure 1 and Figure S1). After 12–14 h, cathodic current reached a maximum and began to decrease. This transition occurred when the O2 concentration in the bulk medium of a BES with the electrode poised at 310 mV decreased to ca. 12% (Figure 2). Cathodic current is not observed in the absence of cells suggesting that it may be the result of biofilm-mediated electron transfer from the electrode to O2 which cannot be sustained as the surface environment of the electrode becomes anoxic due to increasing biomass from both electrode-attached and planktonic cell growth as described below. Biofilms in BES with electrodes at 260 and 310 mV generated anodic current after 16–18 h, once the bulk O2 concentration in the 310 mV reactor had decreased to ca. 4%. After approximately 20 h, anodic current production slowed, but remained steady, suggesting ET continues between the biofilm and electrode. Biofilms grown on electrodes at 160 mV never produced anodic current, indicating that this potential is too negative to act as an electron acceptor for the biofilm. M. atlanticus biofilms grown at 510 mV exclusively produced anodic current which increased steadily within the first 12 h after inoculation, followed by a more rapid increase after 12 h, corresponding to when O2 becomes limiting in the reactor (Figures 1, 2 and Figure S1). Similarly to biofilm electrodes poised at 260 and 310 mV, the anodic current began to level off around 20 h after which it increased more slowly. The coulombic efficiency estimated for complete oxidation of succinate (26 mM) in the highest anodic current-producing BES was 0.00064% (calculations available in Supplementary Materials). Loss of succinate in the BES due to anodic current would be in the nM range (total mol e- transferred/12 mol e- per mol succinate/volume of the BES), which would not be distinguishable from succinate oxidation coupled to oxygen reduction and therefore was not measured. M. atlanticus was not found to grow when a carbon cloth electrode poised at 310 or 510 mV was provided as the only available electron acceptor when the BES was made anoxic by sparging with CO2 and N2 prior to inoculation (data not shown). This finding, together with the observation that anodic current no longer increases once O2 is limiting, supports that idea that biofilm cells may access the electrode as O2 becomes limiting for maintenance, but not growth.
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FIGURE 2. Percent dissolved oxygen (DO) in the bulk medium (blue) and chronoamperometry (red) of a wild type (WT) M. atlanticus bioelectrochemical system (BES) with a carbon cloth working electrode poised at 310 mV vs. SHE. Representative trace of duplicated experiments is shown.



Planktonic cell growth was observed in all BES due to the presence of succinate as the electron donor and carbon source and O2 as the electron acceptor. As has been previously demonstrated (Bird et al., 2018), planktonic growth was limited due to the concentration of calcium chloride in the artificial seawater medium. Final current was not correlated with the final planktonic OD600 of M. atlanticus (Table S2) indicating that planktonic cells do not make a significant contribution to current, and the effect of O2 limitation was not explored further. At all potentials, LSCM of M. atlanticus biofilms showed cells attached as a biofilm to the carbon cloth fibers (Figure 3). Biofilms grown at applied potentials of 260, 310, or 510 mV overwhelmingly stained green (Live/Dead) indicating that the cell membranes remain mostly intact. Qualitatively, biofilms grown at more negative electrode potentials contained a higher ratio of propidium iodide-stained cells (red), indicating compromised cell membranes which is often associated with cell death.
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FIGURE 3. Laser scanning confocal microscopy (LSCM) of Live/Dead-stained M. atlanticus biofilms grown on carbon cloth electrodes poised at (A) 510 mV, (B) 310 mV, (C) 260 mV, and (D) 160 mV vs. SHE after ca. 25 h. Fluorescence associated with SYTO9 is shown in green (live) and fluorescence associated with propidium iodide is shown in red (dead). Representative images are shown from triplicate reactors. The white scale bar represents 20 μm.



To test whether observed current required M. atlanticus whole cells or cellular by-products only, sterile-filtered spent culture medium from Culture-grown cells was used to inoculate BES and current production monitored (Figure S2). No current production was observed above baseline abiotic current. Replacing the medium in M. atlanticus BES after maximum current was achieved had no effect on current (data not shown), indicating no contribution to current by planktonic cells.

Electrochemical Characterization of M. atlanticus on Different Electrode Materials Grown at 310 mV

In order to assess the electrochemical behavior of M. atlanticus across a range of materials commonly used in BES, chronoamperometry and cyclic voltammetry (CV) were performed on biofilms grown on carbon cloth, graphite block, and ITO electrodes at 310 mV. This electrode potential was selected because it is the potential at which Biocathode MCL was originally enriched and is typically used for Biocathode MCL electrochemical characterization. For both carbon cloth and graphite electrodes, anodic current increased over time (Figure 4A) in contrast to cathodic current observed for Biocathode MCL. The initial increase in cathodic current observed at 310 mV on carbon cloth electrodes (Figure 4A) was not observed on graphite block or ITO electrodes. Biofilms grown on ITO electrodes produced an order of magnitude less current than those on carbon cloth or graphite which never increased above the abiotic cathodic background and fewer cells were observed associated with the electrode surface (Figures 4B–D). Anodic current produced at 310 and 510 mV on graphite and carbon cloth electrodes was similar; however, it is difficult to assess whether biomass coverage on the electrode surface was comparable based on microscopy due to the 3-dimensional nature of the carbon cloth fibers. The majority of biofilm-associated cells stained green (Live/Dead) for all electrode materials, consistent with results presented above for biofilms grown at 310 mV and indicating living cells with intact cell membranes.
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FIGURE 4. (A) Chronoamperometry and laser scanning confocal microscopy (LSCM) of Live/Dead-stained M. atlanticus biofilms grown on (B) graphite, (C) ITO, or (D) carbon cloth working electrodes poised at 310 mV vs. SHE. Microscopy was performed ca. 66 h after inoculation. Fluorescence associated with SYTO9 is shown in green (live) and fluorescence associated with propidium iodide is shown in red (dead). Representative images are shown from triplicate reactors. The white scale bar represents 20 μm.



In order to characterize putative redox mediators associated with M. atlanticus, CV was performed on abiotic and M. atlanticus-colonized carbon cloth, graphite block, and ITO electrodes (Figure S3). The appearance of redox peaks in the presence of cells was inconsistent between electrode materials and could not be distinguished from the abiotic controls. SWV (Figure S4) and DPV (Figure S5) were also applied in an attempt to further resolve redox peaks from the faradaic current by excluding the capacitive charging currents arising from the electrode; however, no consistent peak could be resolved.

Electrochemical Characterization of Wild Type and Rubredoxin Deletion Strains of M. atlanticus

To explore the possibility that small Fe–S4 proteins play a role in either EET or the survival of M. atlanticus as an electrode biofilm, biofilms of the Δrub M. atlanticus and Δroo M. atlanticus strains were electrochemically characterized vs. the WT strain on carbon cloth electrodes. No difference in the overall current trend was observed over 25 h between the Δrub strain and the WT strain at any potential (Figure 5), or the Δroo strain and the WT strain at 310 mV (Figures S1, S6). At the end of the 25–30 h growth period, OD600 was measured, found to be similar between reactor conditions, and was not correlated with current production (Table S2).
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FIGURE 5. Chronoamperometry of wild type M. atlanticus (red) and rubredoxin deletion (Δrub) (blue) biofilms on carbon cloth working electrodes poised at (A) 510, (B) 310, (C) 260, and (D) 160 mV vs. SHE. The dashed line indicates the time of inoculation. Solid lines represent an average of triplicate measurements and shaded areas represent the maximum and minimum values obtained.



Addition of Exogenous Mediators Enhances Anodic Current in M. atlanticus Biofilms

The low current density and absence of redox features in voltammetry may indicate low abundance and/or low rate constants of redox mediators involved in the heterogeneous ET reaction, such as trace metals and minerals or small molecules found in the reactor medium. To test this possibility, a 5X higher concentration of trace mineral mixture was added to BES after WT M. atlanticus biofilms grown at 310 mV on carbon cloth electrodes reached maximum current (Figure 6). Current immediately began to increase and, after ca. 25 h, was an order of magnitude greater than the current produced prior to the addition of excess trace minerals. No change in the abiotic current was observed after adding excess minerals, either under aerobic conditions, or when the BES was made anoxic to mimic the conditions at the electrode surface once a biofilm is present. In all cases, the excess minerals were exposed to oxygen prior to addition to BES (Figure S7). When 5X trace mineral solution was added prior to inoculation, anodic current due to biofilm growth also increased to a maximum that was approximately an order of magnitude higher than is typically observed; however, current did not plateau until 60 h after inoculation (Figure S8D). Current was monitored for 40 h after the addition of excess minerals, at which point the experiment was discontinued and the working electrode of a representative BES that had 5X sterile-filtered trace minerals added was removed to test for cell viability by CLSM. Imaging by CLSM indicated that addition of trace minerals had some effect on cell membrane integrity as indicated by the increase in cells that stained red (Live/Dead) as compared to those observed for M. atlanticus grown at an applied potential of 310 mV under typical conditions (Figure S9). Qualitatively, the surface coverage of the electrode biofilms appears similar to those where no excess minerals were added, which might indicate the cells are limited in their use of the electrode as an electron acceptor by an electron shuttle. When CV was performed after the addition of minerals, a redox peak with a midpoint potential of ca. 180–200 mV was observed associated with M. atlanticus biofilms as well in abiotic BES under anaerobic conditions (Figure S10). Due to oxygen reduction features, it is unknown if this peak is also present in abiotic BES under aerobic conditions. The observation of this peak may be due to a change in the redox chemistry of charge carriers under anaerobic conditions, such as when a biofilm is present, as well as an increase in their concentration.
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FIGURE 6. Chronoamperometry of M. atlanticus biofilms grown on carbon cloth electrodes poised at 310 mV vs. SHE with either no additions to the growth medium (red), 1 mL of sterile-filtered Wolfe's Mineral Solution added after ca. 48 h post inoculation (blue), or 3.5 μM riboflavin (final concentration) added after ca. 30 h post inoculation (black). Solid lines represent an average of triplicate (control and riboflavin addition) or duplicate (mineral mix addition) bioelectrochemical systems (BES) and the shaded areas represent the maximum and minimum values obtained.



Some iron-reducing bacteria, such as S. oneidensis MR-1 (Kotloski and Gralnick, 2013), access extracellular electron acceptors, including electrodes, via secreted small molecule redox shuttles including flavins. Flavins can interact with ET proteins in the periplasm or inner membrane of the cell, if such proteins are present, and facilitate EET. It has previously been shown that E. coli, which does not naturally participate in EET, is only able to use riboflavin as a shuttle when genetically engineered to express the S. oneidensis Mtr pathway (Jensen et al., 2016). In order to determine whether M. atlanticus can naturally use soluble redox shuttles for EET, riboflavin (3.5 μM) was added to BES at a concentration similar to that previously shown to stimulate EET in engineered E. coli. Addition of riboflavin resulted in roughly an order of magnitude increase in current (Figure 6). In comparison, when the same amount of riboflavin was added to BES containing WT E. coli modified electrodes (OD600 >0.600), no increase in current was observed (Figure S11), demonstrating that M. atlanticus has some innate capacity to perform EET with redox shuttles.

DISCUSSION

The aim of this study was to electrochemically characterize M. atlanticus, recently isolated from the Biocathode MCL community. The relative abundance of M. atlanticus within Biocathode MCL has been shown to be negatively correlated with current, and previous work suggests that this strain has some capacity for EET on its own (Wang et al., 2015b; Bird et al., 2018); however no mechanism has been proposed. Results presented here show that M. atlanticus biofilms grown over a range of electrode potentials and materials resulted in the production of very low, but non-negligible, anodic and cathodic current which depended both on the electrode potential and concentration of O2. Cathodic current generated in the presence of O2 by M. atlanticus biofilms grown on carbon cloth at 310 mV was at least an order of magnitude lower than comparable Biocathode MCL biofilms grown at the same potential (Malanoski et al., 2018), and anodic current was 4 orders of magnitude lower than typical G. sulfurreducens bioanodes (Strycharz-Glaven and Tender, 2012), which would be expected if EET is not tied directly to the energy-generating processes of the cell. The production of cathodic current, even in the presence of the electron donor succinate, suggests that M. atlanticus could scavenge additional electrons from the electrode. Voltammetric analyses did not reveal any clear biofilm-associated redox peaks, differing markedly from the Nernstian current-voltage response observed during CV of Biocathode MCL (Yates et al., 2016). One explanation, inferred from the very low current, is that the redox signal associated with a redox mediator, either cell-associated or a component of the growth medium, is simply too low to detect.

Biofilms grown on carbon cloth electrodes at 260, 310, or 510 mV vs. SHE produced anodic current after a period of 12–18 h, consistent with a decrease in the concentration of O2 measured for BES at 310 mV. These results suggest that at more positive electrode potentials, M. atlanticus is able to use the electrode as an electron acceptor to relieve the buildup of reducing equivalents generated from succinate oxidation once O2 has been depleted. The absence of anodic current at 160 mV on carbon cloth electrodes, coupled with the noticeable increase in the number of propidium iodide-stained cells, supports the hypothesis that this potential is too negative for the electrode to act as a suitable electron acceptor. M. atlanticus biofilms achieve the highest anodic current density at 510 mV, whereas anodic current generated at 260 and 310 mV is about the same. Despite the ability of biofilms to transfer some electrons to an electrode, M. atlanticus was unable to grow under anaerobic conditions when the electrode was provided as the sole electron acceptor at 310 or 510 mV. This result is consistent with our previous observation that M. atlanticus is able to reduce small amounts of iron under anaerobic conditions in ASW medium, even though this metabolism does not appear to support growth (Bird et al., 2018). No difference in maximum anodic current was observed between the WT strain and Δrub and Δroo strains of M. atlanticus, indicating that neither of these proteins are involved in EET to an electrode. While there is a second rubredoxin present in the M. atlanticus genome, due to the degree of sequence similarity with AlkG of Pseudomonas putida it is likely to be part of the alkane degradation pathway (Kok et al., 1989; Wang et al., 2015a).

Electrochemical characterization of M. atlanticus biofilms on carbon cloth, graphite block, and ITO electrode surfaces showed that the electrode material has an effect on the maximum current production as well as whether biofilms initially behave as biocathodes at 310 mV. Graphite block electrodes resulted in the greatest anodic current density, followed by carbon cloth, then ITO. Some of this difference may be attributed to inaccuracies in calculated current density by using the geometric surface area, where ITO is a much smoother surface than carbon cloth or graphite. In addition, micro-features associated with the electrode topography may result in different chemical gradients (O2 or pH) at the electrode surface that affect current. The extent of M. atlanticus colonization, as measured by LSCM of Live/Dead-stained biofilms grown on these electrode surfaces, showed a robust biofilm on the graphite electrode, a fairly even biofilm coating on the carbon cloth fibers, and a sparse biofilm on the ITO electrodes. The biofilm coverage on these electrode surfaces agrees well with the overall current density produced in each case. These results suggest that current production is linked to the presence of metabolically active cells.

It is unclear why cathodic current generated by M. atlanticus biofilms at 310 mV only occurs on carbon cloth. The weave of the carbon cloth itself may contribute to this phenomenon if dissolved O2 is retained among the fibers, providing an electron acceptor that can be slowly released to the growing biofilm. Carbon cloth is a widely used electrode surface in microbial electrochemistry; however, the manufacturing process of carbon cloth only results in 99% carbon atoms (Zoltek Corporation) and surface modifications may be added to improve various properties. It is unknown whether such surface modifications may have an effect here.

The most significant observation was that the addition of excess trace minerals (5X) or riboflavin (3.5 μM) resulted in an order of magnitude increase in anodic current production at 310 mV on carbon cloth electrodes, the same conditions under which Biocathode MCL is typically grown. Conversely, the addition of riboflavin to E. coli biofilms resulted in no change in current production. It has previously been reported that the addition of nanomolar concentrations of Cu2+ or Cd2+ to S. oneidensis MR-1 grown in microbial fuel cells resulted in a 1.3-fold increase in power density due to the combined effects of increased biofilm formation and increased riboflavin production (Xu et al., 2016). M. atlanticus possesses the required genes for riboflavin biosynthesis (Wang et al., 2015a), but not for the riboflavin exporter found in S. oneidensis; therefore, it seems unlikely that a similar mechanism is responsible in this case.

The presence of cells was required for the observed increase in anodic current with the addition of either riboflavin or excess trace minerals, suggesting that sustained turnover of these redox shuttles is catalyzed by the cells at 310 mV. The addition of excess minerals in the presence of the biofilm or when the medium was made anaerobic in abiotic reactors resulted in a discernable redox peak with a midpoint potential (Em) around 180–200 mV. This peak is likely a component of the trace mineral solution and may be available to the biofilm as a redox mediator. If this is the case, the Em offers insight into biofilm current production at the various potentials tested here. At potentials above 200 mV, the unknown redox-active species may be partially oxidized by the electrode, and thus could serve as an electron-accepting shuttle between the cell and electrode. Below 200 mV, a higher proportion of the redox mediator would be maintained in the reduced state by the electrode and unable to accept electrons from cells. This is consistent with anodic current at potentials of 260 mV and above, and cathodic current only at 160 mV. Drawing from these results, we can imagine a scenario under which trace minerals serve as electron transfer mediators within the Biocathode MCL community between the electrode and heterotrophic constituents, contributing to the overall electron flux of the biofilm. Depending on the direction of electron flux at 310 mV generated by M. atlanticus, anodic or cathodic, this contribution may compete with, or enhance, cathodic ET by “Ca. Tenderia electrophaga.” If other heterotrophic constituents of Biocathode MCL also participate in mineral cycling, this effect could be amplified. The low availability of organic carbon in Biocathode MCL reactors (no organic carbon added), as well as microaerobic conditions at the electrode surface, limits heterotrophic growth. If mineral cycling can provide additional electron donors or acceptors it may explain the persistence of heterotrophic community members in Biocathode MCL even after many years of subculture. This finding may also have important implications for how Marinobacter spp. interact with minerals in the environment and should be further explored. For example, Marinobacter spp. may be able to take up oxidized or reduced trace minerals allowing for sustained cell maintenance during periods of electron donor or acceptor limitation.

In the BES configuration used in this study, it is not possible to determine if cells within the biofilm, but at a distance from the electrode surface, contribute to current as they do for conductive G. sulfurreducens biofilms. Because this system is not intentionally made anaerobic, cells at the periphery of the biofilm may utilize O2 as an electron acceptor, creating an anoxic environment near the electrode surface. LSCM imaging did not indicate the cells at the outer portion of the biofilm were compromised once O2 is depleted, suggesting that some other electron acceptor is available. Whether this is some oxidized component of the medium or other cells within the biofilm remains unclear and measurements of biofilm conductivity are warranted.

CONCLUSION

Marinobacter spp. are ubiquitous marine opportunitrophs identified in metal-rich environments and within electrode-associated biofilms. Here we demonstrated that M. atlanticus is able to generate very low levels of anodic and cathodic current, an indicator of its ability to perform EET outside of the Biocathode MCL community. Constituents of electrochemically active microbial communities that produce low levels of current on their own should not be discounted and may have important roles for the function of the community as a whole (Doyle and Marsili, 2018). Anodic current can be enhanced at 310 mV through addition of riboflavin and excess minerals. These findings have important implications for how Marinobacter spp. may interact with minerals in the environment and suggests that trace minerals could be scavenged for use as electron donors or acceptors under otherwise limiting conditions.

With respect to the role for M. atlanticus within Biocathode MCL, results presented here indicate the possibility that competing ET processes to “Ca. Tenderia electrophaga” occur at a poised electrode potential of 310 mV vs. SHE depending on the concentration of O2 present. Anodic current produced by M. atlanticus at 310 mV is low relative to Biocathode MCL, but it is possible that a cumulative effect may occur if other heterotrophic members of the community are also able to produce anodic current.
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