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Introduction

Electromicrobiology is the study of microorganisms that have evolved the ability to exchange electrons with the extracellular environment via Extracellular Electron Transfer or EET. This ability allows them to exchange electrons with one another and to exploit electron acceptors and donors that are distantly located or cannot pass the cell envelope. As a research field, electromicrobiology is young and multidisciplinary, with many questions to address, including the diversity of EET mechanisms, cellular structures involved in EET, and the role of EET microorganisms in ecosystem functioning and future biotechnologies.

In this Research Topic “Electromicrobiology—From Electrons to Ecosystems”—Volume II, we collect recent advancements regarding the ecology, physiology, and applications of microorganisms capable of extracellular electron transfer. Some of the articles in this collection deal with cable bacteria, their interactions with their environment or other microorganisms, and their potential as bioremediation agents. Others deal with mechanistic aspects of extracellular electron transfer in both model and non-model organisms and biotechnologies relying on such properties.



Diversity of EET mechanisms

To harness the metabolic potential of electroactive microorganisms, it is crucial to understand how cells exchange electrons with the extracellular environment. Until now, extracellular electron transfer (EET) has been studied primarily on model microorganisms like Geobacter sulfurreducens and Shewanella oneidensis. In S. oneidensis, EET has been unequivocally pinned on a porin-multiheme c-type cytochrome complex (Clarke, 2022). On the other hand, in G. sulfurreducens, the electron transfer mechanism is assumed to either use a network of conductive molecules (type IV pili and multiheme cytochromes/MHCs) or solely multiheme cytochromes (Clarke, 2022). Recently, Gu et al. (2021) disputed the involvement of pili in EET. Instead, the authors suggest that pili play a secretory role, helping translocate multiheme cytochromes. In this volume, Lovley presents his counterarguments pointing at the role of pili in EET. It was particularly compelling that genetic manipulations modifying the aromatic amino acid content of pili resulted in variable conductivities that correlated to variable growth performances when performing EET. For example, lessening the aromatic amino acid content leads to a 1,000-fold less conductive structure, which is ineffective for EET. On the other hand, increasing the aromatic amino acid content, leads to a 5,000-fold more conductive structure that is more effective for EET.

It remains unclear why Geobacter employs type IV pili alongside MHCs. They may do so to ensure access to electron acceptors that are spatially far away from the cell surface.

Geobacter uses different sets of multiheme c-type cytochromes (MHCs) to access electron acceptors with dissimilar reductive potentials (Clarke, 2022). To accesses electron acceptors with redox potentials below −100 mV, Geobacter requires CbcL on the inner membrane and OmcZ on the outer membrane. In this volume, Antunes et al. studied in detail the structure of CbcL and how it injects electrons from the inner membrane into the periplasm of the cell. CbcL formed a redox complex with a periplasmic MHC—PpcA through which electrons get injected from the inner membrane into the periplasm, from one MHC to another.

Geobacter can also use its MHCs to reduce toxic metal salts like Co3+, V5+, or Cr6+. In the present volume, Karamash et al. link the reduction of toxic metal salts like Co3+, V5+, or Cr6+ to Fe2+/heme concentrations. They observed that a mutant strain, lacking four multiheme cytochromes ΔomcBSTE (lacking genes for OmcB, OmcS, OmcT, OmcE), could still reduce toxic metal ions. It is likely that other extracellular multiheme cytochromes, like OmcZ, are used to reduce toxic metal ions as they were for reducing the toxic radionuclide U6+ (Orellana et al., 2013).

In non-model organisms, extracellular electron transfer (EET) mechanisms remain obscure. To identify essential components for EET in non-model organisms Sackett et al., used genome-wide transposon mutagenesis and high-throughput sequencing (Tn-Seq) to probe the genetic underpinnings for oxidative EET by Thioclava electrotropha. Only 14 genes were identified as membrane-bound and essential for oxidative EET. None of the encoded proteins contain typical redox-active centers, so how precisely T. electrotropha does EET remains to be uncovered.



Cable bacteria

Cable bacteria are electrically conducting filamentous bacteria of the Desulfubulbaceae family that have been discovered 10 years ago (Pfeffer et al., 2012). Cable bacteria have been found in various environments, including marine and freshwater sediments.

One of the essential functions of cable bacteria in the environment is their role in cycling nutrients and metals (Risgaard-Petersen et al., 2012). It has been suggested that cable bacteria have a role in bioremediation (Marzocchi et al., 2020). Conflicting reports indicate that they can either have a detrimental or a beneficial effect on the environment. Detrimental effects include disturbances of nitrogen (Kessler et al., 2019; Marzocchi et al., 2022) and phosphorus cycles (Sulu-Gambari et al., 2016). Beneficial effects includes reducing methane fluxes (Scholz et al., 2020), protecting against euxinia (Seitaj et al., 2015), and against the release of contaminants (van de Velde et al., 2017). In this volume, van de Velde et al. show that cable bacteria have a seasonal impact on the flux of arsenic from uncontaminated sediments to the water column. Cable bacteria act as a barrier in spring, building an iron oxide layer that sequesters arsenic. On the other hand, during the summer, this barrier disperses when anoxia is established, and arsenic fluxes become comparable to those measured in contaminated marine sediments. Additionally, Vasquez-Cardenas et al. investigate the detoxifying role of cable bacteria on Icelandic coastal sediments exposed to fish farming where substantial sedimentation of organic-rich particle leads to euxinic conditions. Cable bacteria and other sulfur oxidizers were anticipated to act as ecosystem engineers and detoxify sulfide. However, the authors did not detect significant cable bacteria activity in these sediments. It could be because sulfide accumulated above the highest limit reported for cable bacteria activity or because it is challenging to detect the cables' electroactive signals in these fish farm sediments constantly perturbed by particle input and bioturbation. Lab tests indicate that removal of the particle input increases cable bacteria activity and that of associated microorganisms, detoxifying sulfide effectively. The authors advise removing top sediment below fish farms during the fallow periods to ensure the buildup of the cable bacteria iron curtain fighting sulfide emissions and euxinia.

The activity of cable bacteria changes the sediment geochemistry influencing the surrounding microbial communities. Cable bacteria are surrounded by a veil of microorganisms that swim around them (Thorup et al., 2021). These veil microorganisms dispersed once the cable bacterium was physically cut (Bjerg et al., 2023). In this volume, Lustermans et al. investigate whether the presence of the microbial veil is connected to a cable bacteria progression and senescence in its environment and the subsequent geochemical changes. The authors follow the progression of a Ca. Electronema aureum from a single cable bacterium to a cable bacteria community, the activity of its veil microbiome and local geochemical changes. They observed a veil of swarming cells surrounding living and motile cable bacteria. In contrast, dead and non-motile cable bacteria were not surrounded by their associated microbial veil. Surprisingly, geochemical parameters did not appear to impact the veil activity.

Digging deeper into the physiology of cable bacteria, Geerlings et al. investigate the dynamics of polyphosphates in cable bacteria. Polyphosphates are one of the most widely distributed biopolymers and have been observed in both Archaea and Bacteria, where they have been associated with functions like regulation of gene expression and enzyme activity, response to oxidative stress, signaling, and cation sequestration (Rao et al., 2009). For cable bacteria, polyphosphates have been observed in both marine and freshwater strains (Sulu-Gambari et al., 2016; Geerlings et al.). It has been hypothesized that these phosphates act as a substitute for ATP or protect cable bacteria against oxidative stress (Kjeldsen et al., 2019; Geerlings et al., 2020). Here, Geerlings et al. dismiss that polyphosphates are used for ATP synthesis in cable bacteria by looking at the spatial-temporal dynamics of polyphosphate using labeling experiments and state-of-the-art chemical imaging. The authors now anticipate that cable bacteria use polyphosphates to protect against oxidative stress, and perhaps for motility and gene regulation.



Applications

Electrons are transported across the cell wall via biological polymers like pili or MHCs. These biopolymers spatially separate oxidative metabolic reactions from the reduction of the terminal electron acceptor, with the first happening inside the cell and the second outside. The properties of these biopolymers, electrical conduction, ability to self-assemble and self-repair make them attractive in fabricating sustainable and biodegradable nano-electronic devices. On the other hand, the possibility to drive spatially distant redox reactions gives rise to macroscale applications like electrochemically assisted wetland treatment.

In this volume, Bonné et al. present an insightful review regarding emerging applications for conductive biological polymers like pilins (stacked peptides rich in aromatic aminoacids), multiheme cytochromes (stacked proteins with Fe-centers) and the conductive fibers extending along cable bacteria filaments. The first, pilins, have been applied in building nanowire sensors (Smith et al., 2020). The latter, cable bacteria fibers, are centimeter–long, with conductivities above any other biological nanowires and therefore promising for biodegradable electronics (Bonné et al.).

Bioelectrochemical technologies employ electroactive microorganisms as biocatalysts. A few of the applications relying on EET-metabolisms are: promoting the degradation of organics in wastewater (Yadav et al., 2023), facilitating the bioremediation of toxic pollutants (Wang et al., 2020), sensing the presence of pollutants in the environment (Smith et al., 2020), enabling methane, or other chemical syntheses (Roy et al., 2022).

Since certain bioelectrochemical technologies are intended to bioremediate environmental pollutants from sediments, it is imperative to understand how bioelectrochemical technologies impact macrofauna in sediments. Shono et al. looked at the impact of voltage exposure on an oligochaete, Thalassodrilides cf. briani, which is often found in polluted environments and is effective at cleaning up organic pollutants (Ito et al., 2016). The oligochete responded with reversible changes in movements and metabolism in response to increased organic load and dynamic fluctuations in sediment redox potential. After heavy organic input, the sediments and the macrofauna exhibited rapid recovery. However, a too-high organic input below fish-farming rafts may be fatal to the oligochete population; therefore, monitoring the redox-potential changes could be promising for informing when fishery farms could reinitiate farming after fallow periods.

Last but not least, Peñacoba-Antona et al. present how treatment of wasteland could be bioelectrochemicaly assisted at full scale. The technology is known as METland and is expected to be an effective solution to treating wastewaters in decentralized locations. The authors monitor the bioelectrochemical behavior of two full scale METlands, one in Spain and one in Denmark. They reveal that electron current density could be used as an indicator for effective removal of organic matter.

In this volume, authors unveiled new properties of electroactive microorganisms, new physiology, and new roles in ecosystem functioning. At the nanoscale, authors showed we could develop applications for electron-conducting biopolymers. At the macroscale, the metabolic responses of electroactive microorganisms could be used to sense pollutants or applied at full scale in pollutant removal technologies like METland. Harnessing the metabolic potential of electroactive microorganisms is seen as a commodity for future sustainable technologies. Therefore, a better understanding of microorganisms capable of EET is fundamental to future developments.
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A METland is an innovative treatment wetland (TW) that relies on the stimulation of electroactive bacteria (EAB) to enhance the degradation of pollutants. The METland is designed in a short-circuit mode (in the absence of an external circuit) using an electroconductive bed capable of accepting electrons from the microbial metabolism of pollutants. Although METlands are proven to be highly efficient in removing organic pollutants, the study of in situ EAB activity in full-scale systems is a challenge due to the absence of a two-electrode configuration. For the first time, four independent full-scale METland systems were tested for the removal of organic pollutants and nutrients, establishing a correlation with the electroactive response generated by the presence of EAB. The removal efficiency of the systems was enhanced by plants and mixed oxic–anoxic conditions, with an average removal of 56 g of chemical oxygen demand (COD) mbed material–3 day–1 and 2 g of total nitrogen (TN) mbed material–3 day–1 for Ørby 2 (partially saturated system). The estimated electron current density (J) provides evidence of the presence of EAB and its relationship with the removal of organic matter. The tested METland systems reached the max. values of 188.14 mA m–2 (planted system; IMDEA 1), 223.84 mA m–2 (non-planted system; IMDEA 2), 125.96 mA m–2 (full saturated system; Ørby 1), and 123.01 mA m–2 (partially saturated system; Ørby 2). These electron flow values were remarkable for systems that were not designed for energy harvesting and unequivocally show how electrons circulate even in the absence of a two-electrode system. The relation between organic load rate (OLR) at the inlet and coulombic efficiency (CE; %) showed a decreasing trend, with values ranging from 8.8 to 53% (OLR from 2.0 to 16.4 g COD m–2 day–1) for IMDEA systems and from 0.8 to 2.5% (OLR from 41.9 to 45.6 g COD m–2 day–1) for Ørby systems. This pattern denotes that the treatment of complex mixtures such as real wastewater with high and variable OLR should not necessarily result in high CE values. METland technology was validated as an innovative and efficient solution for treating wastewater for decentralized locations.

Keywords: constructed wetlands (CWs), electric potential sensor, electroactive bacteria (EAB), microbial electrochemical snorkel, METland, real-scale


INTRODUCTION

The treatment wetland (TW; a.k.a. as constructed wetlands—CW) is an engineered and sustainable nature-based system for the treatment and pretreatment of wastewaters of different origins (Langergraber et al., 2019). These systems mimic and optimize the physical, chemical, and biological processes occurring in natural wetlands (Dotro et al., 2017). These interactions lead to the occurrence of different mechanisms for pollutant removal, such as precipitation, sedimentation, filtration, volatilization, adsorption, plant uptake, and microbial-driven degradation (Kadlec and Wallace, 2008). The removal efficiency of TWs is determined by their design, operative settings (loading rate, loading pattern, etc.), and environmental conditions inside the wetland bed (e.g., substrate type, pH, temperature, dissolved oxygen, and redox conditions) (Wu et al., 2015). The TW is considered a robust and cost-effective technology that offers low-effort operation and maintenance, hence, is being extensively used worldwide as a developed decentralized wastewater treatment solution (Brix et al., 2007; Vymazal, 2009; Langergraber and Masi, 2018). However, one of the limiting factors of TW implementation is the footprint required to reach the desired treatment targets, which is much larger when compared with other conventional wastewater treatment technologies (Dotro et al., 2017). Therefore, to minimize surface area requirements, the use of more conventional treatment solutions or intensified wetland-based systems must be considered (Langergraber et al., 2019).

In the last decade, a combination of TWs with electrobioremediation strategies has been developed aiming at the intensification of TWs (Wang et al., 2020). Electrobioremediation relies on the metabolic activity of electroactive bacteria (EAB) capable of exchanging electrons from metabolism with electroconductive materials (Aguirre-Sierra et al., 2016; Ramírez-Vargas et al., 2018). EAB have been identified in different environments including natural aquatic sediments, aerobic/anaerobic sludge from wastewater treatment facilities, and also in wastewater (Aguirre-Sierra et al., 2016; Ramírez-Vargas et al., 2020). In microbial electrochemically assisted TW systems, several EAB strains have been identified as able to grow as electroactive biofilms. These biofilms are composed mainly, but not exclusively, of microorganisms from Desulfuromonas, Pseudomonas, Shewanella, and Geobacter genera (Aguirre-Sierra et al., 2016; Ramírez-Vargas et al., 2019; Saba et al., 2019; Rotaru et al., 2021). TWs operating under water-saturated conditions are anaerobic along almost their entire depth profile with anoxic/aerobic conditions only occurring in the uppermost section of the system at the water–air interface (Aguirre et al., 2005). These conditions generate a natural redox profile that matches the gradient of ions and electrons reported in other microbial electrochemical technologies (MET) such as microbial fuel cells (MFC) and combined TW–MFC systems (Yadav et al., 2012; Doherty et al., 2015a; Ramírez-Vargas et al., 2018; Kabutey et al., 2019; Srivastava et al., 2020). Applications of TW–MFCs at laboratory scale have expanded from treating conventional pollutants (Oon et al., 2016) and nutrients (Wang et al., 2016), to more persistent compounds such as oil (Yang et al., 2016), pharmaceuticals, or heavy metals (Nitisoravut and Regmi, 2017). Such studies show satisfactory removal rates and energy yields at a laboratory scale, but there are technical challenges to scale up these technologies and reach energy harvesting comparable with other sustainable sources.

In contrast with TW–MFCs, a different design has been developed in the past years by using an electroconductive bed under short circuit (snorkel configuration). Such system’s only aim is to optimize wastewater treatment and is known as microbial electrochemically assisted TW, or the METland®. In METlands, EAB growth is stimulated by transferring electrons to an electroconductive material that acts as an unlimited acceptor, therefore maximizing organic pollutant oxidation (Esteve-Núñez, 2015). The METland operates as a microbial electrochemical snorkel (Erable et al., 2011) using a conductive material to connect anoxic (anode) and oxic zones (cathode). Aguirre-Sierra et al. (2016) tested the first laboratory-scale METland for the removal of organic pollutants and nitrogen from real urban wastewater. The flooded configuration showed removal rates of 91% for chemical oxygen demand (COD) and 96% for biochemical oxygen demand (BOD5) (HRT = 0.5 day), 97% for NH4–N, and 69% for total nitrogen (TN) (HRT = 3.5 days). Similar results were shown by Ramírez-Vargas et al. (2019), in terms of organic removal rates using mesocosm set-ups treating real wastewater at loading rates of approximately 60 g m–2 day–1 and reached removal efficiencies of 90% for COD, 88% for BOD, 46% for NH4–N, and 86% for PO4–P. Interestingly, METlands can also be operated under non-flooded downflow conditions. Unexpectedly, EAB like Geobacter were found to coexist with nitrifying microorganisms, a system under oxic conditions (Aguirre-Sierra et al., 2020). Most recently, Prado et al. (2020) reported removals of up to 95% for COD and 71% for TN with the integration of an artificial device, the e-sink, for consuming electrons. These results suggest that the METland system can enhance biodegradation rates, reducing the footprint of classical TWs by 10-fold (Peñacoba-Antona et al., 2021b).

Moreover, direct and accurate measurements of the bioelectrochemical reactions in a METland system have been a challenge. The lack of electrodes and external circuits did not allow for the monitoring of electrical current flowing between an anode and a cathode. However, the charge imbalance due to the activity of electroactive biofilms inside a METland system is similar to the electrochemical potential differences between anodic and cathodic regions that exist in certain environments, as in the biogeobattery model (Ptushenko, 2020). Such charge differences create electric potentials (EPs) that trigger ionic/electron fluxes that can be detected in electrolyte conductors (Nielsen and Risgaard-Petersen, 2015). To detect those fluxes, tailor-made EP sensors could be used (Damgaard et al., 2014). These devices can collect low current signals in highly conductive matrixes and are insensitive to redox-active compounds that can affect EP readings. The measurement of EPs in METlands has been previously reported at the mesocosm scale (Ramírez-Vargas et al., 2019; Prado et al., 2020).

Based on the hypothesis that high electron currents in an electroactive system are correlated with high removal rates of pollutants, the study aimed to test the removal of organic matter in real-scale METland systems (treating wastewaters of different natures and at different geographical locations) and the correlation with the presence of EAB through the recording of electron current density in the water column. The measure of EP and current density profiles will establish different vertical profile zones in the METland bed regarding their bioelectrochemical activity and, consequently, their electrobioremediation performance. Indeed, the tested electrochemical strategy constitutes a tool for in situ monitoring of the performance of this new type of TW.



MATERIALS AND METHODS


Design and Construction of METland Systems

The study was carried out in four full-scale METland systems constructed in two different latitudes: Mediterranean (Spain) and Northern Europe (Denmark) (Figure 1). Each location presented climatic and demographic conditions that allowed the testing of the technology under different environmental conditions. For instance, the climate in Southern Denmark is humid, with abundant and frequent precipitation throughout the year and cold winters. On the contrary, summers in the center of Spain are dry with scarce precipitation. Regarding the demographic distribution, decentralized households and small villages characterize southern Denmark. In each location, two METland beds were constructed to treat the local wastewater generated. Each METland system presents different configurations with plants adapted to the local climate. Regarding the wastewater flow, the systems were fed downflow and operated under saturated conditions. The material used as a substrate is an electroconductive coke (ec-coke) with the following characteristics: porosity 48% ± 1%, specific weight 0.8 ± 0.5 g ml–1, granulometry 0.3–1.0 ± 1.0 cm, and resistance 1.5 ± 0.5 Ω.
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FIGURE 1. Location map of the METlands analyzed in the study.



METland Unit at IMDEA Water (Spain)

The first treatment system was in the facilities of IMDEA Water (Alcalá de Henares, Spain). The system was built in January 2017 and has 5.5-m length, 2-m width, and 1.25-m depth (11 m2). The TW is divided into two separated chambers (5.5 m2 each), isolated with high-density polyethylene (HDPE) to avoid water fluxes to and from the beds (Figure 2). Each bed was filled with 0.6-m-deep electroconductive material and 0.05 m of gravel at the bottom, engulfing the drainage system built from Ø75 mm PVC perforated pipes. The two beds operated in parallel with a total effective surface area of 11 m2. The system operated as a vertical subsurface flow TW. The wastewater was distributed over the surface by Ø32-mm pressurized perforated pipes and flowed down through the filtering media. Treated water flowed to a chamber where the water level was controlled by a vertical pipe. The sampling points were in the middle of each bed (A1 and A2).
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FIGURE 2. Plan view and profile of the METland system at IMDEA water (Alcalá de Henares). Sample points: A1 = planted with Bambusa bambos, Typha angustifolia, and Iris germanica; A2 = not planted.



•IMDEA 1: with an effective surface area of 5.5 m2 and was planted with three different species, divided into three sections, from the influent to the effluent direction, Bambusa bambos, Typha angustifolia, and Iris germanica.

•IMDEA 2: with an effective surface area of 5.5 m2 without plants.



During the first year of operation, the system was fed with real urban wastewater generated at the research center in an intermittent flow regime varying from 0.5 to 2.0 m3 day–1. Solids from raw wastewater were removed by an Imhoff tank as a primary treatment. The influent water shows a low concentration of organic matter, as is expected from wastewater produced by an office building. The COD concentration was in a range of 50–130 mg l–1 and TN between 40 and 70 mg l–1 mainly in a reduced state (ammonium).



METland Unit at Ørby (Denmark)

A METland unit was built in the municipality of Ørby (Haderslev, Denmark) to treat domestic wastewater produced by a population equivalent (p.e.) of 200, with an effective surface area of 80 m2 in two beds each of 40 m2 (10 m × 4 m × 1 m deep). The beds were filled with 0.8-m ec-coke supplied by METfilter (Spain) (Figure 3). The wastewater was evenly distributed on the top of the beds. The perforated distribution pipes (PE Ø50 mm) were embedded in gravel to guarantee a homogeneous dispersal of the wastewater on the surface. Once wastewater was distributed on the surface, it flowed vertically down through the bed. Then, it was collected at the bottom by a Ø110-mm pipe manifold to evacuate it from the system to a chamber where the water level was regulated using swirling pipes.
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FIGURE 3. Plan view and profile of the METland system at Ørby. Both parallel systems were planted with Phragmites australis. Sample points B1 and B2 were located in the bed at the position marked in the figure.



•Ørby 1: a saturated bed with a surface area of 40 m2.

•Ørby 2: partially saturated bed (water level abated at 20 cm) with a surface area of 40 m2.



The urban community had a separate sewer system where no runoff was collected. Each of the ca. 40 houses was fitted with a septic tank as primary treatment, so pre-settled wastewater was transported to the treatment units by gravity. Water was collected in a pumping well that works as a homogenization tank before pulse feeding the METlands using a level-controlled pump. Each pulse delivered around 600 l that were evenly discharged on the surface of the beds at a rate of 300 l/pulse to each bed. The frequency of the pulses varied according to the water produced by the urban community, which varied by the day as well as throughout the year. The average wastewater characteristics were as follows: conductivity 1,600 μS cm–1, pH of 7.11, BOD5 260–510 mg l–1, COD within the range of 540–910 mg l–1, total suspended solids (TSS) up to 100 mg l–1, and TN 60–110 mg l–1 mainly corresponding to ammonium. According to the data, the influent wastewater corresponds to an urban-type characterized by high COD and ammonium concentration (Metcalf and Eddy Inc, 2004).




Sampling and Analysis of Pollutants (Physicochemical and Statistical)

Both systems were monitored for a period of 6 weeks, once a week, taking samples of the influent and the effluent for analyzing both organic matter (COD) and nutrients (PO4–P, TN, NH4–N, and NO3–N) to determine the removal performance of the systems. In situ measurements using calibrated electrodes and meters included pH (Hach PHC101), electrical conductivity (Hach sensION + 5060), temperature, dissolved oxygen (Hach LDO101), and redox potential (Hach MTC101) in the Ørby system. COD analysis was done by photometric evaluation (Hach LCI 400 cuvette test + DR 3900 spectrophotometer); TN was analyzed by combustion catalytic oxidation/NDRI method (Shimadzu TOC-VCPH); whereas orthophosphate (PO4–P), ammonia (NH4–N), and nitrate (NO3–N) were determined by ion chromatography (Lachat QuickChem® 8000). All samples were analyzed following standard methods (APHA, 2012).

The removal efficiency (E) of the systems was evaluated with water measurements and mass balances at inlets and outlets according to Equation 1 (without considering the impact of evapotranspiration, where Vin and Vout correspond to the water inlet and outlet volume, respectively, and Cin and Cout correspond to the inlet and outlet concentrations of the monitored pollutants, respectively). Statistical analysis was conducted using the OriginPro 2019 statistical software. Thus, a one-way analysis of variance (ANOVA) was conducted to test the data’s statistical significance. The comparison among means was tested with Tukey’s test with a significance level of p < 0.05 (95% confidence).
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Microbial Electrochemical Activity

The evaluation of the microbial electrochemical activity of the full-scale METland systems was carried out based on the measurements of the EPs, estimation of ionic current densities (J), coulombic efficiencies (CE), and electron transfer rates. To measure the EP (mV), custom-made sensors, based on the design proposed by Damgaard et al. (2014), were used (h: 60 cm; Ø: 0.12 cm). The sensors were inserted in two different measuring ports in each METland. EP was measured at 1-cm intervals along the depth of the bed, with a resolution of ± 45 s, as previously reported (Ramírez-Vargas et al., 2019; Prado et al., 2020). To ease the graphical representation, the EP values (mV) were normalized using, as reference electrode, the water/atmosphere interface (0 mV at 0-cm depth). The ionic current density was calculated with an adapted version of Ohm’s Law (Equation 2) (Nielsen and Risgaard-Petersen, 2015), where J is the ionic current density (A m–2), σ is the electrical conductivity of water in the ports (S m–1), and dΨ/dz is the EP gradient (V m–1),
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The CE, defined as the fraction of electrons recovered as current with regard to the maximum possible recovery from a substrate, was calculated based on Equation 3 (Logan et al., 2006). On Equation 3, M is the molecular weight of oxygen (32 g mol–1 O2), I is the current density (A m–2), F is the Faraday’s constant (96,485 C mol–1), b is the number of electrons exchanged per mole of oxygen (4 mol mol–1 O2), q is the hydraulic load rate (l m–2 s–1), and ΔCOD is the difference between influent and effluent concentrations of the substrate (g COD l–1),
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The electron transfer was estimated with an adapted version of the model presented by Risgaard-Petersen et al. (2014) (Equation 4), where Ragg is the aggregated electron transfer (μmol l–1 day–1) from anodic/cathodic reactions, dJ/dz is the gradient of current density between different levels inside the system (A m–3), and F is the Faraday’s constant (96,485 C mol–1),
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RESULTS AND DISCUSSION

Full-scale METlands implemented at Mediterranean and Northern European locations using identical electroconductive material were tested and validated regarding (i) bioremediation performance and (ii) microbial electrochemical behavior. The following results revealed that such a variety of TWs is a promising configuration for treating urban wastewater of different natures.


Treatment Performance

The METlands constructed at Mediterranean (IMDEA) and Northern European (Ørby) locations were operated with real urban wastewater after primary treatment. In the case of IMDEA, the organic load of wastewater from an office building was lower than typical urban wastewater. In the case of Ørby, the organic load from urban wastewater was higher than at IMDEA, but due to seasonal variation, the flow rate was limited to 2 m3/day. Both situations revealed organic removal rates lower than other METland studies reported in the literature (Aguirre-Sierra et al., 2016; Prado et al., 2019; Ramírez-Vargas et al., 2019; Peñacoba-Antona et al., 2021b). Each system was analyzed independently considering the removal efficiencies based on inlet/outlet concentrations (Figure 4).
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FIGURE 4. Concentrations of COD and nutrients from both inlet and outlet for METland units operating at IMDEA (Spain) and Ørby (Denmark). Within each box, a horizontal central line denotes median values; boxes extend from the 25th to the 75th percentile of each dataset; vertical lines denote adjacent values, the minimum and the maximum; and outliers are shown as circles.



Case Study for Treating Wastewater From an Office Building (IMDEA Water) at a Mediterranean Location

At IMDEA, the systems reached average removal rates above 10.0 g of COD mbed material–3 day–1 (80%), 3.0 g of TN mbed material–3 day–1 (50%), 2.9 g of NH4—N mbed material–3 day–1 (47%), and 1.0 g of PO4–P mbed material–3 day–1 (61%) (Figure 4). COD removal efficiencies had slightly higher values in the planted section (IMDEA 1) compared to the non-planted section (IMDEA 2), with significant differences between planted and non-planted systems in terms of nitrogen removal. For the IMDEA units, the average COD removal was 10% higher in the planted system (IMDEA 1) in comparison to the non-planted (IMDEA 2), with significant differences between both parallel beds (p < 0.05). The differences might be related to the higher oxygen transfer through plant roots as previously reported in standard TWs (Brix, 1997; Saz et al., 2018). The results suggest a similar performance of the METlands regardless of the different water levels (see Supplementary Figure 1) or influent concentrations, due to the adaptability of the microbial community to different oxygen availabilities without impact on the efficiency for removing organic pollutants. COD removal efficiency was similar to the ones previously reported using METlands at the mesocosm scale (Aguirre-Sierra et al., 2016; Ramírez-Vargas et al., 2018).

The removal of nitrogen is performed in two stages: the first, nitrification, is typically promoted by aerobic conditions, and the second, denitrification, under anoxic conditions. Therefore, the combination of both conditions in the same system may increase the removal of TN (Cabred et al., 2019). TN removal from both IMDEA configurations showed significant statistical differences (p < 0.05). At IMDEA 1, plants enhanced the degradation of nutrients, reaching an average removal of 4.1 g of TN mbed material–3 day–1 (69%) in an anoxic system, compared to the removal of 2.0 g of TN mbed material–3 day–1 (35%) in the non-planted system (IMDEA 2). This improvement suggests the positive impact of vegetation in terms of ammonia removal, as previously reported in conventional TWs (Brix, 1997; Vymazal, 2010). Additionally, the oxygen supplied by the roots promotes aerobic conditions in the upper part of the system, enhancing the nitrification processes (oxidation of ammonia to nitrate), transforming 72% of NH4–N to nitrate (Aguirre et al., 2005). In addition, the anaerobic conditions under the water level promoted denitrification, achieving concentrations below the detection limit of nitrate in the effluent. In contrast, IMDEA 2 showed just a removal of 2.0 g of TN mbed material–3 day–1 (35%), suggesting a lower oxygen availability to transform ammonia into nitrate. These results were consistent with the 37% TN removal reported in a down-flow non-planted mesocosm METland (Aguirre-Sierra et al., 2016).

In terms of phosphorous removal, the IMDEA 1 system (planted bed) showed a maximum removal of 3.9 g of PO4–P mbed material–3 day–1 during the initial plant growth, surpassing the removal rates of the other METland systems analyzed and the rates reported in the literature about TWs (Kadlec and Wallace, 2008). After this initial period, the phosphorus removal stabilized at lower rates. Usually, the removal of phosphorus involves physical processes like precipitation or sorption, and in electroconductive materials, the PO4–P removal could be related to surface chemistry. Indeed, the chemistry of the electroconductive material is more complex than that of gravel and may have some metal content that favors the P adsorption (Prado et al., 2019). Additionally, these results suggest that the plants could enhance the phosphorus removal through uptake mechanisms as has been reported in TWs (Vymazal and Kröpfelová, 2008). On the other hand, IMDEA 2 accounts for an average removal of 40% of PO4–P (0.5 g PO4–P mbed material–3 day–1), presenting significant differences between planted and non-planted beds (p < 0.05).



Case Study for Treating Wastewater From an Urban Community (Ørby) at a North European Location

At the location in Denmark, the METland systems reached average removal rates above 51.3 g of COD mbed material–3 day–1 (80%), 2.1 g of TN mbed material–3 day–1 (20%), 2.6 g of NH4–N mbed material–3 day–1 (22%), and 1.6 g of PO4–P mbed material–3 day–1 (50%) (Figure 4). COD removal efficiencies had slightly higher values in the saturated section (Ørby 1) in comparison with the partially saturated section (Ørby 2). Thus, no significant differences were found between the two beds, with an average removal of 46.4 g of COD mbed material–3 day–1 (74%) in the saturated bed while 56.3 g of COD mbed material–3 day–1 (86%) in the partially saturated (Ørby 2), even though influent concentration was as high as 900 mg COD l–1, with an average organic load rate (OLR) of 52.0 g m–2 day–1. There were significant differences in TN removal, which was explained by the fact that the water level in one of the beds (Ørby 2) was abated at 0.20 m, favoring higher nitrification, and consequently, doubling the TN removal when compared to the saturated bed. The Ørby system had between 30 and 70% of PO4–P removal (0.8–2.4 g of PO4—P mbed material–3 day–1), without significant statistical difference regarding the water level between beds. These results suggest similar P removal rates to the ones achieved in METlands at mesocosm scale, that fluctuate between 40 and 76% of removal (Aguirre-Sierra et al., 2016; Ramírez-Vargas et al., 2019).

This study of full-scale METland systems corroborates the results obtained in the laboratory experiments (Aguirre-Sierra et al., 2016; Prado et al., 2019; Ramírez-Vargas et al., 2019). The results from the four different systems, together with the data from previous laboratory and mesocosms could set the bases for determining design parameters. Furthermore, it has demonstrated the viability of the technology, treating waters under different climatic conditions, water characteristics, and geographical locations (Peñacoba-Antona et al., 2021a).




Bioelectrochemical Behavior of Full-Scale METlands

The high efficiency of the METland for removing organic pollutants has been correlated with the metabolism of EAB through measuring the EP profiles at mesocosm scale (Ramírez-Vargas et al., 2019; Prado et al., 2020). These studies have revealed that EPs measured at different water depths typically shift if electron flow is taking place along the electroconductive bed. This variable was null in conventional TWs made of an inert material like gravel as reported elsewhere. The present study reports for the first time the EP profiles monitored at METland units operating at full scale under real conditions (Figure 5A). All METlands operated in the current study were made of identical electroconductive material, so, differences in the EP profile were due to the metabolic activity subjected to the different chemical compositions of the water and the operation of the system.
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FIGURE 5. Bioelectrical response of tested METland systems. (A) Electric potential (EP) profiles along water depth; (B) the relation between electron flow density (J) and removed organic load rate (ORR) in terms of COD (%); (C) the relation between OLR at the inlet in terms of COD and coulombic efficiency—CE (%). In panel (A), the EP profiles represent the average of different sampling values (for IMDEA systems: n = 18; for Ørby systems: n = 6). In panels (B,C), each marker represents average values (for IMDEA systems: n = 3; for Ørby systems: n = 2). In all figures, error bars indicate the standard error of the mean.



Electrochemical Behavior for Treating Urban Wastewater

At IMDEA 1 (planted), the electric field extended to a depth of ca. 19 cm with an electric potential of 278.93 mV, and in IMDEA 2 (non-planted) the electric field developed down to 20 cm with an electric potential of 239.90 mV. Likewise, for Ørby systems, the extension of electric fields along the water column was detected. For Ørby 1 (saturated), the electric field developed was 30 cm below the water level (the lowest level measured with the EP sensor) with an EP of 102.94 mV. Furthermore, in Ørby 2 (partially saturated), the electric field was developed to 27 cm below water level with an EP of 60.90 mV. These EP profiles were similar to those reported for METland-based mesocosm systems (Ramírez-Vargas et al., 2019; Prado et al., 2020), whose profiles showed the development of microbial electrical activity using different electroconductive materials (e.g. electroconductive coke and electroconductive biochar) as substrate media.

Besides the development of electric fields along the water depth in the systems, it was possible to identify differences in the maximal EP reached by each system. In the case of IMDEA systems, the highest EP was reached by the planted system (IMDEA 2); in the case of Ørby, the highest EP was reached by the system operating under partial saturation (Ørby 2). The highest potentials measured in the systems can be associated to the highest availability of O2 as the final electron acceptor. In the case of IMDEA 2 system, this could be associated with the oxygen released from the plants’ rhizomes together with diffusion from the atmosphere. In a conventional TW, the O2 availability due to the presence of roots promotes a gradient of oxidation-reduction potential between the upper and lower sections of the system (Aguirre et al., 2005); such oxygen presence enhances electron flows in METlands, and eventually, also removal rates (Prado et al., 2020). In the Ørby 2 system, a high oxygen availability can be generated by the oxygen availability inside the METland bed when it is fed intermittently, as has been reported in tidal flow TWs (Saeed et al., 2020) and mesoscale TW–MFC systems (Han et al., 2019).

Derived from the EP measured in the field, it was possible to estimate the electron current density (J) in the METland system, which provide evidence of the presence of EAB and its relationship with the removal of organic matter (Figure 5B). For IMDEA systems, the J values for the planted system (IMDEA 1) vary in the range of 100.58 to 188.14 mA m–2 and from 45.09 to 223.84 mA m–2 for the non-planted system (IMDEA 2). The difference between the planted and non-planted systems suggests a possible impact of plants on the microbial communities inside the METland system, facilitating the EAB metabolism, therefore boasting the removal of pollutants (Prado et al., 2022). Indeed, the oxygen exchange between the atmosphere and the plant root’s oxygen release increases the oxygen concentration in TWs (Brix, 1997), promoting higher oxidation-reduction potentials in the upper sections of the systems in contrast with the lower ones, therefore providing a redox gradient necessary for MET-based systems (Shen et al., 2018). In the case of the Ørby systems, the J values varied from 36.96 to 125.96 mA m–2 for the fully saturated system (Ørby 1) and between 45.84 and 123.01 mA m–2 for the partially saturated system (Ørby 2). Even though the system was not designed to harvest energy, the registered J values were comparable and even surpassed the current densities reported for TW–MET-based systems designed for simultaneous wastewater treatment and energy harvesting (Corbella et al., 2017; Ramírez-Vargas et al., 2018).

When assessing the association between electron current density (J) and the ORR, a positive relation between J and ORR was established (Figure 5B). However, despite the similarities in terms of bioelectrical response (expressed as J) between the systems, there were differences in terms of ORR, with higher values for Ørby systems in comparison to IMDEA ones. Such difference was probably due to the nature of the wastewater treated by every system (Figure 4), as well as differences in terms of OLR, with higher values for the Ørby systems in comparison to IMDEA systems. Low COD content (ca. 100 mg l–1) present in wastewater from office buildings may host a higher oxygen content capable of stimulating electron flow and eventually consuming the electrons generated by microbial oxidation. So, it is possible to use bioelectrical parameters such as electron current density (J) as an indicator of the removal of organic matter for METland systems. However, this kind of analysis should also consider other parameters like oxygen level or the presence of alternative oxidizing chemicals (e.g., nitrate).

Even though Ørby systems received a higher OLR in comparison to the IMDEA systems, the EPs showed an opposite pattern, with lower values in the Ørby systems and higher in IMDEA systems (Figure 5A). The result showed an impact on the bioelectrochemical productivity of the systems expressed in terms of CE. The relation between OLR and the CE of the systems showed a decreasing pattern (Figure 5C). In the case of systems at IMDEA, CE was between 8.8 and 53% (with OLR between 2.0 and 16.4 g of COD m–2 day–1), whereas in the Ørby systems, the CE values ranged from 0.8 to 2.5% (with OLR between 41.9 and 45.6 g of COD m–2 day–1). The CE values are within the reported ranges of the merging of TWs and other MET-based systems (Doherty et al., 2015a; Ramírez-Vargas et al., 2018).

The treatment of complex mixtures, such as real wastewater, with high and variable OLR should not necessarily result in high CE values. Indeed, the decrease of CE in MET-based systems as the OLR at influent increases has been previously reported (Ghangrekar and Shinde, 2008; Guadarrama-Pérez et al., 2019; Srivastava et al., 2020). The decrease can be attributed to different factors that may hinder the metabolic activity of electroactive microbial communities such as (i) the complexity of organic substrates in wastewater, (ii) the competition with abundant and varied microbial communities, (iii) the presence of anaerobic or methanogenic bacteria, (iv) the change of the internal electric resistance of conductive materials due to heterotrophic biofilm growth, (v) the physical removal of organic matter, and (vi) the increase in acidity affecting the growth of EAB and proton diffusion (Capodaglio et al., 2015; Doherty et al., 2015b; Corbella and Puigagut, 2018; Ramírez-Vargas et al., 2018; Hartl et al., 2019). Despite this decrease, the removal efficiencies from the METland systems were remarkable when operating under high OLR, and were a result of the interaction of different microorganism assemblages (Aguirre-Sierra et al., 2016; Ramírez-Vargas et al., 2020).



Impact on the Distribution of Anodic and Cathodic Zones

Based on the local differences in electron fluxes, the electron transfer rates can be estimated (Ragg) along the bed depth (Figure 6 and Supplementary Figure 2). Furthermore, such transfer rates allow for distinguishing anodic and cathodic zones, which match with the displacement of electric fields within the tested systems (Figure 5A). Thus, positive Ragg values represent the existence of an anodic zone, where the electrons are transferred from a donor (i.e., oxidation of organic pollutants) to an extracellular electron acceptor (electroconductive bed), and negative Ragg values represent a cathodic zone, where the electron transfer from the bed to bacteria is capable of reducing oxygen or nitrate (Prado et al., 2020).
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FIGURE 6. Aggregated electron transfer rate (Ragg) for METland units treating wastewater (i) from an office building (planted IMDEA 1 and non-planted IMDEA 2) and (ii) from an urban community (fully saturated Ørby 1 and partially saturated Ørby 2). Positive values indicate zones where the bed is accepting electrons from an electron donor (anodic reaction), and negative values indicate zones where the bed is donating electrons (cathodic reactions).


In the case of the Ørby systems, operative conditions had an impact on the location and extension of both anodic and cathodic zones. In Ørby 1, there was a predominance of cathodic conditions that extended to 30 cm below the water level (Ragg of −5.85 μmol l–1 day–1), including a remarkable transfer rate reaching up to −136.27 μmol l–1 day–1 on the uppermost area of the system (Figure 6). This could be attributed to the saturated conditions, which limited the availability of terminal electron acceptors like O2 to the interphase in the uppermost zones, where exchange with the atmosphere or diffusion through the plant roots is possible. Additionally, NO3 can also play a role as an electron acceptor for denitrifying microorganisms. The lack of detectable NO3 in the effluent but the presence of ammonia in the influent shows strong evidence for nitrification (Figure 4). In Ørby 2, the cathodic zone reached 21 cm below the water level (Ragg of −11.89 μmol l–1 day–1), including a high cathodic activity present in the uppermost 10 cm (with Ragg between −95.43 and −42.83 μmol l–1 day–1). This distribution of the Ragg profile was mainly an effect of the partially saturated condition, where diffusion and mobilization of O2 from the atmosphere were promoted after feeding by a pulse; likewise, in Ørby 1, nitrate was not detected in the effluent.

Regarding IMDEA, the systems showed similarities between them in terms of the location of the cathodic and anodic zones, ca. 20 cm below the water surface (Figure 6). The main difference between them was the potential impact of the presence of plants in the IMDEA 1 system, which should contribute to higher O2 availability in the uppermost part of the bed. Likewise, in the Ørby systems, the presence of O2 and NO3 as a terminal electron acceptor contributes to the establishment of the cathodic and anodic zones, therefore allowing higher electron transfer values in the IMDEA 1 system (max. Ragg of −292.50 μmol l–1 day–1) than in the IMDEA 2 (max. Ragg of −168.70 μmol l–1 day–1). The cathodic and anodic zones detected in the systems seemed to be developed, not only by the type of configuration or operative conditions of the systems but also by the composition of the wastewater. The cathodic zones in the Ørby systems were deeper in comparison to the IMDEA systems, which could be associated with the highest OLR, whereas in the IMDEA systems, the electron transfer was higher than in the Ørby systems, a fact that could be derived from the relatively higher bioelectrochemical efficiency of the IMDEA systems that received a lower OLR. Likewise, in natural environments such as marine sediments or artificial electroactive biofilters like METlands, the assessment of electron fluxes is evident in the spatial mobilization of electrons from donors to acceptors that are physically in different environments (Prado et al., 2020). There are still open research questions and opportunities to study, in-depth, those dynamics of electron transfers that ultimately trigger an optimal performance of (EAB) in electrobioremediation systems.





CONCLUSION

METlands operated at full scale are an innovative and effective solution for wastewater treatment, capable of reaching removal efficiencies of 90% COD (87 g of COD mbed material–3 day–1) and 70% TN (10.6 g of TN mbed material–3 day–1). This was clearly shown in these two case studies operating at different geographical locations with different wastewater compositions.

The study suggests the possibility of using bioelectrochemical parameters such as electron fluxes (J) to monitor the performance of a METland system in terms of organic matter removal. Keeping in mind that the correlation between electron fluxes and organic matter removal is site-specific, as a future perspective, these results open the possibility for using the current densities to monitor the performance remotely. In addition, the EP monitoring, the estimation of electron fluxes (J), and the electron transfer rate (Ragg) calculations would allow for the detection of the most active zones inside the systems.

In summary, the bioelectrochemical behavior of full-scale electrobioremediation systems is not only a consequence of its operational conditions or configuration but is also affected by the type and composition of the influent wastewater. Lastly, METland technology was validated as an innovative and efficient solution for treating wastewater in decentralized locations.
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Exoelectrogenic microorganisms are in the spotlight due to their unique respiratory mechanisms and potential applications in distinct biotechnological fields, including bioremediation, bioenergy production and microbial electrosynthesis. These applications rely on the capability of these microorganisms to perform extracellular electron transfer, a mechanism that allows the bacteria to transfer electrons to the cell’s exterior by establishing functional interfaces between different multiheme cytochromes at the inner membrane, periplasmic space, and outer membrane. The multiheme cytochrome CbcL from Geobacter sulfurreducens is associated to the inner membrane and plays an essential role in the transfer of electrons to final electron acceptors with a low redox potential, as Fe(III) oxides and electrodes poised at −100 mV. CbcL has a transmembranar di-heme b-type cytochrome domain with six helices, linked to a periplasmic cytochrome domain with nine c-type heme groups. The complementary usage of ultraviolet-visible, circular dichroism and nuclear magnetic resonance permitted the structural and functional characterization of CbcL’s periplasmic domain. The protein was found to have a high percentage of disordered regions and its nine hemes are low-spin and all coordinated by two histidine residues. The apparent midpoint reduction potential of the CbcL periplasmic domain was determined, suggesting a thermodynamically favorable transfer of electrons to the putative redox partner in the periplasm − the triheme cytochrome PpcA. The establishment of a redox complex between the two proteins was confirmed by probing the electron transfer reaction and the molecular interactions between CbcL and PpcA. The results obtained show for the first time how electrons are injected into the periplasm of Geobacter sulfurreducens for subsequent transfer to the cell’s exterior.

Keywords: Geobacter, extracellular electron transfer, inner membrane associated cytochrome, protein-protein interactions, NMR


INTRODUCTION

Microorganisms are the most important biogeochemical agents affecting the chemistry, distribution, and the bioavailability of almost all elements (Popescu et al., 2002). A wide group called dissimilatory metal reducing bacteria (DMRB) plays an important role, namely in the biogeochemical cycles of transition metals as chromium, iron, uranium and manganese (Cavalier-Smith et al., 2006). DMRB can couple their oxidative metabolism to the reduction of extracellular metals like Fe(III), U(VI) or Mn(IV) oxides, as well as electrode surfaces. Unlike the most common respiratory pathways, in which a soluble terminal electron acceptor is reduced inside the cell, DMRB developed an electron transport chain capable of transfering the electrons from inside the cell to the exterior (Nealson and Saffarini, 1994). The best characterized DMRB belong to the Geobacteraceae and Shewanellaceae families, particularly the bacterium Geobacter sulfurreducens that produces the highest power densities of all known exoelectrogenic microorganisms (Vasyliv et al., 2013; Logan et al., 2019). The abundance of c-type cytochromes encoded in G. sulfurreducens genome provides a unique respiratory flexibility (Lovley et al., 2011; Speers and Reguera, 2012). This flexibility can be explored for different applications including the reduction of soluble metals (e.g., Cr(VI), U(VI)) to insoluble precipitates (Cr(III) and U(IV)) in contaminated waters, or the decomposition of hydrocarbon contaminants in soils, which simplifies the bioremediation process of these pollutants (Lovley et al., 2004, 2011). The transport of electrons to the cells’ exterior, a mechanism called extracellular electron transfer (EET), led to the development of different biotechnological applications using bioelectrochemical systems (BES) (Kumar et al., 2015). Microbial fuel cells (MFC), which can couple the oxidation of organic compounds to the production of electric current are the best known BESs, establishing a promising synergy between green energy production and wastewater treatment (Koffi and Okabe, 2020). However, BESs are not limited to MFCs. Microbial electrolysis cells that produce biohydrogen, or microbial desalination cells that desalinate sea water, are also blooming (Al-Amshawee et al., 2020). This wide range of applications makes important to understand the functional mechanism of EET. Studies based on gene-knockout and proteomic analysis in different growth conditions constantly provide new findings that bring more insights on the proteins involved in the EET pathways (Levar et al., 2014; Zacharoff et al., 2016). To date it is well known that these respiratory pathways in G. sulfurreducens encompass different multiheme cytochromes along the inner membrane, periplasmic space, and outer membrane (Ueki, 2021). One remarkable finding was that EET in G. sulfurreducens could only be described when the contribution of multiple governing redox processes was considered (Marsili et al., 2010; Yoho et al., 2014; Rimboud et al., 2015). In 2014, Levar and co-workers showed that a strain without the gene that encodes for the inner membrane cytochrome ImcH (ΔimcH) lost the ability to reduce the electron acceptors Fe(III)-EDTA, Fe(III) citrate, and insoluble Mn(IV) oxides – all with reduction potentials above −100 mV (Levar et al., 2014). However, the ΔimcH mutant was still able to reduce Fe(III) oxides with reduction potentials below −100 mV. These results, in agreement with the hypothesis that distinct routes are necessary to describe EET, suggested that at least one alternative quinone oxidoreductase should be active to permit the growth of the mutated G. sulfurreducens strain in the presence of electron acceptors with low redox potentials. This was further confirmed by Zacharoff and co-workers by the deletion of a gene coding for another inner membrane cytochrome [c- and b-type cytochrome for low potential (CbcL)] and the concomitant inability of the mutated strain to reduce low potential electron acceptors, such as Fe(III) oxides and electrodes poised at −100 mV (Zacharoff et al., 2016). Finally, and more recently, Joshi and co-workers described a third inner membrane cytochrome, designated CbcBA, that was shown to be necessary in the final stages of Fe(III) reduction (Joshi et al., 2021). A G. sulfurreducens strain lacking this multiheme cytochrome ceased Fe(III) reduction at −210 mV and couldn’t perform electron transfer to electrodes between −210 and −280 mV.

The present work focuses on the cytochrome CbcL which is constituted by two domains: a membrane domain with six transmembrane helices and two b-type heme groups, and a periplasmic domain containing nine c-type heme groups. The periplasmic domain of cytochrome CbcL was successfully produced and its characterization was obtained by the complementary usage of different spectroscopic techniques, including UV-visible, circular dichroism (CD) and nuclear magnetic resonance (NMR). Interaction studies between cytochrome CbcL and the triheme cytochrome PpcA, one of its putative redox partners in the periplasm, were also monitored by NMR.



MATERIALS AND METHODS


Cloning

DNA sequence of the gene cbcL (GSU0274, GenBank accession number AAR33608.1) was obtained from G. sulfurreducens PCA genome database from Kyoto Encyclopedia of Genes and Genomes database (Kanehisa et al., 2016). Residues 30-279 (CbcL periplasmic domain) were amplified from genomic DNA using Phusion DNA polymerase (Thermo Scientific) together with primers with restriction sites for NotI and HindIII enzymes. The resulting DNA fragment and vector pVA203 (Londer et al., 2002; Pokkuluri et al., 2004a) were digested, the E-gel® electrophoresis system (Invitrogen) was used to purify them, and T4 DNA ligase (Thermo Scientific) was used to ligate the DNA fragment to the vector. The plasmid was further modified by the addition of a C-terminal Strep-tag®. Plasmids were propagated in Escherichia coli DH5α cells and colony screenings performed by PCR using Taq DNA polymerase (VWR). Positive clones were cultured in liquid medium. The plasmids were then purified using the NZYMiniprep kit (NZYTech) and sequenced by STABVida (Caparica, Portugal). The resulting plasmid pVA203-CbcL-St codes for the signal peptide of the protein OmpA from E. coli followed by the periplasmic domain of CbcL and a C-terminal Strep-tag®.



Protein Expression and Purification

Isolated colonies of E. coli Tuner (DE3)/pEC86+pVA203-CbcL-St were selected and inoculated in liquid 2xYT medium supplemented with 100 μg⋅mL–1 of ampicillin and 34 μg⋅mL–1 of chloramphenicol, and incubated overnight at 30°C and 200 rpm. On the following day, 15 mL of this culture were transferred to 2 L conical flasks, each containing 1 L of liquid 2xYT medium with antibiotics in the same concentration. The cultures were incubated at 30°C and 180 rpm for approximately 8 h until an OD600 ∼1.7 was reached. Cells were collected by centrifugation at 5,500 ×g for 15 min at 4°C. The pellets were then resuspended in buffer W (100 mM Tris-HCl pH 8, 150 mM NaCl, 1mM EDTA), in a ratio of 1 mL of buffer per gram of cells and frozen at −20°C. Cell lysis was performed by a combined method of three freeze/thaw cycles followed by 18 cycles of ultrasonication (3 min on plus 1 min off) with an Ultrasonic homogenizer (Branson) regulated for 65% of amplitude and in the presence of DNase I, 2 mM benzamidine and 1 mM phenylmethanesulfonylfluoride. Cell debris were removed by centrifugation at 48,000 ×g for 1 h at 6°C. The supernatant containing the soluble extract was loaded directly onto a 5 mL Strep-Tactin® XT 4Flow (IBA Lifesciences) column, previously equilibrated with buffer W. The flowthrough was collected and the unbound proteins washed by passing 25 mL of buffer W. The protein was eluted with buffer BXT (buffer W with 50 mM biotin). The eluted sample was dialyzed against 10 mM Tris-HCl pH 8, using a dialysis membrane with a molecular weight cut off (MWCO) 12–14 kDa (Spectrum). After the dialysis step, the sample was loaded onto a 5 mL anion exchange UNOsphere™ Q (Bio-Rad) column, equilibrated with the same dialysis buffer. The protein was eluted with a 75 mL gradient of 0–300 mM NaCl. The fractions were analyzed by SDS-PAGE (12.5%) and stained with BlueSafe (NZYTech). Fractions containing CbcL (unless stated otherwise CbcL’s periplasmatic domain will be referred as CbcL) were concentrated and the buffer exchanged using an Amicon Ultra-4 centrifugal filter unit with a MWCO 10 kDa (Merck-Millipore). After, the samples were loaded onto a Superdex™ 75 Increase 10/300 GL (GE Healthcare) equilibrated with 100 mM sodium phosphate buffer pH 8. Chromatographic steps were performed with an ÄKTA Pure or with an ÄKTA Prime Plus. Final protein purity was evaluated by SDS-PAGE. The molecular weight of CbcL was confirmed by matrix assisted laser desorption ionization coupled to time-of-flight mass spectrometry (MALDI-TOF/TOF MS) performed by the Mass Spectrometry Unit (UniMS), ITQB/iBET, Oeiras, Portugal. For interaction studies with CbcL, PpcA was expressed and purified as previously described (Londer et al., 2002).



UV-Visible Spectroscopy, Protein Quantification, Heme Content and Molar Extinction Coefficient Determination

UV-visible spectra were acquired on a Thermo Scientific Evolution 201 spectrophotometer at room temperature in the reduced and oxidized states. A freshly prepared solution of sodium dithionite was added to the sample to reduce the protein. Protein concentration was measured with the Pierce™ Modified Lowry Protein Assay Kit (Thermo Scientific Pierce; Ohnishi and Barr, 1978), using horse heart cytochrome c as protein standard, and used to determine molar extinction coefficients. Subsequent protein concentrations were calculated using the determined molar extinction coefficients. The protein heme content was determined by the pyridine hemochromogen assay, by measuring the absorbance at 550 nm (for c-type hemes ϵ550nm = 30.27 mM–1⋅cm–1) of a 1.2 μM CbcL solution prepared in 50 mM of NaOH/20% pyridine and reduced by the addition of a freshly prepared sodium dithionite solution (Berry and Trumpower, 1987).



Circular Dichroism Spectroscopy

CD characterization in the Far-UV was performed with a CbcL sample at 10 μM prepared in 10 mM sodium phosphate buffer pH 8. Measurements were performed in an Applied Photophysics Chirascan™ qCD spectropolarimeter using a 300 μL quartz cuvette with 1 mm of path length. The CD spectra at 25°C are an average of three spectral acquisitions with a step-size of 1 nm. A temperature ramp was measured in the range of 10–94°C, with a temperature increment of 2°C for each measurement with 1 min period for stabilization in each temperature. A two-state transition model from folded to unfolded was used to determine the melting temperature and the enthalpy of unfolding (ΔH) (Greenfield, 2007b). The analysis of the CD spectra, including the determination of the composition of the secondary structure elements, was carried out using the online program DichroWeb with the CDSSTR algorithm and SPM180 as a reference dataset (Whitmore and Wallace, 2004).



Nuclear Magnetic Resonance Spectroscopy

NMR experiments were performed either on a Bruker Avance Neo 500 MHz spectrometer or on a Bruker Avance III 600 MHz spectrometer at 25°C. The water signal was used as internal reference for the calibration of the 1H chemical shifts to sodium trimethylsilylpropanesulfonate (Pierattelli et al., 1996). All 1D 1H NMR spectra were acquired with 1024 increments, a sweep width of 70 kHz and processed using TOPSPIN 4.1.1™ (Bruker).


Electron Transfer Experiments

To monitor the electron transfer reaction between CbcL and PpcA, a sample of 100 μM (160 μL) of CbcL prepared in 10 mM sodium phosphate buffer pH 8 was lyophilized (NMR spectra were acquired before and after lyophilization − in the reduced and oxidized states − to confirm that the protein integrity and their redox behavior was not affected) and resuspended in 2H2O inside an anaerobic glovebox (LABstar, MBraun) to avoid the presence of oxygen. The NMR tube was sealed with a gas-tight serum cap and flushed with gaseous hydrogen for reduction in the presence of a catalytic amount of hydrogenase from Desulfovibrio vulgaris. After reduction, argon was used to remove all the hydrogen from the sample. Similarly, a sample of PpcA was lyophilized and resuspended in 20 μL of 2H2O inside the glovebox, resulting in a 3.2 mM sample. The electron transfer reaction between reduced CbcL and oxidized PpcA was followed by a series of 1D 1H NMR spectra each acquired after the addition of increasing equivalents of PpcA to the reduced CbcL sample, inside the anaerobic glovebox.



Protein-Protein Interaction Studies in the Oxidized Form

The molecular interactions between CbcL and PpcA were followed by NMR chemical shift perturbation experiments. For the monitorization of perturbations on PpcA’s NMR signals, a sample of 50 μM PpcA (160 μL) and a sample of CbcL at 800 μM (30 μL) both in 10 mM sodium phosphate buffer pH 8 were prepared by lyophilization and resuspended in 2H2O. A series of 1D 1H NMR spectra were obtained after the addition of increasing amounts of CbcL to PpcA. For the monitorization of perturbations on CbcL’s NMR signals, a sample of 100 μM CbcL (160 μL) and a sample of PpcA at 3.2 mM (50 μL) both in 10 mM sodium phosphate buffer pH 8 were lyophilized and resuspended in 2H2O. A series of 1D 1H NMR spectra were obtained after the addition of increasing amounts of PpcA to CbcL. The pH was monitored to confirm that it was maintained throughout the experiments.

The chemical shift variations of the heme methyl signals of PpcA were used to determine the dissociation constant (Kd). The Kd was determined by a two-parameter non-linear least-square fitting estimated under fast exchange conditions for a one binding site model corrected for the dilution effect, using OriginPro 8.5. The value was determined by the following equation, as described by Kannt et al. (1996).
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In the equation, Δδbind is the chemical shift change at a determined protein ratio, Δδmax is the maximum chemical shift difference between the free and complex form of PpcA, R is the [CbcL]/[PpcA] ratio at each point. [PpcA]0 and [CbcL]0 correspond to the stock concentrations of each protein.




Redox Titrations Monitored by UV-Visible Spectroscopy

Redox titrations were performed in anaerobic conditions with ∼3 μM of CbcL in 80 mM sodium phosphate buffer with NaCl (250 mM final ionic strength) pH 8. The UV-visible spectrophotometer (Thermo Scientific Evolution 300) was coupled to a circulating bath to keep the sample at 15°C. The solution potential was measured by a platinum pin electrode associated with an AgCl/Ag reference (Crison) and corrected for the Standard Hydrogen Electrode (SHE). The electrode was calibrated at the start and at the end of each titration with freshly prepared saturated quinhydrone solutions at pH 7 and pH 4. The following mixture of redox mediators, each at 1 μM final concentration, was added to the protein solution to promote a fast exchange between the redox centers of the protein and the electrode: 1,2-naphtoquinone-4-sulphonic acid (E0′ = +215 mV), 1,2-napthoquinone (E0′ = +143 mV), trimethylhydroquinone (E0′ = +115 mV), phenazine methosulfate (E0′ = +80 mV), phenazine ethosulfate (E0′ = +55 mV), gallocyanine (E0′ = +21 mV), methylene blue (E0′ = +11 mV), indigo tetrasulfonate (E0′ = −30 mV), indigo trisulfonate (E0′ = −70 mV), indigo disulfonate (E0′ = −120 mV), 2-hidroxy-1,4-naphthoquinone (E0′ = −145 mV), anthraquinone-2,6-disulfonate (E0′ = −185 mV), anthraquinone-2-sulfonate (E0′ = −225 mV), safranine O (E0′ = −280 mV), neutral red (E0′ = −325 mV), benzyl viologen (E0′ = −345 mV), diquat (E0′ = −350 mV) and methyl viologen (E0′ = −440 mV) (Dutton, 1978). Potassium ferricyanide and sodium dithionite were used as oxidizing and reducing agents, respectively. The experiment was performed two times, and the reduction potentials were found to be reproducible within ± 2 mV.

The reduced fraction of CbcL was calculated by integrating the area of the α band above the isosbestic points (541 and 559 nm), as previously described (Paquete et al., 2007). The macroscopic apparent midpoint reduction potential (Eapp) value was determined after a nonlinear fit of the experimental data to a model with nine sequential one electron Nernst equations using OriginPro 8.5.




RESULTS AND DISCUSSION


Production of CbcL

The purification of CbcL involved three consecutive chromatographic steps: an affinity step followed by an anion exchange and a size exclusion step (Figure 1A). The purity of CbcL was evaluated by SDS-PAGE (Figure 1A inset) and confirmed by MALDI-TOF/TOF-MS. The peak for pure CbcL in the mass spectra at 34.5 kDa is in agreement with the expected molecular mass of 28.9 kDa of the apo-protein plus 5.6 kDa for the nine heme groups. The presence of the nine heme groups was further confirmed by the pyridine hemochrome assay. The molar extinction coefficients for CbcL were determined by the Lowry colorimetric assay at 408 nm in the oxidized form (ε408nm = 923 mM–1⋅cm–1) and at 552 nm in the reduced form (ε552nm = 230 mM–1⋅cm–1) and were used to calculate the purification yield of CbcL per liter of culture (0.3 mg).
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FIGURE 1. Purification of cytochrome CbcL and its UV-visible spectral features. (A) Size exclusion chromatography elution profile for the last step of CbcL purification. The inset shows an SDS-PAGE gel for purified CbcL (lane 1) and molecular weight marker (lane M). (B) UV-visible spectra of CbcL (1 μM in 10 mM phosphate buffer pH 8) at room temperature. The solid and dashed lines correspond to the reduced and oxidized state (as purified), respectively.




Analysis of CbcL Amino Acid Sequence and Structure Prediction

The local alignment search tool (BLAST) was used to search for similar amino acid sequences to full-length CbcL in the database from NCBI (Altschul et al., 1997). The alignment of the sequences with more than 65% pairwise identity was performed with Clustal Omega (Supplementary Figure 1) (Sievers and Higgins, 2018). The sequences correspond to proteins from the Desulfuromonadales order belonging to Deltaproteobacteria in which the nine binding motifs (CXXCH) characteristic of c-type hemes are conserved. The alignment between CbcL and homologous sequences shows ten conserved histidine residues in the periplasmic domain, in addition to those of the binding motifs, and no conserved methionine residues, suggesting that all the hemes are bis-histidine coordinated. This was further confirmed by the AlphaFold protein structure prediction method (Jumper et al., 2021) using the ChimeraX software tool (Pettersen et al., 2021) (Supplementary Figure 2).



Spectroscopic Characterization of CbcL

Complementary spectroscopic techniques were used for the structural and functional characterization of CbcL. The UV-visible spectra of the oxidized and reduced states (Figure 1B) showed features characteristic of low-spin hexacoordinated c-type hemes: the Soret band (at 408 and 420 nm in the oxidized and reduced states, respectively), and the typical β and α bands at 522 and 552 nm in the reduced state. The spin state of the heme groups was further confirmed by NMR. The 1D 1H NMR spectra of cytochromes provide important information regarding the spin-state of the heme groups and their axial ligands. In fact, the signals for high- or low-spin hemes appear in very distinct spectral regions for each redox state. Cytochromes containing high-spin hemes typically show broad heme methyl signals above 40 ppm (Moore and Pettigrew, 1990). On the other hand, for low-spin hemes these resonances are mainly found up to 35 ppm. For the reduced form, the spectra are also distinct. Cytochromes containing high-spin hemes show larger spectral regions, typically from 30 to −15 ppm, compared to those with low-spin hemes (from 10 to −5 ppm). In the case of CbcL, the 1D 1H NMR spectra in the oxidized and reduced states are considerably different (Figure 2). In the reduced state (Figure 2A), the signals cover the spectral width between 10 and −5 ppm, which is characteristic of a low spin cytochrome (Fe(II), S = 0). In the oxidized state, the signals are broader and cover a larger spectral region from 35 to −7 ppm, as expected from the paramagnetic effect caused by the unpaired electron of each heme (Figure 2B). The shape and the spectral region covered by the signals in the oxidized state also confirms that the heme groups are low-spin (Fe(III), S = ½).
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FIGURE 2. 1D 1H NMR spectra of cytochrome CbcL in the reduced (A) and oxidized (B) forms. The spectra were acquired at 25°C with 100 μM of CbcL in 10 mM sodium phosphate pH 8.


Circular dichroism (CD) spectroscopy in the far-UV region (190–260 nm) was then used to probe the secondary structural elements and the thermal stability of CbcL. The CD spectrum of CbcL (Figure 3A, black line) has a positive maximum at 191 nm and two minima at 207 nm and 218. The signal at 207 is characteristic of α-helical structures whereas that at 218 nm represents a mixture of α-helix and β-sheet structure (Wei et al., 2014). The percentages of secondary structural elements of CbcL were calculated by the program DichroWeb (Whitmore and Wallace, 2004) and are listed in Table 1. The results obtained show that the secondary structure of CbcL is mostly disordered (37%) followed by 29, 18, and 15% of α-helix, β-sheet and turns, respectively. As observed for other multiheme cytochromes, CbcL also has a low ratio of amino acids per heme (28 residues), which restrains the amount of ordered secondary structure as observed for example for the triheme cytochrome PpcA (Pokkuluri et al., 2011) and the dodecaheme cytochrome GSU1996 (Pokkuluri et al., 2010), which have 24 and 26 residues per heme, respectively (Table 1). This is also in agreement with the structural model predicted by AlphaFold that mostly shows disordered and helical elements (Supplementary Figure 2).
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FIGURE 3. Circular dichroism studies of cytochrome CbcL. (A) Far-UV CD spectra of CbcL (10 μM in 10 mM sodium phosphate pH 8) as purified (black) and after the temperature ramp (gray) at 25°C. (B) Far-UV CD spectra of CbcL at different temperatures (10–94°C). (C) Thermal unfolding of CbcL. Mean residue ellipticity [θ] variation at 222 nm as a function of temperature. The solid line represents the fitting of the experimental data to a two-state transition, resulting in a melting temperature of 81 ± 5°C.



TABLE 1. Structural features of cytochromes CbcL, PpcA and GSU1996 from G. sulfurreducens.

[image: Table 1]
The conformational stability of CbcL was assessed by performing temperature-induced denaturation (from 10 to 94°C), monitored by far-UV CD at 222 nm, which reports on the stability of the α-helical secondary structural elements. The data show that the protein unfolding results in the loss of secondary structure, evidenced by the decrease in the ellipticity of the 222 nm signal, particularly above 50°C (Figures 3B,C). An unfolding enthalpy of 82.0 ± 13.2 kJ⋅mol–1 (19.6 ± 3.1 kcal⋅mol–1) was also determined. This value is in line with enthalpy values of unfolding for model monomer proteins (17.7 and 21.5 kcal⋅mol–1) (Greenfield, 2007a). Analyzing the spectra before and after the temperature ramp, it can also be observed that the thermal unfolding is not fully reversible, as the far-UV CD absorption fingerprints are not fully restored. In fact, after the temperature ramp, the spectrum obtained at 25°C (Figure 3A, gray line) shows a shift of the negative band maximum from 207 to 204 nm, as well as a considerable change in ellipticity at 191 nm, when compared with the spectrum obtained before the temperature ramp.



Functional Characterization of CbcL

The next step on the characterization of CbcL was the determination of its reduction potential and redox working functional range. The distinct spectral UV-visible spectroscopic features of CbcL in the oxidized and reduced forms (Figure 1B) were explored to monitor the variation of its reduced fraction with the solution redox potential. Thus, redox titrations followed by UV-visible spectroscopy were performed for CbcL at pH 8 by monitoring the variation of the α-band (552 nm) with the solution redox potential (Figure 4A). The apparent reduction potential (Eapp) of −194 ± 2 mV was determined for CbcL. Given the cellular localization of CbcL at the inner membrane, it is most likely that the electrons are transferred from CbcL to periplasmic proteins also involved in the same extracellular electron transfer pathway. The triheme cytochrome PpcA is the most abundant periplasmic cytochrome and is a putative redox partner of CbcL. The Eapp value of PpcA (−138mV (Morgado et al., 2008)) is less negative then the one obtained for CbcL, suggesting a thermodynamically favorable electron transfer from CbcL to PpcA.
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FIGURE 4. Redox characterization of cytochrome CbcL. (A) Redox titrations at pH 8 monitored by UV-visible spectroscopy. The experimental data are represented by closed (reductive direction) and open (oxidative direction) circles. The solid line represents the fitted curve. The inset shows the α-band region monitored throughout the redox titration. Fully reduced and fully oxidized spectra are represented in yellow and red, respectively. (B) Redox-active windows (1–99% range for protein reduction/oxidation) of CbcL (this work) and PpcA (Morgado et al., 2008) at pH 8. Horizontal black lines correspond to the Eapp of each cytochrome, and horizontal white lines correspond to the fitted sequential macroscopic reduction potential values. (C) Proposed model for extracellular electron transfer to Fe(III) oxides and electrodes poised at -100 mV in G. sulfurreducens.




Monitorization of the Electron Transfer Reaction Between CbcL and PpcA by NMR

The redox properties of CbcL and PpcA, as well as their cellular localization, strongly suggest that CbcL is most likely able to transfer electrons to PpcA. To verify this hypothesis, the electron transfer reaction between CbcL and PpcA was probed by NMR. The spectral features of the 1D 1H NMR spectra of CbcL and PpcA in the reduced and oxidized states were used to assess the electron transfer reaction between the two proteins, following a newly developed strategy to monitor electron transfer between cytochromes (Morgado and Salgueiro, 2022). Thus, a reduced sample of CbcL (CbcLred) was prepared and then titrated with increasing equimolar amounts of oxidized PpcA (PpcAox). After the first addition of PpcAox (Figure 5, 1:1 NMR spectrum) the signals characteristic of reduced PpcA (PpcAred; Supplementary Figure 3) are visible in the region between 5 and 11 ppm (yellow rectangle in Figure 5) and no typical fingerprint of PpcAox is observed (resonances between 11 and 22 ppm), confirming that electrons were transferred from CbcL to PpcA.
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FIGURE 5. Monitorization of the electron transfer reaction between cytochromes CbcL and PpcA by NMR. 1D 1H NMR spectra were acquired at 25°C with 100 μM of CbcL in 10 mM sodium phosphate pH 8 with increasing equimolar amounts of PpcA, up to 1:4 ratio. The rectangles highlight the cytochromes’ fingerprints in the reduced and oxidized states. The schemes represent the addition of equimolar amounts of oxidized PpcA (blue) to the NMR tube containing initially reduced CbcL (yellow). Red represents fully oxidized states, yellow fully reduced states, and intermediate redox states are represented in orange.


Following the subsequent additions of PpcAox the NMR signals of CbcL in the low field region of the spectra above 22 ppm are visible. Since the reduction potential of CbcL is more negative and it has three times more hemes than PpcA, it could be expected that, after the addition of three molar equivalents of PpcAox, CbcL would be fully oxidized. However, this was not observed and, instead, CbcL and PpcA were both in intermediate oxidation states since broad signals are observed between 11 and 30 ppm (1:3 NMR spectrum in Figure 5). Even after the addition of four molar equivalents of PpcAox, an intermediate oxidation state remained for both cytochromes (1:4 NMR spectrum in Figure 5). To confirm that the two cytochromes were in an intermediate oxidation state, the NMR tube was unsealed. The contact with atmospheric O2 led to the fully oxidation of both cytochromes, as confirmed by the typical signals of CbcLox and PpcAox (1:4 + O2 NMR spectrum in Figure 5). This experimental setup allowed to observe the partial reduction of PpcA with electrons provided by CbcL, indicating that this redox pair is indeed able to transfer electrons with the directionality expected from their reduction potential values. The results also indicate that the physiological state of the cytochromes is neither fully reduced nor oxidized. Indeed, the difference of 56 mV in their apparent midpoint reduction potential values assures an overlap of their redox windows (Figure 4B). This overlap explains why electrons are not fully transferred from CbcL to PpcA. Instead, they remain in equilibrium acting as a reservoir of electrons to permit a constant flow whenever CbcL is loaded with electrons by the quinone pool, and PpcA oxidized by its redox partner (Figure 4C).



Interaction Studies Between CbcL and the Periplasmic Cytochrome PpcA

Having shown that CbcL and PpcA can exchange electrons, the distinct NMR spectral features of the two cytochromes were then explored to determine the affinity constant of the redox complex. NMR chemical shift perturbation experiments have been used to probe interacting regions between redox proteins, particularly in the oxidized state for which the signal dispersion is considerably larger compared to the reduced form (Bashir et al., 2011; Fonseca et al., 2013; Dantas et al., 2017; Fernandes et al., 2017). This is case of cytochromes CbcL and PpcA whose spectra in the oxidized state are considerably different (Figure 2). In the case of redox complexes between multiheme c-type cytochromes, it is expected that at least one heme from each protein would be in close contact. Thus, if interacting, the chemical environment in the vicinity of these groups would be altered and the chemical shift (or broadening) of the heme methyl(s) signal(s) would be affected. Therefore, in the present work, NMR chemical shift perturbation experiments were carried out for the two cytochromes in the oxidized state by adding successive amounts of one cytochrome to the other. Supplementary Figure 4 depicts the 1D 1H NMR spectra of CbcL in the low-field region titrated with increasing amounts of PpcA. The heme methyl signals of CbcL that are detected between 22 and 35 ppm are not affected upon addiction of PpcA. However, this does not completely exclude the interaction, since the binding region could be in the vicinity of the heme groups whose resonances are not detected in that region of the spectra. Consequently, the chemical shifts perturbations were also probed for PpcA heme methyl signals (Figure 6A). The higher perturbation was observed for the heme methyl 181CH3I and the variation of its chemical shift was used to determine the dissociation constant (Kd) of the complex (Figures 6B,C). The value obtained in the micromolar range (57 ± 9 μM) suggests the formation of a low affinity complex characteristic of redox partners and is in line with values previously reported for redox proteins (Bashir et al., 2011; Meschi et al., 2011; Fonseca et al., 2013).
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FIGURE 6. Binding studies between cytochromes PpcA and CbcL followed by NMR chemical shift perturbation experiments. (A) 1D 1H NMR spectra of PpcA acquired with increasing amounts of CbcL (ratio PpcA:CbcL indicated on the left side of each spectrum). Spectra were acquired at 25°C with 50 μM of PpcA in 10 mM sodium phosphate pH 8. (B) Expansion of the region containing the most affected heme methyl signal 181CH3I. (C) Binding curve for CbcL and PpcA monitored by the chemical shift changes of heme methyl 181CH3I. The error bars represent estimated experimental errors. The solid line represents the fitting for a Kd of 57 ± 9 μM.





CONCLUSION

Multiheme cytochromes have a crucial role in extracellular electron transfer mechanisms in exoelectrogenic microorganisms, acting as electron capacitors and carriers. Cytochrome CbcL is one of the inner membrane quinone oxidoreductases identified in G. sulfurreducens and was shown to be essential for the reduction of extracellular electron acceptors with reduction potentials lower than −100 mV. CbcL is composed by a transmembrane domain and a soluble periplasmic domain, and the latter is a c-type cytochrome with nine heme groups and was biochemically characterized in this work. The spectroscopic characterization revealed that the hemes are low spin and coordinated by two histidine residues and that the polypeptide chain has a low content of secondary structural elements, features that are typically observed for multiheme cytochromes. Compared to the one of the periplasmic cytochrome PpcA (−138 mV), the reduction potential value of CbcL (−194 mV) is more negative. This suggests a thermodynamically favorable electron transfer from CbcL to PpcA and a putative formation of a redox complex. Using NMR it was possible to unequivocally confirm the formation of this complex. In fact, direct electron transfer from reduced CbcL to oxidized PpcA was observed in 1D 1H NMR titrations. Additionally, NMR chemical shift perturbation experiments also showed the formation of a low affinity complex between the two cytochromes.

The unequivocal demonstration of the formation of a complex between CbcL and PpcA, as well as the superimposition of their redox active windows assures the continuous flow of electrons from the inner membrane towards the periplasm and ultimately to the extracellular electron acceptors.
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Cable bacteria are multicellular sulfide oxidizing bacteria that display a unique metabolism based on long-distance electron transport. Cells in deeper sediment layers perform the sulfide oxidizing half-reaction whereas cells in the surface layers of the sediment perform the oxygen-reducing half-reaction. These half-reactions are coupled via electron transport through a conductive fiber network that runs along the shared cell envelope. Remarkably, only the sulfide oxidizing half-reaction is coupled to biosynthesis and growth whereas the oxygen reducing half-reaction serves to rapidly remove electrons from the conductive fiber network and is not coupled to energy generation and growth. Cells residing in the oxic zone are believed to (temporarily) rely on storage compounds of which polyphosphate (poly-P) is prominently present in cable bacteria. Here we investigate the role of poly-P in the metabolism of cable bacteria within the different redox environments. To this end, we combined nanoscale secondary ion mass spectrometry with dual-stable isotope probing (13C-DIC and 18O-H2O) to visualize the relationship between growth in the cytoplasm (13C-enrichment) and poly-P activity (18O-enrichment). We found that poly-P was synthesized in almost all cells, as indicated by 18O enrichment of poly-P granules. Hence, poly-P must have an important function in the metabolism of cable bacteria. Within the oxic zone of the sediment, where little growth is observed, 18O enrichment in poly-P granules was significantly lower than in the suboxic zone. Thus, both growth and poly-P metabolism appear to be correlated to the redox environment. However, the poly-P metabolism is not coupled to growth in cable bacteria, as many filaments from the suboxic zone showed poly-P activity but did not grow. We hypothesize that within the oxic zone, poly-P is used to protect the cells against oxidative stress and/or as a resource to support motility, while within the suboxic zone, poly-P is involved in the metabolic regulation before cells enter a non-growing stage.
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INTRODUCTION

Cable bacteria are long, unbranched filamentous microorganisms consisting of thousands of cells that metabolically cooperate through electrical currents (Pfeffer et al., 2012). A given filament spatially couples sulfide oxidation (H2S + 4 H2O→SO42– + 10 H+ + 8 e–) in deeper sediment layers to oxygen reduction (O2 + 4 H+ + 4 e–→4 H2O) at the sediment-water interface via a process termed long-distance electron transport (Nielsen et al., 2010; Pfeffer et al., 2012). These two redox half-reactions are thus occurring in different cells of the same filament, with the necessary electrical coupling ensured by the transport of electrons over centimeter-scale distances through a conductive fiber network that runs internally (i.e., within the shared periplasmic space) along the entire filament (Meysman et al., 2019; Thiruvallur Eachambadi et al., 2020). This spatial separation of redox half-reactions gives cable bacteria a competitive advantage over other sulfide-oxidizing bacteria, because it allows them to harvest energy from aerobic sulfide oxidation even though free sulfide is spatially separated from molecular oxygen by centimeter-scale distances (Pfeffer et al., 2012; Risgaard-Petersen et al., 2012; Meysman, 2018).

Cable bacteria are facultative autotrophs that mainly assimilate inorganic CO2 via the Wood-Ljungdahl pathway, but can also assimilate propionate (Vasquez-Cardenas et al., 2015; Kjeldsen et al., 2019; Geerlings et al., 2020). They are found in a wide range of aquatic sediment environments including marine (Malkin et al., 2014; Burdorf et al., 2017), freshwater (Risgaard-Petersen et al., 2015), and aquifer (Müller et al., 2016) sediments. They have also been found in association with oxygenated zones around plant roots (Scholz et al., 2019) and worm tubes in marine sediments (Aller et al., 2019), or attached to the anode of a benthic microbial fuel cell placed in anaerobic conditions (Reimers et al., 2017).

A conspicuous aspect of the metabolism of cable bacteria is that the metabolic energy harvested through long-distance electron transport is not made equally available to all cells within a filament (Geerlings et al., 2020). Specifically, cable bacteria filaments display a remarkable division of “energy rewards,” in which only the sulfide oxidizing cells gain enough energy for biosynthesis and growth, whereas the oxygen reducing cells dispense electrons as quickly as possible without biosynthesis and growth (Kjeldsen et al., 2019; Geerlings et al., 2020). Therefore, the oxygen reducing cells appear to provide a kind of “community service” to the filament by ensuring that the electrical current can flow, but only facilitates the growth of the sulfide oxidizing cells (Geerlings et al., 2020).

To maintain their function, oxygen reducing cells have been hypothesized to temporarily rely on storage compounds, of which polyphosphate (poly-P) is the most ubiquitous within cable bacteria (Kjeldsen et al., 2019; Geerlings et al., 2019). For example, poly-P granules have been observed in both marine (Sulu-Gambari et al., 2016; Geerlings et al., 2019) and freshwater (Kjeldsen et al., 2019) cable bacteria. The size and density of the granules widely vary among filaments from the same redox environment and to a lesser extent also within individual filaments (Geerlings et al., 2019).

Poly-P is a ubiquitous inorganic biopolymer consisting of tens to hundreds of phosphate residues linearly linked together by the same high-energy phosphoanhydride bond that is also found in ATP (Rao et al., 2009). Poly-P granules are found in cells across all three domains of life (Rao et al., 2009) and were actually one of the first subcellular structures described in bacteria (Meyer, 1904). The enzymes involved in poly-P metabolism are highly conserved (Rao et al., 2009), and it is believed that poly-P has played a key role in the origin of life (Brown and Kornberg, 2004; Achbergerová and Nahálka, 2011). In microbial cells, poly-P appears to have distinctive biological functions depending on the abundance, chain length, biological source, and subcellular location of the granules. It is thought to act as an ATP substitute and energy storage molecule, although the metabolic turnover of ATP is considerably faster than that of poly-P (Kornberg, 1995; Ault-Riché et al., 1998). Poly-P granules can also serve as reservoir for orthophosphate (Pi). Due to their anionic nature, poly-P molecules typically form complexes with cations, so they can also function as a chelator of metal ions and a buffer against alkali ions (Kornberg, 1995; Seufferheld et al., 2008; Rao et al., 2009). Finally, poly-P has been claimed to aid the channeling of DNA from the environment into the cell and appears to regulate the responses to stresses and adjustments for survival, especially in the stationary phase of culture growth and development (Kornberg, 1995; Rao and Kornberg, 1996; Ault-Riché et al., 1998; Rao et al., 1998). Recent research has demonstrated that poly-P chains can also function as a protein chaperone during stress conditions, where a poly-P chain counteracts irreversible protein aggregation by stabilizing proteins and maintaining them in a refolding-competent formation (Gray et al., 2014).

In cable bacteria, it was hypothesized that poly-P acts as a “survival energy package” for cells that glide into the oxic zone when performing “community service”, thus functioning as a substitute for ATP or as a protection against oxidative stress (Kjeldsen et al., 2019; Geerlings et al., 2020). Indeed, differences in the relative phosphorus content (i.e., cellular P/C) between cells residing in the suboxic and oxic zone have been observed and attributed to a build-up of poly-P in the suboxic zone and a breakdown of poly-P in the oxic zone (Geerlings et al., 2020). However, this hypothesis needs further testing, as other roles for poly-P are possible. For example, it has been argued that poly-P can be involved in Ca2+/H+ homeostasis to maintain optimum intracellular pH levels in the alkaline oxic zone (Geerlings et al., 2019), or act as an internal energy storage that drives the motility of cable bacteria (Bjerg et al., 2016). In this research we aim to assess the dynamics of poly-P in individual cells of cable bacteria and explore how this data can help us further elucidate the possible role(s) of poly-P in cable bacteria, both in the oxic and suboxic zone of the sediment.

Assessment of poly-P dynamics in cable bacteria is hampered by methodological challenges. Stable isotopes exist for elements such as carbon and nitrogen, which allows tracing of metabolic pathways involving these elements on a single-cell level using stable isotope probing (SIP) combined with nanoscale secondary ion mass spectrometry (nanoSIMS) (Musat et al., 2016). However, P can only be traced through radiolabelling that involves the addition of the short-lived 33P isotope and a subsequent quantification of the enrichment in the daughter isotope 33S (Schoffelen et al., 2018), since it only has one stable isotope.

Recently, an indirect method was applied to study poly-P metabolism in bacteria, which utilizes SIP with 18O-labeled water (H218O) in combination with nanoSIMS (Langer et al., 2018). This method exploits the relatively rapid exchange of O-atoms between phosphate and water molecules catalyzed by enzymes. Still, labeled O-atoms from water molecules can also be incorporated into proteins and other molecules. Thus, the 18O-enrichment of biomass resulting from an incubation with H218O provides an indicator of a general metabolic activity of a cell (Ye et al., 2009) and cannot be assigned to a specific metabolic pathway such as poly-P synthesis. However, when SIP with H218O is combined with nanoSIMS, the general and poly-P-specific activity can be assessed separately through separate and spatially resolved measurement on poly-P granules and other cell material offered by nanoSIMS (Langer et al., 2018).

In this study, we combine dual-label SIP (13C and 18O) and nanoSIMS to investigate the poly-P metabolism in cable bacteria, including the spatial-temporal dynamics of poly-P synthesis and its connection to carbon metabolism. To this end, we amended sediment cores containing an active cable bacteria population with 18O-labeled water (targeting both poly-P synthesis and general metabolism) and 13C-labeled bicarbonate (targeting inorganic carbon assimilation and thus biomass growth). After 6 and 24 h of incubation, we retrieved individual cable bacterium filaments from three zones in the sediment (oxic, transition, and suboxic) and measured their 18O and 13C isotope labeling and relative phosphorus content with nanoSIMS.



MATERIALS AND METHODS


Cable Bacteria Culturing

Enrichment cultures with cable bacteria were prepared from natural sediment collected on 27-09-2019 within a creek bed from the Rattekaai Salt Marsh (Netherlands; 51.4391°N, 4.1697°E). At this site, earlier studies have documented the presence of cable bacteria in situ (Malkin et al., 2014). After collection in the field, the sediment was brought to the laboratory at Utrecht University, where it was sieved (500 μm mesh size) to remove fauna and large debris, homogenized, and subsequently re-packed into polycarbonate cores (height: 12 cm, inner diameter: 5.2 cm). The sediment cores were submerged in artificial seawater (ASW; salinity of 32, the in situ value) and incubated in the dark for several weeks until an active cable bacteria population developed. The overlying seawater was continuously bubbled with air to maintain 100% air saturation, and the temperature (20°C) and salinity were kept constant throughout the incubation. A total of 19 cores were incubated, all prepared from the same batch of sediment.



Microsensor Depth Profiling

Cable bacteria activity was monitored within the incubated cores using microsensor depth profiling (O2, H2S, and pH). This so-called geochemical fingerprint provides information about the developmental state and metabolic activity of the cable bacteria population (Nielsen et al., 2010; Risgaard-Petersen et al., 2012; Malkin et al., 2014). The microsensor depth profiles were also used to delineate the oxic, transition, and suboxic zones in the sediment at the time of core sectioning (see Section “Filament Retrieval from the Sediment”).

Microsensors (tip diameters; O2: 50 μm, H2S: 100 μm, pH: 200 μm) were purchased from Unisense A/S (Denmark), connected to a four-channel Microsensor Multimeter (Unisense), and mounted in a two-dimensional micro-profiling system that enabled stepwise movement of sensors. The SensorTrace PRO software (Unisense) was used to control the vertical movement of the microsensors and record sensor signals. A general-purpose reference electrode (REF201 Red Rod electrode; Radiometer Analytical, Denmark) was used during pH measurements. Calibration of the microsensors was performed as previously described (Malkin et al., 2014).

Cable bacteria population developed in all but one of the incubated sediment cores. Five cores with the largest ΔpH were selected for the SIP experiment. The quantity ΔpH, defined as the difference between the maximum and minimum pH in the oxic and suboxic zone, respectively, provides a good proxy for comparing cable bacteria activity among different populations (Burdorf et al., 2018).



Stable Isotope Probing

For the SIP experiment, 10 mL of stock solution was prepared by mixing 2 mL of H218O (Sigma-Aldrich; 18O atom fraction of 0.99) and 8 mL of artificial seawater (ASW) with a natural abundance of 18O (18O atom fraction of 0.002). Hence, the 18O atom fraction of water in the stock solution was 0.2. The ASW contained no Mg2+ and Ca2+ ions (to avoid precipitation of Mg13CO3 and Ca13CO3) and no bicarbonate ions (to avoid 13C label dilution). The stock solution was additionally labeled in 13C by adding 13C-bicarbonate (NaH13CO3, Sigma-Aldrich; 13C atom fraction of 0.99) to a final concentration of 62 mM. This concentration and labeling were chosen because they were successfully applied in previous SIP experiments (Vasquez-Cardenas et al., 2015; Geerlings et al., 2020, 2021).

Dual labeling (H218O and H13CO3–) of the sediment cores was done by first inserting a sub-core (inner diameter 1.2 cm, length 5 cm) into each culturing core without disturbing the sediment, and then injecting 500 μL of the labeled stock solution into the sub-core in ten separate and parallel 50 μL injections. To ensure homogeneous spread of the label throughout the sediment, the syringe needle was first inserted to a depth of 5 cm, and then the 50 μL dose of liquid was released while slowly retracting the needle upward. The use of the sub-core ensured that the label was spread within a well-constrained volume. Subsequently, the cores were incubated for 6 h (two replicate cores) and 24 h (two replicate cores), with one additional core chosen as an unlabeled control. Temperature was kept constant at 20°C during all incubations. At the end of the SIP incubation period, the sub-core was carefully pulled out of the sediment core and sectioned based on the redox zonation (see next section). Cable bacteria were retrieved from each sediment section and imaged by scanning electron microscopy (SEM) and NanoSIMS.

During the SIP incubation, each sub-core was overlain with a thin layer of water (∼2 mm) with the same 18O and 13C labeling as the porewater. Additionally, the cores were placed in a sealed container filled with air and the bottom covered with a thin layer of ASW with the natural abundance of 18O and a similar 13C labeling as that of the porewater. This setup ensured similar 13C labeling of the porewater and the CO2 pool in the surrounding atmosphere inside the sealed contained and thus negligible 13C label loss from the porewater due to air-water gas exchange. Because the system was stagnant, the loss of 18O label from the porewater due exchange with the thin layer of ASW at the bottom of the sealed container was also negligible.

Based on the volume of the sub-core (5.65 mL) and the porosity of sediments from the Rattekaai salt marsh (0.75; L. Burdorf, 2017 thesis, p. 141), the porewater volume in the sub-core was estimated at 4.24 mL. Since 500 μL of the porewater was replaced by the stock solution, the estimated final 18O atom fraction of the porewater was 0.025. This is about two-fold greater than the 18O-labeling of water used in the SIP experiment by Langer et al. (2018) (S. Langer, personal communication). We assumed that all sub-cores in the replicate cores had the same 18O-labeling, as the sub-core dimensions and the volume of the injected stock solution were identical.



Filament Retrieval From the Sediment

Cable bacterium filaments were retrieved from the sediment matrix under a stereo microscope using fine glass hooks custom-made from Pasteur pipettes. Filaments were retrieved separately from the oxic zone (0-2 mm depth), middle of the suboxic zone (5-10 mm depth), and the oxic-suboxic transition zone, the latter defined here as the zone up to 1 mm below the oxic zone (Supplementary Figure 1). The depth range of these zones were derived from microsensor measurements conducted just before core sectioning. Previous studies showed that in the transition zone, the density (Seitaj et al., 2015) and motility (Bjerg et al., 2016) of cable bacteria are highest. Retrieved filaments were washed several times (> 3) in Milli-Q water (Millipore, Netherlands) to eliminate precipitation of salts, transferred onto polycarbonate filters (pore size 0.2 μm; Isopore, Millipore, Netherlands) that were pre-coated with a 5-10 nm thin gold layer, and air-dried in a desiccator for about 24 h.



Scanning Electron Microscopy

Filaments on the polycarbonate filters were imaged with a scanning electron microscope (JEOL Neoscope II JCM-6000, Japan) to identify filament segments suitable for NanoSIMS analysis. Imaging was done under a 0.1-0.3 mbar vacuum and a high accelerating voltage (15 kV) using a backscatter electron detector.



NanoSIMS Analysis

NanoSIMS analysis was performed with the nanoSIMS 50L instrument (Cameca, France) operated at Utrecht University. Fields of view (FOV) selected through SEM imaging were pre-sputtered with Cs+ ions until secondary ion yields stabilized. Subsequently, the primary Cs+ ion beam (current: 0.5-10 pA, energy: 16 keV, beam size: 130 nm, dwell time: 1-2 ms per pixel) was scanned over the FOV (areas between 10 × 10 μm and 20 × 20 μm in size) while detecting secondary ions 12C14N–, 13C14N–, 31P–, 16O–, 18O–, and 32S–.

Initial measurements employed a relatively short pre-sputtering interval (10 min) and a low primary ion current (0.5-2 pA), which resulted in relatively low 18O– and 31P– ion yields during the subsequent analysis conducted with the same current. Thus, during the analysis, the primary ion current was increased to 10 pA to enable quantification of 18O labeling in poly-P granules with a desirable precision and within a reasonable time interval (few hours). This increase in the primary ion current resulted, however, in excessive count rates on the electron multiplier used for the detection of 12C14N– (> 105 cps). To prevent detector aging due to such high count rates, 12C14N– ions were therefore not detected during these measurements. As a down-side, 13C labeling could not be determined for these initial measurements.

Later in the analysis, we noted that the 18O– and 31P– secondary ion yields were low during the initial measurements because the probed volume was too close to the cell surface, whereas the poly-P granules were present deeper within the cell biovolume. Therefore, we changed the measurement protocol by including much longer pre-sputtering intervals (20-30 min), which allowed us to probe the more inner parts of the cells during the subsequent analysis using low primary ion currents (0.5-2 pA). Specifically, it allowed us to detect all target secondary ions and thus simultaneously determine both 13C and 18O labeling of the biomass of cable bacteria, including poly-P granules.

NanoSIMS analysis of most samples focused on the variation of the mean isotopic and elemental composition among cells within filaments. In these analyses, the same FOV was imaged multiple times (100-300 frames) and the resulting ion count images were aligned and accumulated. For selected samples, we aimed to obtain additional insight into the 3D distribution of the isotopic and elemental composition within cells. These measurements were therefore conducted with a substantially larger number of frames (up to 7,000) until the sample material was completely sputtered by the primary ion beam.

NanoSIMS data were processed using the Matlab-based software Look@NanoSIMS (Polerecky et al., 2012). After alignment and accumulation of the measured planes, regions of interest (ROIs) corresponding to the poly-P granules were drawn manually using the combined 12C14N– (or 13C14N–), 18O– and 31P– ion count images. ROIs were not drawn for cells that appeared damaged. For each ROI, the ROI-specific 18O atom fraction was calculated as x(18O) = 18O–/(16O– + 18O–) using the total counts of 18O– and 16O– accumulated over the ROI pixels. Similarly, the ROI-specific 13C atom fraction was calculated as x(13C) = 13C14N–/(12C14N– + 13C14N–) from the total counts of 12C14N– and 13C14N– (only if the 12C14N– ions were detected). Note that when detecting secondary ions from a given poly-P granule, the probed volume partly also included the cytoplasm of a cell in which the poly-P granule was embedded (e.g., “above” or “below” the granule; see Results, Figure 1). Thus, the 13C atom fraction determined in the ROI drawn around a poly-P granule represents the 13C atom fraction in the surrounding cytoplasm.
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FIGURE 1. Distributions of 13C and 18O labeling in cable bacteria. Shown are representative data for filament segments retrieved from the suboxic zone after 6 h of incubation. (A) Intensity of secondary electrons (log-transformed). (B)13C atom fraction, calculated as 13C14N/(12C14N + 13C14N). (C)18O atom fraction, calculated as 18O/(16O + 18O). (D) Relative phosphorus content, approximated as 31P/(12C14N + 13C14N). (E,F) Depth profiles of the 13C atom fraction, 18O atom fraction, and the relative phosphorus content along profiles spanning across four cells from two filaments. Profiles correspond to filaments that showed no (panel E) and some of the highest (panel F) carbon assimilation during the incubation. The corresponding profile locations are shown by the white and black dotted lines in panel (B). White arrows point toward selected polyphosphate granules present in the cells. Color scales for panels (E,F) are the same. Scale bar is 3 μm.


To quantify 13C and 18O labeling, we used excess atom fractions calculated according to xE(13C) = x(13C) – xi(13C) and xE(18O) = x(18O) – xi(18O), respectively, where xi(13C) and xi(18O) correspond to the atom fractions determined for control cells. Based on these quantities, we classified filaments as ‘inactive’ when xE(13C) < 0.0006 and xE(18O) < 0.00025 (the threshold levels correspond to 3 standard deviations of the respective excess atom fractions determined for control filaments), ‘minimally active’ when xE(13C) ≤ 0.001 (reflecting the lowest 25% of measured filament fragments and 2% of the maximum measured excess 13C atom fraction) and xE(18O) ≤ 0.0004 (which reflects the lowest 10% of measured filament fragments), and ‘active’ when xE(13C) > 0.001 or xE(18O) > 0.0004.

To gain insight into the 3D distribution of the isotopic and elemental composition and the position of the poly-P granules within cells, Look@NanoSIMS was additionally used to visualize the depth variation in the nanoSIMS data along a lateral or transversal profile. This analysis was done as previously described (Geerlings et al., 2021).



Statistical Analysis

Overall, data was obtained for 1887 poly-P granules in 884 cells from 203 filament segments (Table 1). Out of these, 126 poly-P granules in 29 cells from 7 filament segments belong to the control samples. Both the 18O and 13C atom fractions are available for 704 cells (from 164 filament segments), while data available for the remaining 151 cells (from 32 filament segments) only includes the 18O fraction.


TABLE 1. Number of poly-P granules, cells and filament fragments measured in this study.
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Statistical analysis of this dataset focused on the following aspects: (i) the effect of the redox environment and labeling period on the 13C labeling of the cytoplasm and the 18O labeling of the poly-P granules, (ii) variation in the 18O labeling of the poly-P granules within a cell, within a filament, and among filaments, and (iii) the relationship between the average 18O labeling of the poly-P granules and the corresponding 13C labeling of the surrounding cytoplasm within each filament fragment.

The first two aspects were assessed by fitting the data with a linear mixed model (separately for the 13C and 18O data), which was done in R using the package nlme (Pinheiro et al., 2021). The analysis considered the hierarchical structure of the data (i.e., nesting of cells within filaments for the 13C data, and nesting of poly-P granules within cells, which are further nested within filaments, for the 18O data) and the unbalanced experimental design (Table 2). The ‘redox zone’ (oxic, transition, suboxic) and the ‘labeling period’ (6 h, 24 h) were defined as fixed effects, whereas ‘filament’ (when testing the excess 13C labeling of cells) and ‘cell’ and ‘filament’ (when testing the 18O labeling of poly-P granules) were chosen as random effects in the model. For model selection, a step-up approach was used, which starts with a reference model that contains all fixed components and their interactions. This so-called “beyond optimal model” was then used to find the best variance structure and random structure (Zuur et al., 2009). Using the output of the linear mixed model for the poly-P-specific 18O data, we calculated the percentage of variance in the data explained by differences among filaments, among cells within the same filament, and differences within the same cell. Similarly, we calculated the percentage of variance explained by differences among filaments and among cells within the same filament for the cell-specific 13C data. The third aspect was assessed by calculating the Kendall rank correlation coefficient (τ), which is a robust parameter used for testing correlations in non-normally distributed data (Dalgaard, 2013). Details of the statistical analysis are provided in the Supplementary Methods.


TABLE 2. Description of the different variables used in the linear mixed models.
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RESULTS


Patterns in 13C and 18O Labeling of Cable Bacterium Filaments

Patterns shown by the 13C data in the present study are similar to those observed previously (Geerlings et al., 2020, 2021). 13C labeling was mainly restricted to filaments from the transition and suboxic zone, whereas filaments from the oxic zone displayed no, or only very low, 13C labeling (SI Appendix, Supplementary Figure 2). Furthermore, the 13C labeling was highly variable among filaments from the transition and suboxic zone, but highly similar when compared among cells within the same filament (Figure 1 and Supplementary Figure 2).

In contrast to the low intra-filament variability in 13C labeling, there was a clear variation in the 18O labeling of poly-P granules among cells from the same filament (Figure 1). However, adjacent cells displayed a similar pattern when compared with respect to the size, position, and number of granules per cell, which is congruent with earlier observations on poly-P granules in cable bacteria (Geerlings et al., 2019).

Depending on the diameter of the filament and the intracellular spatial organization of the poly-P granules, two different morphotypes of cable bacteria were distinguished: (i) “thin” filaments (diameter ∼0.5-1 μm), which mostly contained two similarly-sized (diameter ∼100-300 nm) poly-P granules per cell, one at each cell pole (Figure 2A), and (ii) “thicker” filaments (diameter above 1 μm), which contained variable spatial organizations of the poly-P granules within cells. Some cells in the thicker filaments contained many small poly-P granules, while others contained only a few larger ones (Figure 2B). It is unknown whether the different morphotypes represent different species of cable bacteria or they are different manifestations of the same species in a different stage of the life cycle.
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FIGURE 2. Representative images of two morphotypes of cable bacteria observed in this study. Images are shown as overlays of the 18O atom fraction (in green) and 31P ion counts (in blue). (A) “Thin” filaments (diameter 0.5-1 μm) mostly contained two poly-P granules at the poles of each cell, but cells containing three poly-P granules were occasionally also observed (see white arrows). (B) “Thicker” filaments (diameter > 1 μm) contained multiple poly-P granules per cell. Filaments shown in panels (A,B) were retrieved from the transition zone after 24 h of labeling and from the suboxic zone after 6 h of labeling, respectively. Dotted white lines depict cell junctions. Scaling for the green and blue colors was optimized independently for each image to enhance the visibility of the poly-P granules. Scale bar is 3 μm. The original images of the 18O atom fraction and 31P ion counts are shown in Supplementary Figure 3.


Both the 13C labeling of the cytoplasm and the 18O labeling of the poly-P granules were highly variable when compared among different filaments (Figures 1, 3, 4, Table 3 and Supplementary Figure 2). Based on the combined 13C and 18O data, we divided the filaments into four classes (see Methods for details). Class 1 includes filaments considered as metabolically inactive or minimally active during the labeling period. This class contained 4.3% (7/164) of filaments (1 inactive and 6 minimally active), all originating from sediment cores incubated for 6 h. Note that this number does not include filaments without detectable poly-P granules at the end of the nanoSIMS analysis. Class 2 includes filaments that showed 13C labeling of the cytoplasm but no, or only minimal, 18O labeling of the poly-P granules. This pattern was observed in 3.7% (6/164) of filament fragments, all from the 6 h incubation. Class 3 includes filaments that showed no, or only minimal, 13C labeling but contained poly-P granules with a significant 18O labeling (Figure 1E). This pattern, observed in 23% (38/164) of filament fragments, indicates that the filaments did not grow during the SIP incubation but were still active with respect to poly-P metabolism (see Discussion). The highest proportion of filaments (113/164, i.e., 69%) was assigned to class 4, which includes filaments with high labeling in both 13C and 18O. For these filaments, 18O labeling of the poly-P granules was significantly greater than that of the cytoplasm (Figure 1F). This labeling pattern indicates that these filaments were simultaneously active with respect to growth and poly-P metabolism. Overall, around 78% of filaments from the transition and suboxic zone were actively growing during the 6 h or 24 h incubation period, and around 92% of all measured filaments (from all redox zones) displayed poly-P activity (Table 3).
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FIGURE 3. Representative images of the 18O atom fraction in cable bacteria. Filaments were retrieved after 6 h (A–C) and 24 h (D–F) of incubation and retrieved from the oxic (A,D), transition (B,E), and suboxic (C,F) zone. All scale bars are 3 μm. Color scale in all images is the same (0.002-0.006).



[image: image]

FIGURE 4. 18O labeling of polyphosphate granules in cable bacteria. (A-C) Boxplots show excess 18O atom fractions in individual poly-P granules, separately for the 6 h and 24 h labeling periods and for the control cells. Dotted lines separate data obtained from replicate sediment cores. Shown are the corresponding mean (white open dot), median (black line) and upper and lower quantiles of the excess 18O atom fraction. Note that grouping of poly-P granules within cells and within filaments is not indicated in the graphs. (D,E) Results of the linear mixed model used for fitting the variance in the excess 18O atom fractions in poly-P granules. Results are shown separately for the 6 h and 24 h labeling period. Black circles and error-bars depict the best estimates and the lower and upper confidence limits (95%) of the mean value for each zone and labeling period (exact values provided in Supplementary Table 1). The p-values indicate the significance of differences between zones (summarized in Supplementary Table 2). Raw data is provided as Supplementary Dataset 1, the step-by-step build-up and outcomes of the linear mixed model are available in Supplementary Methods.



TABLE 3. Number of cable bacterium filament fragments with a specific 13C labeling of their cytoplasm and 18O labeling of their poly-P granules.
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Effect of Redox Zonation and Labeling Period

18O labeling of poly-P granules was observed in filaments from all redox zones and varied greatly among filaments (Figures 3–5). Despite this high variability, statistical analysis revealed that the labeling values in filaments from the oxic zone were, on average, significantly lower than those from the transition and suboxic zones. In contrast, the transition and suboxic zones showed no significant differences (Figures 4D,E and Supplementary Table 2). This pattern was detected for both labeling periods (6 h and 24 h), although it was more pronounced for the longer period. Furthermore, a comparison made separately for each redox zone revealed a significantly higher 18O labeling of poly-P granules in filaments incubated for 24 h compared to 6 h (Figures 4D,E and Supplementary Table 1).
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FIGURE 5. 13C labeling of the cell cytoplasm versus 18O labeling of the poly-P granules in cable bacteria. Each data point represents a mean value for an individual filament segment. (A) Values obtained for filaments incubated for 6 h (n = 129). (B) Values obtained for filaments incubated for 24 h (n = 35). Colors differentiate among redox zones. Kendall’s correlation coefficient (τ) and the corresponding p-value are also shown.




Variation Within Cells, Within Filaments, and Among Filaments

Statistical analysis further revealed that most of the variability in the 18O labeling of poly-P granules (about 52-88%) was explained by differences among filaments, with the percentage being highest in the oxic zone (consistent for each labeling period) and higher for the shorter labeling period compared to the longer one (consistent for each redox zone) (Table 4). The percentage of variance explained by differences among cells within filaments was relatively minor (about 5-8%) and similar for both labeling periods and all redox zones. Finally, a sizeable fraction of the variance (about 4-44%) was unexplained, i.e., was due to unknown differences within cells, with the percentage being lowest in the oxic zone (consistently for each labeling period) and higher for the longer labeling period compared to the shorter one (consistently for each redox zone) (Table 4). For the 13C labeling of cell cytoplasm, most of the variability among cells (86-99%) was explained by differences among filaments and only minor differences (1-14%) were observed among cells within the same filament (Supplementary Table 3). Thus, similar to previously observed patterns (Geerlings et al., 2020, 2021), there was only a minimal variability in 13C labeling among cells within a given filament from a given redox zone. Additionally, variability among cells within filaments was lower for the 13C labeling of the cell cytoplasm compared to the 18O labeling of poly-P granules.


TABLE 4. Structure of the variance in the 18O labeling of poly-P granules and 13C labeling of the cytoplasm in the measured cable bacteria.
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Correlation Between 18O and 13C Labeling of Cable Bacterium Filament Fragments

The filament-averaged 18O atom fractions of poly-P granules and the corresponding averaged 13C atom fractions of the cytoplasm were determined for the same filament fragment for each of the labeling periods. Correlation analysis showed that these quantities were significantly correlated for each of the labeling periods (p = 0.0005, Figure 5). However, this correlation was largely a collinearity effect caused by the dependence of both variables on the redox environment. In all cases, however, the predictive power of the correlation was poor, as indicated by the low value of the Kendall rank correlation coefficient (τ = 0.208 and 0.405 for the 6 h and 24 h labeling period, respectively).




DISCUSSION

Overall, detailed nanoSIMS imaging revealed that poly-P granules are a prominent feature of cable bacteria that takes up a large fraction of the cell biovolume (Figure 1). Poly-P granules were detected in nearly all cable bacteria filaments (Supplementary Figure 2), and nearly all detected poly-P granules were labeled by 18O (Figure 4 and Table 3). Significant label incorporation was observed after a time interval (6 h and 24 h) that is shorter or comparable to the doubling time of cable bacteria cells in laboratory conditions (∼20 h; Schauer et al., 2014). Additionally, the 18O labeling of poly-P granules was highly variable and significantly influenced by the duration of the labeling interval and redox environment. Based on these patterns, we discuss possible factors that control the poly-P metabolism in cable bacteria and suggest a possible role played by poly-P in their life cycle.


Investigating Polyphosphate Metabolism Using 18O-Labeled Water

Before we interpret our data, we briefly review possible pathways through which 18O derived from H218O can enter poly-P granules.

The first step involves 18O exchange between water and the inorganic (ortho)phosphate (Pi) pool, which occurs when inorganic pyrophosphate (PPi) is hydrolyzed. This process can occur both inside and outside of a cell (Figure 6, reactions 1 and 2). The PPi required in this step is produced in a metabolically active cell by many different processes, such as hydrolysis of ATP into AMP or breakdown of large biomolecules. At temperatures below 80°C, abiotic phosphoryl-transfer reactions such as PPi hydrolysis are very slow but are significantly accelerated by enzymes (Lassila et al., 2011). Therefore, in natural systems, the 18O signature of the Pi pool (δ18Op) is dominated by enzyme-mediated 18O exchange with water (Blake et al., 2001, 2005). When this process occurs intracellularly, H218O first enters the cell via diffusion and the 18O exchange is then catalyzed by the enzyme pyrophosphatase (PPase). In contrast, the 18O exchange outside of a cell occurs, e.g., due to the activity of microorganisms that use extracellular phosphatases (e.g., phosphomonoesterases) as a strategy to acquire Pi from organic compounds (Liang and Blake, 2006; Von Sperber et al., 2014), and the 18O-labeled Pi then enters the cell via diffusion. We assume that in both cases the intracellular 18O isotope equilibrium between H2O and Pi is established within a few hours (Blake et al., 2005; Chang and Blake, 2015).
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FIGURE 6. Schematic diagram depicting possible pathways how the 18O atom from an 18O-labeled water molecule can end up in the cellular inorganic polyphosphate pool, cell biomass, and the organic phosphate pool. 18O exchange between 18O-labeled water and (ortho)phosphate (Pi) occurs when inorganic pyrophosphate (PPi) is hydrolyzed. This process is catalyzed by enzymes and can occur both outside (1) and inside the cell (2). When occuring inside the cell, 18O-labeled water is first transported into the cell via diffusion (3). When occuring outside the cell, the 18O-labeled phosphate is transported inside the cell either actively (via membrane-bound transport proteins) or passively via diffusion (4). As soon as the 18O-labeled phosphate is in the cytoplasm, it can be incorporated into a nucleoside triphosphate molecule (e.g., ATP) if energy is available (5), from which it can be added onto a polyphosphate chain (6). 18O atoms from 18O-labeled water can also be incorporated into cell biomass during cell growth (7). Additionally, 18O-labeled phosphate can be incorporated into cellular organic phosphate pools such as DNA, RNA, or phospholipids (8). Modified from Blake et al. (2005).


Once the intracellular Pi pool is labeled with 18O, the label can enter the poly-P granule via poly-P synthesis. This process is catalyzed by two families of poly-P kinases, PPK1 and PPK2 (Rao et al., 2009), and involves incorporation of Pi into a nucleoside triphosphate (NTP, such as ATP or GTP) followed by a transfer of Pi from NTP to a poly-P chain (Figure 6, reactions 3 and 4). As these reactions consume NTP, poly-P synthesis hence requires the investment of metabolic energy. Cable bacteria carry the genes necessary to produce enzymes from both of these families (Kjeldsen et al., 2019).

Poly-P breakdown was suggested as another mechanism how 18O could enter the poly-P granule (Langer et al., 2018). Poly-P breakdown can proceed via hydrolysis, which is catalyzed by an exopolyphosphatase (PPX) and leads to the cleavage of the terminal Pi from the poly-P chain (Kornberg et al., 1999). However, evidence suggests that this pathway proceeds via a concerted mechanism with a single transition state where the nucleophilic water attacks the P-atom at the end of the poly-P chain. As a result, the O-atom from the water molecule eventually ends up in the Pi residue leaving the chain, and so there is no labeling of the poly-P (Lassila et al., 2011). Another possible pathway of poly-P breakdown involves phosphorylation of nucleoside monophosphates (AMP or GMP) or diphosphates (ADP and GDP) (Ishige et al., 2002; Nocek et al., 2008, 2018). This process is aided by PPK2-type enzymes, and most likely also proceeds via a concerted mechanisms with a single “loose” transition state (Nocek et al., 2018) where the O-atom from the water molecule ends up in the NDP or NTP molecule rather than in the terminal Pi group on the remaining poly-P chain. Thus, poly-P breakdown in the presence of H218O is unlikely to increase significantly the 18O atom fraction of an unlabeled poly-P granule (a minor effect, expected to occur due to kinetic isotope fractionation, is neglected in this study).

Poly-P breakdown could, however, decrease the 18O atom fraction of a previously 18O-labeled poly-P granule, if the 18O-labeled Pi groups added to the granule during poly-P synthesis were removed preferentially during the subsequent phase of poly-P breakdown. This could occur, for instance, if the newly synthesized poly-P was incorporated into a specific location within a granule, such as the outer surface, and the breakdown involved poly-P from the same location. Our detailed 3D nanoSIMS analysis revealed, however, that there is no significant variability in 18O labeling within a poly-P granule (Figure 1), indicating that, on the scale of hours, the poly-P pool within a granule becomes well mixed. This mixing is likely the result of structural organization of a granule where the negatively charged poly-P chains are connected to one another via ion bridges involving divalent cations which causes the tertiary structure to be rearranged and the 18O label to become well-mixed. This hypothesis is supported by the recently documented association between Ca2+ and Mg2+ ions and poly-P granules in cable bacteria (Geerlings et al., 2019) and a modeling study on the conformation and organization of poly-P molecules and Ca2+ ions (Müller et al., 2019). Thus, due to the well-mixed nature of the poly-P granule, poly-P breakdown has no significant effect on the 18O atom fraction of an 18O-labeled poly-P granule.

Based on these arguments, we conclude that in the presence of H218O and an 18O-labeled Pi pool, the 18O atom fraction of a poly-P granule can only increase (during poly-P synthesis) or stay constant (during poly-P breakdown). Thus, a significant enrichment of poly-P granules in 18O indicates that poly-P synthesis occurred at some point during the SIP incubation with H218O, but it may be insufficient to provide insights into the actual rate of poly-P synthesis or the cycling between poly-P synthesis and breakdown.



Polyphosphate Turnover in Cable Bacteria

Our poly-P-specific 18O data indicate that on the time scale of 24 h, cable bacteria cells turn over a significant amount of poly-P. This conclusion derives from the comparison of 18O data between the 6 h and 24 h labeling intervals. Specifically, if poly-P synthesis and incorporation into existing poly-P granules at a constant rate were the only processes during the incubation, the expected excess 18O atom fraction of poly-P granules after 24 h of incubation would be, on average, around 5 to 7-fold greater than after 6 h of incubation (Supplementary Model). This estimate considers that, for the incubation temperature of 22°C, it takes about 27 h for the 18O exchange between the Pi pool and H218O to reach an equilibrium (Blake et al., 2005). However, the excess 18O atom fractions of poly-P granules only increased, on average, by a factor of 1.8-2.7 between the 6 h and 24 h incubation periods (Figure 4 and Supplementary Table 1). When combined with the 18O labeling asymmetry between poly-P synthesis and breakdown proposed above, this discrepancy suggests that poly-P breakdown occurred during a significant fraction of the 24 h labeling interval. Present data is, however, insufficient to constrain the rates of poly-P synthesis and breakdown or the number of turnover cycles. Research on shorter time scales (∼1 h) is required to gain more insight into the dynamics of poly-P turnover in cable bacteria. Since SIP using 18O-labeled water requires an exchange between the Pi pool and H218O to produce 18O-labeled Pi, research on shorter time scales may be hampered and it is therefore advised to directly add labeled 18O-labeled phosphate. This can be prepared either using a minimal abiotic system with commercially available PPase (Blake et al., 2005) or by the hydrolysis of PCl5 using H218O (Versaw and Metzenberg, 1996).



Polyphosphate Metabolism Is Governed by Redox Zonation

Poly-P metabolism in cable bacteria is governed by the redox environment, with higher levels of synthesis in the suboxic (and transition) zone and lower levels of synthesis, or higher levels of breakdown, in the oxic zone. This conclusion is supported by the statistical analysis of the poly-P-specific 18O labeling, which revealed, consistently for both labeling intervals (6 h and 24 h), a significantly lower mean value in the oxic zone compared to the transition and suboxic zones and no significant differences between the transition and suboxic zones (Figures 4C-D and Supplementary Table 2).

The dependence of poly-P metabolism on the redox environment, as observed in the present study for cable bacteria, seems to follow an opposite pattern to that observed for other poly-P accumulating microorganisms. For most of these organisms, phosphate is stored as poly-P under aerobic conditions, whereas poly-P is broken down under anaerobic conditions (He and Mcmahon, 2011; Saia et al., 2021). This pattern was observed, e.g., for the giant sulfur-oxidizing bacteria Thiomargarita namibiensis (Schulz and Schulz, 2005), for the large filamentous sulfide oxidizing bacteria Beggiatoa spp. (Brock and Schulz-Vogt, 2011), or when investigating the phosphorus cycling in wetland sediments from South Gippsland (Southern Australia) (Khoshmanesh et al., 1999, 2002).

This apparent inconsistency between cable bacteria and other poly-P accumulating organisms can be explained by considering the peculiar energy metabolism of cable bacteria facilitated by long-distance electron transport along the filament. Although poly-P appears to be synthesized predominantly by cells residing in the anoxic sediment, these cells can only gain energy if part of the filament is connected to oxygen (Geerlings et al., 2020). Thus, the energy metabolism of the poly-P synthesizing cable bacteria cells is de facto aerobic.

Another theoretical possibility could be anoxic poly-P synthesis. Based on genomic data, cable bacteria have a metabolic potential for sulfur disproportionation (Kjeldsen et al., 2019), which could be a mechanism for gaining energy required for poly-P synthesis when a filament is disconnected from oxygen. However, the function of cells in their native habitat often cannot be reliably predicted from genomic data (Hatzenpichler et al., 2020). More direct methods need to be employed to test whether poly-P synthesis in cable bacteria is coupled to anaerobic energy metabolism such as sulfur disproportionation.

Our measurements revealed significant 18O labeling of poly-P granules in filaments retrieved from the oxic zone (Figures 3, 4), indicating that these cells must have synthesized poly-P at some point during the SIP incubation. Because this process requires energy, preferentially in the form of ATP (Kornberg et al., 1999; Nocek et al., 2008; Rao et al., 2009; Wang et al., 2018), the cells from the oxic zone therefore must have been able to generate energy at some time during the incubation. However, these cells do not possess any known terminal oxidases (Kjeldsen et al., 2019) and thus cannot generate energy from oxygen reduction, as supported by the observation that cells in the oxic zone do not grow (Geerlings et al., 2020, 2021; this study, Figure 5).

A possible explanation for the observed 18O labeling of poly-P in cells from the oxic zone is that these cells generated energy via endogenous catabolism. This process is a stress response often observed in microorganisms entering a non-growing stage, where energy is generated from the breakdown of large biomolecules (e.g., DNA, RNA, ribosomes, phospholipids) (Bergkessel et al., 2016). For example, in stressed E. coli cells, this stringent response redirects cellular phosphorus toward synthesis of poly-P, which is essential for adaptation to various stresses (including oxidative stress) and survival during periods of no growth (Rao and Kornberg, 1996; Ault-Riché et al., 1998; Rao et al., 1998). For cable bacteria, endogenous catabolism could theoretically be directed toward poly-P synthesis. The 18O labeling of poly-P in the cells from the oxic zone could then be explained by assuming that the energy released by the endogenous catabolism is directed toward the synthesis of ATP, which is then used to “propagate” the 18O-labeled Pi toward poly-P (Figure 6; reactions 5 & 6). Yet why direct energy from endogenous catabolism to poly-P rather than using the energy directly for maintenance and stress release?

An alternative, and perhaps more likely, explanation for the observed 18O labeling pattern of poly-P is that the cells retrieved from the oxic zone spent part of the SIP incubation in the suboxic zone, where they synthesized poly-P and thus increased the 18O labeling of the poly-P granules, and then migrated to the oxic zone before the end of the incubation. This hypothesis is consistent with the gliding motility of cable bacteria (Bjerg et al., 2016), which is most prominent at the oxic-suboxic boundary, where cells move transiently in and out of the oxic zone such that cell abundance in the oxic zone remains relatively constant (Scilipoti et al., 2021; Yin et al., 2021). It is also consistent with their ability to quickly switch between sulfide oxidation and oxygen reduction depending on the surrounding redox conditions (Geerlings et al., 2020). This hypothesis suggests that the average 18O labeling of poly-P granules in cells from the oxic, transition, and suboxic zone reflects the average residence time of the cells in each zone.



Variability in 18O Labeling of Polyphosphate Granules

For each combination of the labeling interval and redox zone, 18O atom fractions of poly-P granules showed considerable variability among granules (Figures 4A,B). Most of this variability is explained by differences among filaments in combination with differences among granules within the same cell rather than by differences among cells within the same filament. Here, we discuss possible reasons for these patterns.


Variability Among Filaments

For each redox zone and labeling period, variability among filaments explained the largest part of the overall variability in the 18O labeling of the poly-P granules (52-88%) and the 13C labeling of the cytoplasm (86-99%) (Table 4). The latter result is consistent with previous research, which showed large differences in growth rates among filaments (Geerlings et al., 2020) and synchronized growth and cell division over millimeter length scales (Geerlings et al., 2021).



Variability Among Cells of the Same Filament

Consistently for each redox zone, the within-filament variability explained only a small part (5-8%) of variability in the 18O labeling of poly-P granules (Table 4). Previously, small within-filament variability was observed for 13C labeling of cable bacteria incubated with 13C-CO2. Specifically for filaments retrieved from the suboxic zone, this pattern was attributed to a synchronized growth and division of cells within a filament (Geerlings et al., 2021). Although synchronicity of poly-P synthesis within a filament is a plausible explanation for the 18O labeling patterns observed in the present study, we have not followed individual filaments along stretches containing more than about 10 cells, and hence we cannot draw firm conclusions. On the one hand, we observed that if poly-P granules were 18O-labeled in one cell, they were also labeled, to a similar degree, in the neighboring cells (e.g., Figures 3, 4 and Supplementary Figure 2), suggesting that poly-P synthesis is not independent among cells within a filament. On the other hand, differences among cells within a filament were greater for the 18O labeling compared to the 13C labeling (Table 4), indicating that 18O labeling of poly-P granules is influenced by additional factors compared to those controlling 13C labeling of cells (see next section). The small within-filament and large between-filament variability observed in the 18O labeling of poly-P granules fits the “oxygen pacemaker hypothesis” that states that contact with oxygen serves as a “pacemaker” for long-distance electron transport and energy conservation (Geerlings et al., 2021). Access to oxygen thus determines when the sulfide-oxidizing cells within a filament have the capacity for both poly-P synthesis and growth. However, more research is required to assess the degree of synchronicity of poly-P metabolism among cells within a cable bacterium filament.



Variability Within Cells

A relatively large part of variability in the 18O labeling of poly-P granules (4-44%) was explained by differences within cells (Table 4). This pattern could be due (1) to methodological artifacts, (2) to differences in the rate at which poly-P is synthesized and incorporated into individual granules, (3) to differences in the periods and timing over which poly-P is synthesized between granules (at the same rate), and (4) to differences in the initial size of poly-P granules. We now discuss each of these factors in more detail.

The analytical procedure used to quantify the granule-specific 18O atom fraction could be a possible source of within-cell variability among poly-P granules. We collected ion counts for each field of view over hundreds of planes, which “dissected” the imaged cells across a depth interval that included poly-P granules as well as the cytoplasm above and/or below the granules. This approach provided quantitative information about the 18O labeling of the poly-P granule and the corresponding 13C labeling of the surrounding cytoplasm in one image stack. Because the 18O labeling of the cytoplasm is lower compared to the poly-P granule (Figures 1E,F), the poly-P-specific 18O atom fraction calculated from the 18O– and 16O– ion counts accumulated across all planes in the image stack is lower than it would be if the planes corresponding to the cytoplasm were excluded from the analysis. However, this effect is negligible because the 16O– ion counts detected from the poly-P granules were more than ∼50-fold higher than those from the cytoplasm (∼5-fold higher count rates, and > 10-fold greater number of planes).

Differences in the intrinsic rate at which poly-P is synthesized will obviously generate differences in 18O labeling among granules. However, it is difficult to envision how the rate of poly-P synthesis can vary within a single cell, as one expects the concentration of both substrates (e.g., Pi) and catalysts (poly-P kinases) to be homogeneous within the cytoplasm of a single cell. Therefore, a more important factor could be the timing of poly-P synthesis and breakdown in individual poly-P granules in combination with the poly-P content of granules at the beginning of the labeling period (Polerecky et al., 2021). As discussed above, substantial poly-P turnover likely occurred during our incubations, potentially involving multiple cycles of synthesis and breakdown (Supplementary Model). Labeling differences among individual granules can arise if poly-P turnover cycles are not synchronized among granules. This can happen, for example, due to relative delays between cycle onsets or differences in cycle durations. These differences can be amplified by the progressive 18O labeling of the Pi pool within the first hours of the incubation (poly-P granules formed early will hence show lower labeling levels).

Yet, even when the 18O incorporation rate is similar and the labeling period is synchronized and identical among granules, one can expect variation, as differences in the 18O labeling of poly-P granules can also arise due to a different granule size at the beginning of the labeling period. For example, if 18O-labeled poly-P is incorporated into two differently sized granules and the rate of incorporation is the same for both granules, the smaller granule will have a greater 18O atom fraction at the end of the incubation than the larger one (Polerecky et al., 2021). This is because the incorporated 18O is mixed across the whole granule, thus providing lower labeling levels for larger granules.

Observation of the different morphotypes (Figures 1, 2 and Supplementary Figure 2) reveals less variation between the two similarly-sized poly-P granules at the cell poles of the “thin” morphotype whereas within-cell variation is greater in cells of the “thicker” morphotype with multiple poly-P granules in the cell. The observed within-cell differences are thus most likely the result of a combination of initial starting sizes of the granules and relative delays between cycle onsets or cycle durations.




Carbon and Polyphosphate Metabolisms Are Not Coupled

Although both 13C labeling of the cell cytoplasm and 18O labeling of poly-P granules are, on average, lower in the oxic zone compared to the transition and suboxic zones, the 13C labeling does not predict 18O labeling for individual cells (Figure 5). Thus, cell growth and poly-P synthesis are linked on the population level due to their common dependence on the redox environment. We cannot exclude that a connection between active growth and poly-P synthesis also exists on the filament and cell level (e.g., in the suboxic zone). However, we observed a sizeable fraction (27/129 or ∼21%) of filaments from the transition and suboxic zones that showed no, or very little, 13C labeling of the cytoplasm but clear 18O labeling of the poly-P granules (Figure 1E, Table 3 and Supplementary Figure 2), which shows that, on the filament and cell level, growth and poly-P synthesis in cable bacteria can operate independently of each other.

A similar large heterogeneity in growth among filaments from the suboxic zone was observed previously in SIP experiments using DIC labeled with 13C (Geerlings et al., 2020, 2021) or 14C (Kjeldsen et al., 2019), which also found no significant growth in about 30-50% of filaments from the suboxic zone after 24 h of incubation. In previous studies, filaments displaying no significant growth were considered as inactive, and it was hypothesized that these filaments had no contact with oxygen during the incubation interval and thus could not generate ATP.

Our present results refine this interpretation, because most of the filaments that showed no activity in terms of growth were still actively synthesizing poly-P. Because poly-P synthesis requires energy, most likely in the form of ATP, these filaments must have had the capacity for energy generation, and were therefore most likely connected to oxygen, at least during part of the labeling interval. However, instead of directing this energy toward growth and reproduction, these filaments remained in a state of growth arrest and directed the energy, or at least part of it, toward poly-P synthesis (Figure 7). This way, cable bacteria appear to have two phases in their life cycle when connected to oxygen (explaining the two clusters in Figure 5B): period of growths, in which the suboxic cells divert the energy gained from sulfide oxidation toward biomass synthesis and poly-P production, and periods of growth arrest, where the suboxic cells divert the energy gained from sulfide oxidation exclusively toward poly-P production. In both cases, only the cells that perform sulfide oxidation are capable of ATP formation (Figure 7). The synchronized growth and division observed in previous research indicates that cells regularly lose their connection to oxygen as part of their life cycle (Geerlings et al., 2021). When disconnected from oxygen, both poly-P synthesis and growth cannot happen via long-distance electron transport. Thus, the variability in the 18O labeling of the poly-P granules between filaments can be explained by access to oxygen and differences in the cell-cycle stage (growth vs. non-growth). The cells that perform oxygen reduction do not show energy conservation, and as a result show vanishing rates of biomass synthesis (13C labeling) and poly -P formation (18O labeling) (Figure 7).


[image: image]

FIGURE 7. Schematic diagram of our hypothesis explaining the observed 13C and 18O labeling patterns in cable bacteria. When a filament has access to O2, the cells performing the sulfide-oxidizing half-reaction can generate energy in the form of ATP. During a period of growth arrest, this energy is not directed toward biosynthesis and growth but toward the build-up of poly-P granules, resulting in an 18O enrichment of the poly-P granules but no 13C and 18O enrichment of the cytoplasm. During a period of growth, the energy is directed toward both growth and poly-P synthesis, resulting in a 13C and 18O enrichment of the cytoplasm and 18O enrichment of the poly-P granules. The electrons generated via the sulfide-oxidizing half-reactions are transported toward the cells in the oxic zone via the electron-conducting fibers in the shared periplasm of a filament. Within the oxic zone, the electrons are used to reduce O2, but this process does not lead to energy generation and thus cannot lead to an 18O enrichment in the poly-P granules. That such enrichment is observed in cells from the oxic zone is explained by migration of the cells from the suboxic into the oxic zone during the incubation. Before this migration, the cells entered a non-growing stage of the cell cycle and “prepared” for a survival in the oxic zone. Part of this preparation included the build-up of poly-P granules. Within the oxic zone, the poly-P can be broken down.




Possible Roles of Polyphosphates in Cable Bacteria

For most poly-P accumulating organisms, poly-P is typically thought of as a “back-up” energy reservoir, but in many species it can also be essential for survival of the non-growing stage of the cell cycle or in response to oxidative stress (Rao and Kornberg, 1996; Ault-Riché et al., 1998; Kornberg et al., 1999; Rao et al., 2009; Gray et al., 2014; Gray and Jakob, 2015). We hypothesize that poly-P also plays these roles in cable bacteria, where the specific role depends on both the redox environment and cell cycle stage.

Cells in the oxic zone need to perform oxygen reduction to facilitate energy supply for the rest of the filament in the suboxic zone with no known method of energy conservation (Geerlings et al., 2020). Being in an oxic environment, these cells are likely in a constant state of oxidative stress, which is supported by the high concentrations of antioxidant proteins (e.g., catalases, superoxide reductase, rubrerythrin, and GroEL/ES chaperonins) detected by proteomic analysis of cable bacteria (Kjeldsen et al., 2019). Thus, a viable hypothesis is that cable bacteria cells use poly-P as a “back-up” energy reservoir and/or as a method of protection against oxidative stress when they (temporarily) reside in the oxic zone. Poly-P can prevent oxidative stress by acting as an ATP-independent primordial chaperone with minimal substrate specificity to stabilize a wide variety of proteins (Gray et al., 2014; Gray and Jakob, 2015). Thus, the use of poly-P as a chaperone would be ideal for cells in the oxic zone as they cannot build extra antioxidant proteins due to their inability to generate energy. Furthermore, no phosphate groups are removed from poly-P when it functions as a chaperone, so once the poly-P chain is separated from the accompanying protein, it can still be used as an energy reserve to support other tasks (e.g., to aid motility).

Microbial cells spend most of the time in a prolonged non-growing stage, with very little to no metabolic activity and growth occurring due to a limited availability of energy or nutrients, but are prepared to undergo rapid division cycles once these resources become available (Bergkessel et al., 2016). Conversely, depletion of a resource leads to a transition from a growing to a non-growing stage. The cell cycle is not arrested randomly during this transition, since this could halt key processes, especially DNA replication, at stages where severe and irreparable damage could occur (Kolter, 1993; Bergkessel et al., 2016). Thus, although the non-growing stage of the bacterial life cycle is poorly understood, even for model organisms, it is required and the transition between the growing and non-growing stage is regulated to ensure cell viability (Bergkessel et al., 2016). Previous research showed an involvement of poly-P during the non-growing stage of bacteria. For the model bacterium Escherichia coli, for example, mutants lacking ppk and thus the ability to synthesize poly-P failed to survive the state of growth arrest and lacked resistance to several stressors (e.g., heat, H2O2, or osmotic stress) (Rao and Kornberg, 1996; Shiba et al., 1997; Ault-Riché et al., 1998; Grillo-Puertas et al., 2016). For Pseudomonas aeruginosa, poly-P accumulation was also maximized during the non-growing stage (Kim et al., 1998).

Based on this evidence, we hypothesize that poly-P plays an important, perhaps regulatory, role during the non-growing stage of the cable bacteria cell cycle. This hypothesis is supported by the significant 18O labeling of poly-P granules in filaments with no, or very little, labeling in 13C, which was observed for filaments retrieved from all redox zones (Figure 5 and Table 4). This observation indicates that, in the suboxic zone, poly-P synthesis is one of the metabolic activities performed by cable bacteria during the non-growing stage of their cell cycle. For the filament fragments retrieved from the oxic zone, this observation suggests that cell growth is arrested earlier than poly-P synthesis. Recent research on E. coli showed that the ability of a cell to survive prolonged periods of starvation was dependent on the conditions prior to starvation where cells experiencing slower growth prior to starvation were shown to have consistently lower death rates (Biselli et al., 2020). In general, when a cell adjusts it physiology toward growth, it becomes less adapted for survival and vice versa. Synthesizing proteins that protect cells and increase their survival chances comes at the expense of synthesizing proteins needed for growth. The result is a trade-off between a fitness benefit in starvation and a fitness cost during growth (Scott et al., 2010). Thus, it appears that before cells of a filament residing in the suboxic zone enter the oxic zone and therefore a non-growing stage, they are already “prepared” to deal with oxidative stress and shortage of energy by entering into a stage of growth arrest which might enhance the chances of survival and increase the time a cell can survive in the oxic zone and thus provide energy for the cells in the suboxic zone below.




CONCLUSION AND OUTLOOK

The ubiquitous presence of 18O-labeled poly-P, observed after 6 h and 24 h of incubation with 18O-labeled water in almost all cable bacterium filaments collected from all sediment redox zones, highlights the importance of this inorganic molecule for the metabolism of cable bacteria. 18O labeling was highly variable among poly-P granules, with most of the variability explained by differences among filaments and a lesser part by differences among granules of the same cell. Additionally, the average 18O labeling of poly-P was significantly lower in filaments from the oxic zone compared to those from the transition and suboxic zones, confirming that energy conservation is principally coupled to sulfide oxidation and not oxygen reduction. The variability patterns observed in our combined 18O and 13C data can be explained by assuming that, within an individual cable bacterium filament, poly-P is synthesized by cells residing in the suboxic zone (using energy gained from the sulfide oxidation half-reaction) and broken down by cells in the oxic zone. These roles dynamically change as part of the filament migrates in and out of the oxic zone, and our data indicate that a significant fraction of poly-P stored by cable bacteria is turned over in this way on the timescale of 24 h. Our data also indicate that cable bacteria migrate in and out of the oxic zone in a regulated fashion where cell growth is halted before entering the oxic zone. We hypothesize that, in the oxic zone, poly-P is used as a chaperone to aid protection against oxidative stress or as an energy reserve that can be utilized for other tasks (e.g., to aid motility), while in the suboxic zone, poly-P plays an important, perhaps regulatory role, during the non-growing stage of the cable bacteria cell cycle.

Our results here provide a set of hypotheses about poly-P cycling in cable bacteria. Additional research is required to test these hypotheses and quantify the rates, regulation and environmental impact of poly-P synthesis and breakdown in cable bacteria. Ideally, such future studies will combine molecular methods (e.g., genomic and proteomic analyses) with biogeochemical analyses including chemical imaging. Our results here show that dual-label stable isotope probing using H218O and 13C-DIC forms a viable approach to shed light on C and P metabolism in cable bacteria, but also microorganisms in general. Yet, future experiments need to be conducted on shorter time scales (∼1 h) to better resolve the dynamics of poly-P synthesis and turnover within cable bacteria.
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INTRODUCTION

There is a debate whether Geobacter sulfurreducens produces electrically conductive pili (e-pili) from its pilin monomer, PilA, a protein encoded by gene GSU 1496. G. sulfurreducens assembly of the PilA into e-pili was proposed over a decade ago (Reguera et al., 2005). As detailed below, many subsequent studies have provided additional data consistent with this concept (Figure 1). However, Gu et al. have recently concluded that G. sulfurreducens does not express e-pili from PilA (Gu et al., 2021).


[image: Figure 1]
FIGURE 1. Evidence consistent with the hypothesis that Geobacter sulfurreducens expresses e-pili comprised of the pilin monomer, PilA and that PilA can be assembled into conductive filaments.


This is not a controversy over small details of the physiology of one microbe. Geobacter species play an important role in natural environments and biotechnologies. For example, Geobacter species are typically abundant in soils and sediments in which Fe(III) oxide reduction has a significant impact on the biogeochemical cycling of carbon, nutrients, and trace metals as well as in bioremediation (Lovley et al., 2011; Reguera and Kashefi, 2019; Lovley and Holmes, 2022). Geobacter species are also often abundant in soils and anaerobic digesters in which direct interspecies electron transfer (DIET) appears to be an important mechanism for methane production (Zhao et al., 2020; Lovley and Holmes, 2022). Geobacter and closely related species are often enriched on the anodes of electrodes harvesting electricity from organic matter and G. sulfurreducens generates the highest current densities of all known electroactive isolates (Lovley et al., 2011; Logan et al., 2019). Although other microbes, most notably Shewanella species, have been helpful for developing an understanding of key extracellular electron transfer mechanisms (Shi et al., 2016; Lovley and Holmes, 2022), there are no pure cultures that are as effective in Fe(III) oxide reduction, DIET, and current production as G. sulfurreducens and its close relative G. metallireducens.

Furthermore, if it were true that PilA cannot be assembled into conductive filaments, this would mean that attempts to develop new protein-based electronic materials based on concepts for electron transport along e-pili (Creasey et al., 2018; Dorval Courchesne et al., 2018; Gutermann and Gazit, 2018; Cosert et al., 2019; Roy et al., 2020) may be misguided. The reported heterologous expression of e-pili from PilA in Pseudomonas aeruginosa (Liu et al., 2019) or Escherichia coli (Ueki et al., 2020) for mass production of e-pili for the fabrication of electronics would require new, non-obvious explanations to describe how introducing G. sulfurreducens PilA confers the capacity for conductive filament expression. Other apparent accomplishments for electronics applications, also achieved simply by modifying the structure of PilA, such as tuning of the conductivity of G. sulfurreducens filaments or the introduction of novel binding sites on filaments to enhance sensor selectivity (Lovley and Yao, 2021), would also need reevaluation. The function of electronic devices for electricity generation (Liu et al., 2020b), sensing (Liu et al., 2020a; Smith et al., 2020), and neuromorphic memory (Fu et al., 2020, 2021) would need to be reconsidered.



THE CLAIM THAT WILD-TYPE G. SULFURREDUCENS DOES NOT EXPRESS FILAMENTS COMPRISED OF PILA

Gu et al. (2021) conclude that G. sulfurreducens does not assemble PilA into pili because “Purified filament preparations from wild-type cells grown under these nanowire-producing conditions did not show either PilA-N or PilA-C using immunoblotting” (in Gu et al. the term PilA-N refers to the PilA protein encoded by gene GSU 1496). Yet just 2 years earlier the same lab reported that “we confirmed the presence of both PilA and OmcS with expected molecular weights of ~6.5 kDa and ~45 kDa, respectively, in our filament preparations using poly-acrylamide gel electrophoresis (SDS-PAGE), peptide mass spectrometry, and western immunoblotting” (Wang et al., 2019). Furthermore, the senior author of Gu et al. had also reported the recovery of PilA and OmcS from G. sulfurreducens filament preparations in another publication (Tan et al., 2016). It is important to recognize that these prior findings from some of the same investigators directly refute the Gu et al. hypothesis that wild-type G. sulfurreducens does not express filaments comprised of PilA. As detailed in the next section, there is also additional abundant evidence that wild-type G. sulfurreducens displays conductive filaments comprised of PilA.

Gu et al. did recover PilA-containing filaments from a mutant strain in which the gene for the outer-surface cytochrome OmcS was deleted (Gu et al., 2021). However, these filaments also contained another protein, and the filaments were poorly conductive. Gu et al. acknowledged that these hybrid filaments, which had a diameter of 6.5. nm, were an artifact produced only in the mutant strain; they were not expressed in wild-type G. sulfurreducens. As detailed below, no other study of G. sulfurreducens has observed 6.5 nm filaments emanating from G. sulfurreducens or in purified filament preparations. Such filaments were not even observed in other omcS-deletion mutants of G. sulfurreducens (Leang et al., 2010; Liu et al., 2022). Thus, the 6.5 nm PilA-containing filaments that Gu et al. report are an artifact, not replicated in other studies, and clearly have no relevance to the filament expression of wild-type G. sulfurreducens.



THE EVIDENCE FOR E-PILI COMPRISED OF PILA

Many studies have provided substantial evidence that wild-type G. sulfurreducens expresses filaments comprised of PilA (Figure 1). For example, the Reguera lab eloquently demonstrated that: (1) the PilA pilin monomer was the only protein recovered from purified G. sulfurreducens filaments sheared from cells and (2) that intact filaments harvested from the cells reacted with a PilA-specific antibody (Cologgi et al., 2011). Several other laboratories subsequently demonstrated that PilA was a major protein in filaments recovered from G. sulfurreducens (Tan et al., 2016; Ing et al., 2017).

G. sulfurreducens PilA is assembled into conductive filaments, not only in G. sulfurreducens, but also in other microbes. Expression of the G. sulfurreducens PilA pilin monomer gene in P. aeruginosa (Liu et al., 2019) or E. coli (Ueki et al., 2020) yielded filaments with the same morphology and conductance as G. sulfurreducens e-pili.

Another observation that only seems explicable if e-pili are comprised of PilA is the dynamic tuning of pili conductivity by more than one million-fold that is possible simply by modifying the abundance of aromatic amino acids in the pilin monomer protein. For example, replacing the G. sulfurreducens PilA gene with the G. metallireducens PilA gene yielded filaments with the same 3 nm diameter of the wild-type G. sulfurreducens pili, but with a conductivity that was 5,000-fold higher than wild-type (Tan et al., 2017). The higher conductivity was attributed to a higher abundance of aromatic amino acids in the G. metallireducens pilin. Conversely decreasing the abundance of aromatic amino acids in the pilin, still yielded 3 nm diameter filaments, but with a conductivity 1,000-fold lower than wild-type (Adhikari et al., 2016).

Not only is there substantial evidence that G. sulfurreducens expresses conductive filaments comprised of the PilA pilin monomer, but also direct examination of filaments emanating from cells revealed that e-pili are the primary filaments that G. sulfurreducens produces. In one approach, synthetic pilin monomer genes that yield pilin monomers with peptide tags were expressed in G. sulfurreducens (Ueki et al., 2019). All the pili that these strains of G. sulfurreducens displayed reacted with antibodies that specifically bind to the peptide tags that were incorporated in PilA. The stoichiometry of antibody binding to pili could be tuned by controlling the relative quantity of synthetic pilin with tags vs. wild-type pilin expressed in strains containing genes for both pilin types (Ueki et al., 2019).

In an alternative approach, atomic force microscopy revealed that 90% of the filaments that G. sulfurreducens displayed had the same 3 nm diameter, morphology, and conductance as the conductive filaments produced when E. coli heterologously expressed G. sulfurreducens PilA (Liu et al., 2021). The other 10% of the filaments had a morphology and diameter consistent with filaments comprised of the c-type cytochrome OmcS. Replacing the PilA gene in G. sulfurreducens with a gene for a pilin monomer with reduced aromatic amino acid content yielded a strain in which over 90 % of the filaments emanating from the cells were 3 nm diameter pili, morphologically similar to the pili of the strain expressing PilA, but with 1,000-fold less conductance. The abundance and conductance of the filaments comprised of OmcS was unchanged. A similar predominance of 3 nm diameter conductive pili and then decreased pili conductance when PilA was replaced with a gene for an aromatic-poor pilin was observed in studies conducted in a strain of G. sulfurreducens in which the gene for OmcS was deleted (Liu et al., 2022). The finding that changing the aromatic abundance of the pilin protein specifically and dramatically changed the conductance of the 3 nm diameter filaments indicated that these filaments were comprised of pilin (Liu et al., 2021, 2022). Thus, multiple lines of evidence suggest that G. sulfurreducens displays conductive pili comprised of PilA and that these are the most abundant filaments emanating from cells.



IMPORTANCE OF E-PILI IN EXTRACELLULAR ELECTRON TRANSFER

G. sulfurreducens requires its abundant e-pili for effective long-range extracellular electron transfer. The phenotypes of Geobacter strains that express poorly conductive pili provide the most direct evidence. Simply deleting the gene for PilA to prevent e-pili expression is not an appropriate approach because outer-surface c-type cytochromes that are also important for extracellular electron transfer are not properly localized to the outer surface in pilA-deletion mutants (Izallalen et al., 2008; Steidl et al., 2016; Liu et al., 2018). However, as noted above, G. sulfurreducens strains that express poorly conductive pili can be constructed by replacing the PilA gene with genes for pilins with a lower abundance of aromatic amino acids. These strains, which include G. sulfurreducens strains Aro-5, G. sulfurreducens strain Tyr3, G. sulfurreducens strain PA, and G. metallireducens strain Aro-5 express poorly conductive pili, while properly positioning outer-surface cytochromes on the outer cell surface (Vargas et al., 2013; Liu et al., 2014, 2021; Adhikari et al., 2016; Steidl et al., 2016; Ueki et al., 2018). None of these strains effectively reduce Fe(III) oxides or produce high current densities. G. metallireducens strain Aro-5 is an ineffective electron-donating partner for DIET (Ueki et al., 2018; Holmes et al., 2021).

The simplest explanation for these results is that the intrinsic conductivity of the wild-type e-pili is essential for effective extracellular electron transfer to Fe(III) oxides, other microbes, and through thick current-producing biofilms. G. sulfurreducens extracellular electron exchange is likely to rely on complex interactions between a suite of outer-surface c-type cytochromes, e-pili, and possibly other components (Lovley and Holmes, 2022). The phenotypes of strains expressing poorly conductive pili and cytochrome-deficient mutant strain phenotypes, as well as observations of cytochrome localization, demonstrate that cytochrome-based filaments alone cannot be the primary route for G. sulfurreducens long-range electron transfer (Lovley and Holmes, 2020, 2022).



CONCLUSIONS

In conclusion, many studies have provided evidence that G. sulfurreducens expresses e-pili comprised of the pilin monomer PilA. It remains a mystery as to why Gu et al. (2021) did not recover filaments comprised of PilA from their strain of ‘wild-type' G. sulfurreducens when so many other studies, including several by the senior author of Gu et al., had previously found PilA in filament preparations. Furthermore, e-pili comprised of PilA can clearly be seen emanating from cells of G. sulfurreducens. Other microbes can heterologously express the G. sulfurreducens PilA and assemble it into the same type of e-pili found in G. sulfurreducens. Consistent with these observations, G. sulfurreducens nanowire conductivity is readily tuned simply by changing the abundance of aromatic amino acids in the pilin expressed. Expression of poorly conductive pili has demonstrated the importance of e-pili in Fe(III) oxide reduction, electron transfer to other microbial species, and for generating high current densities in bioelectrochemical systems. Therefore, at present the preponderance of evidence is that e-pili, comprised of PilA, not only exist, but are an important feature in Geobacter extracellular electron exchange. The pilins and archaellins of phylogenetically distinct bacteria and archaea are assembled into conductive filaments and it seems likely that e-pili and e-archaella are spread throughout the microbial world (Walker et al., 2018, 2019, 2020; Bray et al., 2020; Lovley and Holmes, 2020).
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The global production of unrecycled electronic waste is extensively growing each year, urging the search for alternatives in biodegradable electronic materials. Electroactive bacteria and their nanowires have emerged as a new route toward electronic biological materials (e-biologics). Recent studies on electron transport in cable bacteria—filamentous, multicellular electroactive bacteria—showed centimeter long electron transport in an organized conductive fiber structure with high conductivities and remarkable intrinsic electrical properties. In this work we give a brief overview of the recent advances in biodegradable electronics with a focus on the use of biomaterials and electroactive bacteria, and with special attention for cable bacteria. We investigate the potential of cable bacteria in this field, as we compare the intrinsic electrical properties of cable bacteria to organic and inorganic electronic materials. Based on their intrinsic electrical properties, we show cable bacteria filaments to have great potential as for instance interconnects and transistor channels in a new generation of bioelectronics. Together with other biomaterials and electroactive bacteria they open electrifying routes toward a new generation of biodegradable electronics.
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INTRODUCTION: E-WASTE AS A GLOBAL PROBLEM

The use of electronic devices is creating the world’s fastest-growing waste-stream, with currently 50 million tons of e-waste produced each year (Ryder and Zhao Houlin, 2019). This not only causes $62.5 billion in material value of resources in our spent devices to be dumped into landfill (Ryder and Zhao Houlin, 2019), but exposure to this e-waste has a plethora of negative effects on humans, even in utero (Grant et al., 2013). Thus, electronic waste forms a substantial problem for environmental and human wellbeing, for which alternatives should be found on a short term (Kang et al., 2020). Biodegradable electronics is a new field that aims to replace the harmful non-durable materials used in electronics with biodegradable alternatives. In this review we will discuss the recent advances of using biomaterials for biodegradable electronics and the possible role of electroactive bacteria and in particular cable bacteria, of which an overview is given in Figure 1.
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FIGURE 1. Several biomaterials that have potential in biodegradable electronics, electroactive bacteria and in particular cable bacteria are interesting upcoming candidates.




ADVANCES IN BIODEGRADABLE ELECTRONICS

Biodegradability might seem like a broad term since all materials will be degraded when left in nature after enough time. We will focus on so-called transient electronics: materials that have limited lifetimes before they disappear with the ultimate goal being bioresorption: the complete degradation of a device when immersed in biofluids. The kinetics of biodegradable materials depend on their chemical and morphological properties and the environmental conditions, such as temperature and pH and ionic content when in a solution (Kang et al., 2014). The lifetime of these devices can be accurately controlled by encapsulating the device with biodegradable material or by actively triggering the degradation reaction (Hwang et al., 2012; Kang et al., 2014, 2020). The number of defects through which water/vapor—which degrade the device—could leak can be tuned multiple ways, for example, by using multiple layers (Kang et al., 2014). Another option is doping materials to hinder their electrolysis (Seidel et al., 1990).

Biodegradable electronics can be found among inorganic, organic, and biological materials. Transience by bioresorption has for example been simulated for (semi-) conductors such as Silicon (Si), Germanium (Ge), SiGe and amorphous indium gallium zinc oxide (a-IGZO) in aqueous media. Some proposed non-biological transient dielectric materials include metal or semiconductor oxides and nitrides such as MgO, SiO2, and SiNx (Hwang et al., 2012). For example, the silicon and SiO2 undergo hydrolysis to form either harmless Si(OH)4 and H2, or Si(OH)4 and water (Seidel et al., 1990). This is a surface level effect, which allows for silicon’s use as encapsulation layer. Nevertheless, layers of SiO2 have defects through which water can permeate rapidly (<10 min), making it ineffective for such use (Lee et al., 2017). In this paper the focus will be on biodegradable materials originating from nature. They have the advantage that high-scale low-cost production is possible (Kang et al., 2020), because they are often solution based and allow low-temperature processing steps (Stadler et al., 2007). Furthermore, they have a high chemical compatibility with many other materials, and their properties can be tuned for their lifetime and morphology (Kang et al., 2020). Besides, organic monolayers can be combined with metals and plastics to create flexible electronics (Sekitani et al., 2009).

For biological biodegradable semiconductors, we will focus on materials that have proven conduction at least in the micrometer range, thereby excluding possible candidates like single peptides/proteins (Ing et al., 2018) and DNA (Beratan, 2019). A first interesting group of biological semiconductors are naturally occurring molecules such as indigo, which originates from several species of plants (Zollinger, 2003), but nowadays has become the most mass-produced industrial dye (Glowacki et al., 2011). These are planar molecules, which are connected through hydrogen bonding, resulting in tight π-stacking between neighboring molecules (Irimia-Vladu et al., 2012). This means that the orbitals which are not used in the intermolecular binding of the elements overlap and form conductive pathways. Despite having a high melting point, and low solubility, indigo can be degraded by enzymes (Campos et al., 2001), bacteria (Valdez-Vazquez et al., 2020), oxidizing agents (Prado et al., 2008) and light (in water) in timeframes down to a single day (Vautier et al., 2001), with a reported rate of 0.90 μmol L–1 min–1 (Vautier et al., 2001). In donor-acceptor solar cells, indigo acts like a good acceptor material (Glowacki et al., 2011). Another naturally occurring semiconductor is the pigment β-carotene, which can act as an electron donor in e.g., dye sensitized solar cells (Glowacki et al., 2011). However, this material is highly soluble in organic solvents, which makes certain measurements such as cyclic voltammetry challenging (Glowacki et al., 2011). Once dissolved it degrades with a reaction rate of 0.621 h–1 (Chen et al., 2014). The photo-to-electric conversion efficiency is very low when used in a dye sensitized solar cell (Suryana et al., 2013a). Eumelanins are a subclass of melanin which is found in skin pigment, which are natural semiconductors (Feig et al., 2018). Upon the absorption of water, a reaction occurs where free electrons and protons are released, self-doping the eumelanins. In 8 days, in vivo melanin implants can be nearly completely eroded and resorbed (Feig et al., 2018).

Instead of just considering naturally occurring biomolecules, it is interesting to look at their derivates to obtain organic semiconductors which are based on naturally occurring molecules as is reviewed by Glowacki et al. (2011). For example, indanthrene yellow G and indanthrene brilliant orange RK, are man-made pigments used in dyes that act as wide-bandgap semiconductors with high electron affinity. Other pigments can be derived from different sources to function as p-type electron donors like Quinacridone and Cibalakrot, with a larger bandgap (Glowacki et al., 2011). In 115 days, the conductivity of the former degraded to 80% of its original value (Daniel Głowacki et al., 2013). Gelatin is a conductive polymer obtained from collagen, of which the conductivity can be increased even further by combining it with conducting polymers such as Polyaniline (PANI) (Harrington and von Hippel, 1962; Li et al., 2006). Other biodegradable semiconductors which are neither natural nor nature-inspired include Poly(p-phenylene vinylene) (PPV), ambipolar polyselenophene, Buckminster fullerene, pentacene, and 5,50-bis-(7-dodecyl-9H-fluoren-2-yl)-2,20-bithiophene (DDFTTF).

Next to the biodegradable (semi) conducting materials, there is a much larger variety in isolating biomaterials that can be used as underlying substrates for the electronic circuitry, as described in Irimia-vladu et al. (2010b). The cheapest yet very familiar biodegradable substrate is paper. Despite its roughness, low-voltage active circuits can be realized on top of it using gravure and flexographic printing techniques. Hard gelatin capsules and caramelized glucose can be ingested and therefore used in bio-metabolizable electronics (Irimia-vladu et al., 2010b). Caramelized glucose is sensitive to moisture but has a smoothness close to that of glass. Poly(L-lactide-co-glycolide) (PLGA) are other sugar-based biopolymers obtained from pure L lactide, which can be used as substrate (Bettinger and Bao, 2010; Chanfreau et al., 2010). Though water can permeate through PLGA, which causes rapid failure (< 10 min) when they are used as encapsulation layer (Lee et al., 2017). Another familiar substrate is silk, a polypeptide polymer made up of fibroin and sericin, which have interchain hydrogen bonds, leading to the mechanical robustness of the silk fibers (Irimia-Vladu et al., 2012). Silk elicits no immune response and it safely dissolves and resorbs completely, making it safe to be implanted into the body. Furthermore, silk can be engineered to degrade under the desired conditions (Wang et al., 2008; Hu et al., 2011; Irimia-Vladu et al., 2012). A less common natural polymeric material produced by insects is shellac, a natural polyester copolymer, which can also be synthetically produced in multiple different grades and shades that can easily be cast to produce substrate foils (Irimia-Vladu et al., 2012). Of the mentioned substrates, glucose silk and shellac have very good surface smoothness. However, in general, biodegradable substrates need a smoothing layer to allow the fabrication of electronic components on top of them (Irimia-vladu et al., 2010b). An example of a material used for such a layer is polydimethylsiloxane (PDMS), which binds specific regions of the circuit to the substrate and provides strain isolation (Kim et al., 2009). The substrates described here are summarized with their dielectric constants and breakdown fields in Table 1.


TABLE 1. An overview for different (semi) conducting materials and substrate materials for biodegradable electronics with their relevant characteristics measured in dry conditions. Bacterial nanowires stand out against the known biodegradable semiconductors for their high conductivity and mobility values. Cable bacteria top other nanowires for their excessive conduction length and n-type transistor behavior.
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After looking at plant and animal based biodegradable organic substrates, one can look for substrates originating from microorganisms, an example of which is poly(4hydroxybutyrate) (P4HB), as described by Martin and Williams (2003) and Bettinger and Bao (2010). This material is produced by genetically engineered microorganisms, usually Escherichia coli K12, since it is very difficult to produce polymers fit for most applications through chemical synthesis (Martin and Williams, 2003). P4HB is strong, with a tensile strength comparable to high molecular weight polyethylene, yet flexible, with an elongation to break of 1,000% and is often extremely well tolerated in vivo (Martin and Williams, 2003). As for the semiconductors, there are biodegradable substrates which are neither naturally occurring nor nature inspired. For example, Ecoflex® is a completely biodegradable aliphatic-aromatic polyester which combines excellent mechanical properties, such as its tear-resistance, flexibility, and its resistance to fluctuations in water and humidity, with good processability of synthetic thermoplastics (Siegenthaler et al., 2012a). It is certified worldwide as compostable and approved for contact with food, however, this is only compostable in an industrial composter. A distinction is made between Ecoflex® F, based on fossil monomers, and Ecoflex® FS, a compound with poly(lactic acid) that has a higher rate of biodegradation. The material can also be blended with poly(lactic acid) (PLA), to obtain a blend called Ecovio.

Other materials crucial in the production of capacitors and advanced electrical components like Field-Effect Transistors (FETs) are dielectrics. These are electrical insulators which can be polarized by electric fields such as the previously mentioned biodegradable substrates, but also less sturdy materials. An abundant example is DNA, which can be obtained for example as waste material from the fishing industry and processed from water-based solutions (Irimia-Vladu et al., 2012). When DNA is used in an Organic Field-Effect Transistor (OFET), it displays significant hysteresis in the transfer characteristics, because of its high permittivity (Stadler et al., 2007). The separate nucleobases which compose DNA, adenine, cytosine, guanine, thymine, and uracil (which replaces thymine in RNA) could be used instead. These molecules are abundant and have low toxicity and cost (Irimia-vladu et al., 2010b). Another kind of biodegradable dielectric material are starches (Siegenthaler et al., 2012a). They consist of amylose and amylopectin polymers, forming a multilayer structure through hydrogen bonding. Starches obtained from different types of plants, such as corn or potato, differ, having an influence on the particle size and moisture absorption. Pure starch has multiple properties which makes it difficult to process and does not give it many applications. However, it is possible to chemically modify the starch to overcome these problems, though not enough to use it as substrate (Siegenthaler et al., 2012a). However, it can be used as such if the starch is blended with a hydrophobic polymer such as Ecoflex®.



ELECTROACTIVE BACTERIA FOR BIOELECTRONICS

In the last decades, other extraordinary electronic materials were found in the world of microbiology: electroactive bacteria that make their own conductive wires. These electroactive microbes developed the ability to respire through minerals or other organisms (Summers et al., 2010; Shi et al., 2016; Sure et al., 2016), either through electron shuttles or as direct contact through self-made nanowires that form an electrical bridge between the bacterium and the mineral. When studying these bacteria in a bioelectrochemical system (BES), they were found to also respire through electrodes. The chosen conditions of the BES, like available substrates and electric potential of the electrode, can be tuned to enhance the nanowire production (Liu and Li, 2020; Yalcin et al., 2020). These bacterial nanowires are found in many forms and debate is still going on about its exact function and chemical structure (Creasey et al., 2018). Below we give an overview of nanowires that were found to be electrically conductive after isolation, both in wet and dry environments (Ing et al., 2018).

One organism intensively studied for its protein nanowires is Geobacter sulfurreducens (Reguera et al., 2005). Nanowires are often found in the form of c-type cytochromes: a heme containing protein with a Fe atom at its core. The prominent example is a nanowire made of a coiling stack of the cytochrome OmcS that consists of 6 heme groups (Wang et al., 2019) with measured conductivities in the order of 5 mS cm–1 (Malvankar et al., 2011; Yalcin et al., 2020). Another cytochrome nanowire made from 8-heme OmcZ proteins even reaches conductivities that are 1,000-fold higher (Yalcin et al., 2020). Next to cytochrome nanowires, a nanowire based on PilA proteins (nicknamed e-pili) have been described in many works (Reguera et al., 2005). Although controversy persists, there is ample evidence of these nanowires conducting electricity with conductivities in the range of 50–200 mS cm–1, respectively, for pH 7 and pH 2 (Adhikari et al., 2016). Another study found conductivities in the range of 1–5 S cm–1 with estimated mobilities in the range of 0.02 cm2 V–1 s–1 (Lampa-Pastirk et al., 2016). In another well-studied organism called Shewanella oneidensis, nanowires are found in the form of extensions of the outer membrane (Gorby et al., 2006; Pirbadian et al., 2014) that are packed with 20-heme protein complexes made of MtrA, MtrB, MtrC and OmcA cytochromes. These nanowires reach values of up to 1 S cm–1 (El-Naggar et al., 2010) and appear to have p-type transistor behavior with mobility values in the range of 0.1 cm2 V–1 s–1 (Leung et al., 2013). Besides these organisms a whole zoo of over 100 different electroactive bacteria (Logan et al., 2019) and their nanowires are either confirmed to have similar properties (Walker et al., 2018, 2019) or are waiting to be tested for their electronic potential.

Even though we can find some very good electrical characteristics for these nanowires, modifications to the wild-type nanowires can boost the conductivity values even further. The introduction of the PilA gene from Geobacter metallireducens in G. sulfurreducens, e.g., produces e-pili with conductivities in the order of 300 S cm–1 (Tan et al., 2017), while the inclusion of more aromatic rings like tryptophan in e-pili increased the conductivities to 100 S cm–1 at pH 7 and 1,000 S cm–1 at pH 2 (Tan et al., 2016). When thinking about applying these bacterial nanowires in biodegradable electronics, one might assume an intensive and costly process, but the recent discovery of nanowire production through genetic manipulation of Escherichia coli (Ueki et al., 2020) and the development of bottom-up fabrication of e-pili (Cosert et al., 2019) suggest a means of easier and cheaper production in the long term. Functionalization and adhesion of different substrates is also made easier with the possibility of decorating nanowires with peptides (Ueki et al., 2019). First proof-of-principle applications are developed as sensors (Smith et al., 2020), (limited) electricity production (Liu et al., 2020) and they are expected to play a role as conductors in bioelectronics (Lovley and Yao, 2021).



A SPECIAL CASE: CABLE BACTERIA FOR BIODEGRADABLE ELECTRONICS

The main drawback for bacterial nanowires is the relatively short range of conduction, as they were only constructed over micrometer distances for now (Ing et al., 2018). Ten years ago, a new bacterium with the ability of transporting electrons over centimeter distances was discovered in the sea sediment: Cable bacteria (Pfeffer et al., 2012). They developed this mechanism to reach for both H2S in the deeper layer of the sediment and the O2 that is only available at the surface. Coupling the redox reactions of sulfide oxidation and oxygen reduction (Nielsen et al., 2010), it was hypothesized that cable bacteria could transport electrical currents over their centimeter long bodies (Pfeffer et al., 2012). This hypothesis appeared true when Meysman et al. (2019) measured conduction through dry filaments of cable bacteria and found it to be highly conductive with conductivities ranging in the order of 0.01–10 S cm–1, with one measurement even reaching 79 S cm–1. The current was shown to be flowing in an organized structure of around 10–60 parallel wires of each 50 nm in diameter that are present just under the outer membrane of the bacterium (Cornelissen et al., 2018) and that are interconnected at cell junctions (Thiruvallur Eachambadi et al., 2020).

The results presented in previous works show cable bacteria can overcome the micrometer range conduction previously present in electromicrobiology, as conduction has been shown over more than 1 cm, thereby proving by far the longest electron transport in a single biological structure (Meysman et al., 2019). One use of the conductive fibers in cable bacteria could be as an interconnector in a circuit, as they show low contact resistance (Bonné et al., 2020) and conductivities exceeding 10 S cm–1 (Meysman et al., 2019). The typical currents found in vivo are in the order of 0.1–1 nA for a single filament (Pfeffer et al., 2012; Schauer et al., 2014), but measurements on the conductive fiber sheaths show that single filaments can bear currents up to 0.3 μA at a DC bias of 1V (Bonné et al., 2020), and even higher values could be expected. This corresponds with a current density of 3 A mm–2, comparable to the typical allowed density in household copper wires (5–20 A mm–2). Next to its interconnection properties, it was shown that cable bacteria could work as transistors with FET mobilities in the range of 0.1 cm2 V–1 s–1 (Bonné et al., 2020), giving them a potential role in future computational circuits. Finally, next to direct current (DC), alternating current (AC) signals have been shown to pass through cable bacteria (Bonné et al., 2020). Showing visible degradation after 9–30 days in its near-natural environment during which time it has been exposed to mainly (micro-) oxic conditions (Supplementary Figure 1), this suggests that cable bacterium could be an interesting biodegradable material for bioelectronics.

To put the values found for cable bacteria in perspective, in Table 1 their initial electronic properties are compared to the previously discussed biodegradable semiconductors. Conductivity, mobility, and transistor properties for these materials were obtained by dry solid-state measurements like current-voltage-analysis, atomic force microscopy and field-effect transistor measurements (doped perylene diimide, treated in an electrochemical setup, being the only exception). It is clear that cable bacteria stand out with their high mobility values and conductivities that are a few orders of magnitude larger. Next to that, Table 1 also shows the state-of-the-art characteristics of the model (wild type) microbial nanowires of G. sulfurreducens and S. oneidensis and well-studied organic nanowires P3HT and PEDOT:PSS, also resulting from dry solid state measurements. It is apparent that already after a few years of measurements, cable bacteria can easily compete with materials that are studied for one or a few decades. Conductivity and mobility values of cable bacteria fibers can be found in the same range as organic electronics and wild type nanowires, with PEDOT:PSS outrunning alternatives in terms of mobility. However, cable bacteria really stand out for their n-type transistor behavior that is uncommon for biological materials and even more for the conduction length that is a few orders of magnitude higher than typical lengths for other biological and organic nanowires.



CONCLUSION, CHALLENGES, AND OUTLOOK

The increasing amount of e-waste that is created worldwide has put an urge on the search for biodegradable electronics. In the mini-review presented in this work, we found that important progress was made in finding more sustainable materials in electronics, but their limited applicability in modern day devices shows they have a long way to go. An important element missing in most studies so far is a common and quantitative study on the rate and conditions of biodegradability of the different materials, which is crucial for their further investigation as bioelectronic materials. In the search for biological materials that could function as conductors or transistors in biodegradable electronics, interesting candidates are found in the world of electromicrobiology (Lovley, 2012), where electroactive bacteria like Geobacter and Shewanella species produce nanowires as electron transport conduits. Recent progress in the study of different proteins (Yalcin et al., 2020) and genetic manipulation has ramped up the conductivity values (Tan et al., 2016, 2017); modification of Escherichia coli has made PilA based nanowires easy to produce (Ueki et al., 2020). Yet, conduction lengths exceeding micrometers are yet to be shown, as well as the implementation in biodegradable electronic circuitry. An answer to this shortcoming might be cable bacteria that create nanowire networks that show electron transport over centimeters with high conductivities and electron mobility values.

Although the characteristics in Table 1 seem promising, research on cable bacteria is only in a young stage, and some limitations must be overcome to meet industrial requirements. Firstly, values for the conductivity can vary a few orders of magnitude among experiments, with Table 1 only displaying the order or magnitude of the highest measured values. This might be because all measurements were done on different species of cable bacteria taken from natural sediments that come from different field sites (Kjeldsen et al., 2019) and the variability found among cells within one organism (Bonné et al., 2020). Moreover, the measurement conditions were different for all filaments. As current through a bacterium decays exponentially in ambient air, a sample preparation time that takes 1 min longer (before placing the sample in a nitrogen environment or vacuum) might change the conductivity by a factor of 2. Although the true conductivity of the conductive fibers in cable bacteria is expected to be close to and possibly higher than the maximally reported value of 79 S cm–1, a more consistent set of values of the electronic properties is needed for the different species of cable bacteria. As a second limitation, all species of cable bacteria lack a pure culture so far, making upscaling difficult. Although some attempts have been made toward it, only a single-strain sediment culture was achieved until this point (Thorup et al., 2021). Finally, the conductive periplasmic fibers are yet to be extracted properly from cable bacteria, as it is expected that the pure fibers rather than the full filaments will be used in future electronics (Cosert et al., 2019). An easy and cheap method must be developed to either fully extract the fibers or produce them in a laboratory environment. It has to be emphasized that the chemical nature of the conductive fibers in cable bacteria is not yet discovered (Kjeldsen et al., 2019; Boschker et al., 2021; Thiruvallur Eachambadi et al., 2021), making it difficult to describe the electron transport mechanism, quantify the biodegradability of the material, and create a detailed forecast of the applicability in bioelectronics.

As a general conclusion, it can be stated that significant progress is being made toward biodegradable electronics, in terms of the usage and development of biomaterials and electroactive bacteria. Within the class of electroactive bacteria, cable bacteria show some very interesting features that could make them a potential long-range biodegradable interconnector or transistor in future durable electronics. Although the research field needs to overcome a few challenges before being able to get scaled up, the bacteria were only discovered 10 years ago and only in 2019 the first direct electrical measurements were made. If this blooming trend continues as it did for bacterial nanowires (Lovley and Walker, 2019), the road is open for cable bacteria fibers or cable bacteria inspired materials to be integrated together with a variety of complementary biomaterials and electroactive bacteria in our electronics in another 10 years from now. This new generation of electronics—being biodegradable—will dissolve in time together with the global e-waste problem.
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Extracellular electron transfer (EET) – the process by which microorganisms transfer electrons across their membrane(s) to/from solid-phase materials – has implications for a wide range of biogeochemically important processes in marine environments. Though EET is thought to play an important role in the oxidation of inorganic minerals by lithotrophic organisms, the mechanisms involved in the oxidation of solid particles are poorly understood. To explore the genetic basis of oxidative EET, we utilized genomic analyses and transposon insertion mutagenesis screens (Tn-seq) in the metabolically flexible, lithotrophic Alphaproteobacterium Thioclava electrotropha ElOx9T. The finished genome of this strain is 4.3 MB, and consists of 4,139 predicted ORFs, 54 contain heme binding motifs, and 33 of those 54 are predicted to localize to the cell envelope or have unknown localizations. To begin to understand the genetic basis of oxidative EET in ElOx9T, we constructed a transposon mutant library in semi-rich media which was comprised of >91,000 individual mutants encompassing >69,000 unique TA dinucleotide insertion sites. The library was subjected to heterotrophic growth on minimal media with acetate and autotrophic oxidative EET conditions on indium tin oxide coated glass electrodes poised at –278 mV vs. SHE or un-poised in an open circuit condition. We identified 528 genes classified as essential under these growth conditions. With respect to electrochemical conditions, 25 genes were essential under oxidative EET conditions, and 29 genes were essential in both the open circuit control and oxidative EET conditions. Though many of the genes identified under electrochemical conditions are predicted to be localized in the cytoplasm and lack heme binding motifs and/or homology to known EET proteins, we identified several hypothetical proteins and poorly characterized oxidoreductases that implicate a novel mechanism(s) for EET that warrants further study. Our results provide a starting point to explore the genetic basis of novel oxidative EET in this marine sediment microbe.
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INTRODUCTION

The discovery of extracellular electron transfer (EET) – the process by which microorganisms transfer electrons across their membrane(s) to/from solid-phase materials – has important implications for a wide range of biogeochemically important processes (Gralnick and Newman, 2007; Richter et al., 2012). Though our understanding of EET mechanisms is limited to just a few model mineral-reducing microbes [such as Shewanella oneidensis MR-1 (Lies et al., 2005; Nevin and Lovley, 2010), Geobacter metallireducens (Reguera et al., 2005; Reguera and Kashefi, 2019), Pseudomonas aeruginosa (Shen et al., 2014)], there is a growing diversity of microorganisms and physiologies that are thought to be capable of extracellular electron transfer, including phototrophs (Bose et al., 2014; Guzman et al., 2019; Gupta et al., 2020), sulfur and iron oxidizing microorganisms (Myers and Nealson, 1988; Bond and Lovley, 2003; Reguera et al., 2005; Rowe et al., 2015), anerobic ammonia oxidizers (Qu et al., 2014; Shaw et al., 2020) and consortia such as anaerobic methane oxidizers (Villano et al., 2010; Scheller et al., 2016; Gao et al., 2017) and syntrophic ethanol oxidizers (Rotaru et al., 2014). These observations span marine and freshwater systems and suggest that we are barely scratching the surface of the role EET plays in microbial metabolisms and the role of these processes in many environmental systems.

Though the role of EET in iron oxidation has recently been identified (Jiao and Newman, 2007; Liu et al., 2012; Summers et al., 2013; Bose et al., 2014; Barco et al., 2015), the mechanisms of oxidation of other inorganic and often insoluble materials, such as sulfur minerals, are poorly understood (Emerson, 2012). As the proteins involved in these reactions remain unknown, many omics-based studies fail to identify them in datasets, leaving them to accumulate among the conserved/hypothetical genes of unknown function, which are prevalent in environmental omics surveys. Coupled with the fact that these physiologies are difficult to detect in nature via chemistry alone (whether due to low substrate concentrations, the transient nature of reactants and/or products, or competition with abiotic or geochemical reactions), our understanding of the role these processes play in many environmental systems is severely limited (Ilbert and Bonnefoy, 2013). This is especially true for subseafloor marine sediments, which account for an estimated 2.9 × 1029 microbial cells and ∼0.6% of Earth’s total biomass (Kallmeyer et al., 2012). Currently, direct measurements of microbial metabolism in the “deep” and “dark” oceans far exceed the expected models based on the influx of organic carbon into the system (Burd et al., 2010). Metabolisms, such as lithotrophy and/or lithoautrophy, which depend less on organic carbon and may actually act as a source for organic carbon, may account for at least some of the missing carbon in current global carbon budgets (Swan et al., 2011). Therefore, the identification of genes to aid in understanding and detection of these processes in nature is crucial.

A growing number of studies over the past decade have expanded our knowledge of the diversity of marine microorganisms that engage in EET in marine sediments (Rowe et al., 2015; Chang et al., 2018; Lam et al., 2018, 2019). Thioclava electrotropha ElOx9T, originally isolated from marine sediment bioelectrochemical enrichments from Catalina Island, California, is one such bacterium (Rowe et al., 2015; Chang et al., 2018). Species of Thioclava are widespread in marine sediments and surface waters (Sorokin et al., 2005; Rowe et al., 2015; Liu et al., 2017; Chang et al., 2018; Karbelkar et al., 2019), and several strains are known lithoautotrophs capable of sulfur oxidation. Strain ElOx9T is metabolically flexible, capable of oxygen or nitrate respiration, heterotrophic growth with acetate or glucose, and autotrophic growth with H2 or reduced sulfur substrates (S2–, S0, or S2O32–) as energy sources (Chang et al., 2018). Recent bioelectrochemical investigations into the EET phenotype in T. electrotropha ElOx9T indicate that biofilms that form on poised cathodes are electrochemically active (Rowe et al., 2015; Karbelkar et al., 2019) and that electron transfer is facilitated by direct contact – not mediated by soluble electron carriers – between the biofilm and the electrode surface under both aerobic (Rowe et al., 2015) and anaerobic conditions (Karbelkar et al., 2019). However, our preliminary genomic investigations failed to identify highly probable candidate genes that could be involved in EET, and consequently, the genetic basis of this process has yet to be determined.

Transposon saturation mutagenesis sequencing methods, collectively termed Tn-seq, have emerged as powerful, high-throughput tools to generate and test genome-scale mutant libraries and define gene essentiality under various growth conditions (Jacobs et al., 2003; Cameron et al., 2008; van Opijnen et al., 2009). These methods rely on the generation and pooling of a dense transposon library in the organism of interest in which the total number of mutants generated approximates the number of theoretically possible transposon insertion sites (Freed, 2017). This pooled mutant library (parent library) is then subjected to a growth condition of interest. Genomic DNA from the parent library and from all experimental growth conditions is isolated, transposon-genome junctions are sequenced, and the location and frequency of transposon insertions throughout the genome are determined. Essentiality and fitness determinations can be made based on the frequency of gene insertions in a particular library or by comparing insertion frequencies between differential growth conditions (i.e., comparing before and after a growth selection). This method has been employed to identify essential genes in diverse microorganisms, such as Mycoplasma genitalium (Glass et al., 2006), Vibrio cholerae (Cameron et al., 2008), Rhodopseudomonas palustris (Pechter et al., 2016), G. sulfurreducens (Rollefson et al., 2009; Chan et al., 2017), and S. oneidensis MR-1 (Bouhenni et al., 2005; Brutinel and Gralnick, 2012; Yang et al., 2014; Baym et al., 2016; Rowe et al., 2021). From Tn-seq experiments conducted in G. sulfurreducens, Chan et al. (2017) identified a putative methyl-accepting chemotaxis-cyclic dinucleotide sensing network (esnABCD) required for electrode colonization and a putative porin-cytochrome conduit complex (extABCD) required for growth with electrodes. In S. oneidensis MR-1, Rowe et al. (2021) identified and bioelectrochemically characterized five genes involved in EET: a putative diguanylate cyclase involved in both reductive and oxidative EET, and four other genes that play significant roles just in oxidative EET. These studies highlight the utility of Tn-seq experiments in identifying genes involved in physiologic processes on a genome scale and in an efficient, high-throughput manner.

To investigate the genetic basis of oxidative EET in ElOx9T, we coupled comprehensive genomic analysis with genome-scale transposon insertion mutagenesis sequencing screens to identify genes deemed essential for (1) heterotrophic growth in semi-rich media, (2) heterotrophic growth in minimal media with acetate (also used for electrode pre-growth), and (3) autotrophic oxidative EET conditions on an indium tin oxide (ITO) coated glass electrode poised at –278 mV vs. SHE or un-poised for open circuit conditions for comparative analysis.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

All cultures used in this work were stored in 40% glycerol at –80°C unless otherwise stated. Prior to each experiment, T. electrotropha ElOx9T cultures were grown from a single colony isolated on either Difco™ Marine (DM) broth or Luria-Bertani (LB) broth with added NaCl and other ions (LBS + Ions) as described previously (Chang et al., 2018), with the addition of 1.5% agar. E. coli WM3064, a diaminopimelic acid (DAP) auxotroph, was utilized as a donor for conjugation and routinely grown on LB with the addition of 300 μM DAP. Kanamycin (100 mg/L) was routinely used to select for plasmid or transposon insertions in respective strains. All cultures were grown at 30°C in liquid media unless otherwise stated. Though ElOx9T strains were grown in the enriched media DM and LBS + Ions for maintenance, a low-sulfate saltwater base (SWB) minimal medium (Rowe et al., 2015) was used for the majority of growth and electrochemical experiments. For heterotrophic growth, 5 mM sodium acetate was added as an electron donor.



Genomic DNA Isolation, Sequencing, and Analysis

Genomic DNA was isolated from turbid cultures with the DNeasy PowerSoil Kit (Qiagen, Germantown, MD) according to the manufacturer’s instructions. DNA libraries were prepared for Illumina sequencing as described previously (Chang et al., 2018). DNA for long read sequencing was extracted using the Qiagen Blood and Tissue Kit (Qiagen, Germantown, MD). The DNA extract was barcoded using the Native Barcoding Kit 1D (Oxford Nanopore, United Kingdom) and prepared for sequencing using the Ligation Sequencing Kit 1D. NanoPore libraries were demultiplexed and base called with MinKNOW software (V.2). The genome was first assembled with Flye v. 2.7 (Kolmogorov et al., 2019) using the NanoPore long-read sequences. Illumina reads were aligned to the genome using Burrows–Wheeler aligner (Li and Durbin, 2010) and subsequently used to polish the long-read assembly using Pilon v. 1.23 (Walker et al., 2014) using default parameters.

Genome statistics were determined with QUAST v4.4 (Gurevich et al., 2013), and assembly quality was assessed with CheckM v.1.0.18 (Parks et al., 2015). The genome was annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP). Potential metabolic pathways were identified using KEGG’s BlastKOALA functional characterization tool (Kanehisa et al., 2016). Protein-encoding genes were analyzed for the presence of carbohydrate-active enzymes (CAZymes; Lombard et al., 2014) using the dbCAN2 automated carbohydrate-active enzyme annotation server (Yin et al., 2012; Zhang et al., 2018). Proteins annotated as CAZymes by a minimum of two independent methods (any combination of pHMMER [hidden Markov model-based annotation], DIAMOND (Buchfink et al., 2014) [sequence alignment-based annotation], or Hotpep (Busk et al., 2017)[peptide pattern recognition-based annotation]) were considered positive hits. Putative heme-binding proteins were identified by creating a searchable database of ElOx9T’s genome in Prosite (Hulo et al., 2006) and searching the database for c-type cytochrome heme-binding motifs (CX2–4CH). PSORTb v 3.0.3 (Yu et al., 2010) was subsequently used to predict the localization of those proteins. The nearest neighboring genomes were identified with the Genome Taxonomy Database (GTDB-tk v 1.7.0; Chaumeil et al., 2020). Whole genome average nucleotide identity (ANI) values between ElOx9T and neighbors identified by GTDB-tk were calculated with the Kostas lab ANI calculator (Rodriguez-R and Konstantinidis, 2016).



Transposon Mutant Library Generation and Selection

Transposon mutagenesis was performed by conjugal transfer of the modified mariner transposon pEB001 (Brutinel and Gralnick, 2012) to ElOx9T from Escherichia coli WM3064 as described previously (Chan et al., 2017). In brief, this involved conjugation of the WM3064 donor strain containing pEB001 with ElOx9T on the permissive media LBS + Ions agar containing 300 μM DAP. Pre-conjugation cultures of E. coli and ElOx9T were grown at 30°C for 12–16 h and washed 3 × with LBS + Ions via centrifugation and resuspension. ElOx9T cells were heat shocked in a pre-heated water bath (45°C for 5 min) and conjugation was performed by combining WM3064 and ElOx9T to a final OD600 ratio of 1:0.65 in 100 μl of LBS + Ions and spotted in 10 μl aliquots onto permissive media. Negative controls were performed using LBS + Ions (DAP-) plates for WM3064 and LBS + Ions + Kan plates for ElOx9T. Conjugation plates were incubated for 12–16 h. These conjugation spots were collected using a nichrome wire loop washed 3X in 1X phosphate buffer and diluted onto large (200 mm diameter) LBS + Ions + Kan agar plates. Plates were incubated at 30°C for 16–24 h. until visible colonies formed. Successful conjugation was determined using colony PCR on select colonies, targeting the mechanosensitive conductance channel mscL in ElOx9T (absent in WM3064, primers mscL_Fwd and mscL_Rev) and the inserted transposon (primers ARR_Tn_Fwd and ARR_Tn_Rev). Primer sequences are listed in Supplementary Table 1. Approximately 9.1 × 104 colonies were generated, pooled in approximately 10 mL of LBS + Ions with 10% glycerol, and 1 mL aliquots were stored at –80°C for use in Tn-seq selection experiments.

ElOx9T library transconjugants (containing a viable insertion of the mariner transposon) from these frozen stocks were sequenced directly (hereafter referred to as the LBS + Ions parent library). Triplicate libraries were grown in SWB + acetate for 16 h and growth was monitored by OD600 to ensure at least six doublings occurred. Cells from SWB + acetate were harvested for sequencing. Pre-growth for the electrochemical systems (hereafter referred to as “Pre-Electrochemistry”) was treated in the same way, however, aliquots of the cultures (10–20% of total culture volume) were added to bioelectrochemical systems at an OD600 of 0.2 for both poised potential and open circuit conditions as described below. The remaining cells from Pre-Electrochemistry growth were collected for sequencing. Electrochemical “growth” was calculated to be an average of 6 generations after 6 days. This was calculated from an autotrophic hydrogen growth curve of ElOx9T that consumes 2.1 C based on cell yields per electron. For current ranging from 3 to 6 μA, the range of coulombs consumed at ∼6 days is between 1.5 and 3 C. This was in the desired range for the lowest current consuming experiments.



Bioelectrochemical Measurements

The electrochemical analysis of the ElOx9T library was performed in standard three-electrode bioreactors as described previously (Rowe et al., 2015). An ITO coated glass (Delta Technologies, Loveland, CO) with a 10.68 cm2 surface area was used as a working electrode, platinum wire (Sigma-Aldrich, St. Louis, MO) as a counter electrode, and Ag/AgCl (1M KCl; CH Instruments, Austin, TX, United States) as a reference electrode. The reactors were inoculated with 30 ml of SWB media and constantly purged with 0.2 μm-filtered ambient air to provide O2. Chronoamperometry and cyclic voltammetry (CV) analyses were performed using a 16-channel potentiostat (Biologic, Seyssinet-Pariset, France). For Chronoamperometry studies, the working electrode was poised at –278 mV vs. SHE to act as the electron donor for the cells. For CV, the working potential was cycled between –378 and 622 mV vs. SHE at a scan rate of 1 mV/s. The reactors were inoculated with a resuspended cell culture from the pre-growth to a final OD600 of 0.2 once a stable baseline current was achieved. Analysis of the electrode-attached biofilms was performed after the cathodic current in the bioreactor maximized and a CV was recorded. As kill controls were not permissible due to the need to outgrow electrode-attached cells, CVs were compared to separate experiments with wild-type ElOx9T in which CVs were recorded before and after the addition of the ubiquinone mimic Antimycin A (50 μM final concentration) to discern biologically mediated EET processes from abiotic processes. The addition of Antimycin A results in a strong reduction in current consumption and reduced catalytic activity as seen in the CVs (Supplementary Figure 4). Open circuit conditions were run identically to poised potential conditions; however, no voltage was applied. Following electrochemical experiments, planktonic cells and spent cathode media were removed from all reactors, and libraries were outgrown on SWB + acetate at 30°C prior to collection of biomass for sequencing. All planktonic- and biofilm-associated cells (recovered via scraping) from the outgrowths were collected for sequencing.



Transposon Library Sequencing

Genomic DNA from Tn-seq selection conditions and parent libraries was isolated with the Wizard Genomic DNA Purification Kit (Promega, Madison, WI). To isolate transposon insertion sites, up to 3 μg of genomic DNA was digested with MmeI (New England Biolabs, Ipswich, MA), heat inactivated and treated with Antarctic phosphatase (New England Biolabs, Ipswich, MA). The MmeI digested and Antarctic phosphatase-treated genomic DNA fragments were end repaired and dA-tailed with the NEBNext Ultra II End Repair/dA-Tailing Module (New England Biolabs, Ipswich, MA). Illumina adaptors (NEBNext Multiplex Oligos for Illumina Dual Index Primers Set 1, New England Biolabs, Ipswich, MA) were then ligated to these fragments with the NEBNext Ultra II Ligation Module (New England Biolabs, Ipswich, MA). These reactions were treated with USER enzyme (New England Biolabs, Ipswich, MA) and purified using the GeneJET Gel Extraction Kit (Thermo Fisher Scientific, Waltham, MA) and eluted in 50 μl prior to quantification using the Qubit dsDNA BR Assay Kit and a Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA).

Approximately 50 ng of purified transposon-genome junction DNA was used in PCR enrichments using Phusion High-Fidelity DNA polymerase with GC buffer master mix (Thermo Fisher Scientific, Waltham, MA), custom forward primer ARR_Read1_TnF, and NEBNext Index reverse primers from the NEBNext Multiplex Oligos for Illumina Dual Index Primers Set 1 kit (New England Biolabs, Ipswich, MA) that anneal to the inverted repeat of the transposon and the ligated Illumina adaptor, respectively. Primer sequences are shown in Supplementary Table 1. PCR reactions were then run on 2% agarose gel. Expected PCR bands of ∼174 bp were excised from the gel cleaned using the GeneJET Gel Extraction kit (Thermo Fisher Scientific, Waltham, MA). PCR products were sent to Novogene (Sacramento, CA) for sequencing, following a quality control test using Bioanalyser traces. Individually barcoded libraries were pooled following the scheme in Supplementary Table 1 and sequenced in two lanes on an Illumina HiSeq 2500 with 2 × 150 paired-end chemistry. Manufacturers’ protocols were followed for all steps outlined above unless otherwise stated.



Transposon Insertion Mutagenesis Screens Data Analysis

Analysis of Tn-seq data was performed using high performance computing resources provided by the Ohio Supercomputer Center (Ohio Supercomputer Center, 1987). Forward reads were truncated at the start of the NEBNext adaptor using Trimmomatic v. 0.36 (Bolger et al., 2014) allowing for up to two mismatches over the length of the adaptor sequence, reverse complemented using FASTX-Toolkit (Gordon and Hannon, 2010), reverse complements were truncated at the beginning of the MmeI recognition site endogenous to the transposon with Trimmomatic v. 0.36 (allowing for two mismatches over the length of the inverted repeat – MmeI sequence), and reverse complemented back to + sense. Upon removal of four bases belonging to the transposon’s inverted repeat (between MmeI recognition site and genomic DNA) and considering the end repair step removes the two bp 5’ overhang following MmeI digestion, the expected genomic DNA insert size was 14 bp. Reads were then filtered to retain genomic DNA inserts beginning with “TA” and ranging from 14 to 18 bp using awk. Remaining reads were then quality filtered using Trimmomatic with the following options: SLIDINGWINDOW:1:20 and MINLEN:14. Reverse reads were excluded from the analysis due to ambiguous base calls in the genomic DNA insert that, when removed, resulted in insert lengths < 14 bp.

Subsequent steps were conducted using a combination of publicly available programs and scripts from https://github.com/jbadomics/tnseq. Filtered reads were mapped to the ElOx9T genome and plasmid with Bowtie1 v. 1.1.2 (Langmead et al., 2009), discarding reads without 100% identity to a unique position in the genome. Insertion sites were formatted using bioawk and insertions per gene were tabulated with the tabulate_insertions.py python script. Further, insertion events that occurred in the last 5% of the gene sequence were omitted as Yang et al. (2014) found higher transposon insertion frequencies in essential genes within the last ∼2% of the gene sequence, suggesting that insertions at the end of the gene may not be as effective in disrupting gene function. Genes lacking TA sites and genes for which less than half of the total number of TA sites within the gene are unique were excluded from our analysis. To account for differences in sequencing depth, reads per kilobase (RpK) values were normalized to 107 reads per sample based on the total number of reads that mapped to a single TA site in the genome and plasmid, as described previously (Pechter et al., 2016).



Determination of Gene Essentiality

Gene essentiality calls were determined following a similar statistical approach reported previously (Pechter et al., 2016). For each replicate, log2[normalized RpK] values were analyzed via histogram. Outliers were removed, the mean and standard deviation of the distribution were calculated, and a normal distribution curve was fitted to the data using the mean and SD. Essential genes were those with log2[normalized RpK] values less than 3 SD below the mean; that is, falling below the interval that encompasses 99.7% of the data in a normal distribution in all replicates. Genes with reduced insertion frequency (IF; growth defect) were those that fell between 2 and 3 SD below the mean (95–99.7% of data). Genes with log2[normalized RpK] within 2 SD of the mean were considered non-essential. Those with increased IF (growth advantage) were those genes with log2[normalized RpK] greater than 2 SD above the mean. As transposon insertion in essential genes may be lethal, genes that lacked transposon insertions were considered essential. Genes with different essentiality calls between replicates were designated “Uncertain.”



Data Availability

The raw genome sequencing reads (Illumina and NanoPore) have been deposited in the NCBI Sequence Read Archive (SRR18508951 and SRR18508952). The accession number for the genome assembly is GCA_002085925.2. Tn-Seq raw reads for each library are available from BioProject PRJNA821218.




RESULTS AND DISCUSSION


Genomics


General Features of the Genome

ElOx9T was isolated from Catalina Harbor (California, United States) sediments via enrichments on artificial saltwater agar plates supplemented with elemental sulfur/thiosulfate and nitrate as electron donor and acceptor, respectively, and was established as the type strain of T. electrotropha sp. nov. (Chang et al., 2018). ElOx9T’s genome encodes a 4.27 Mb chromosome and 128 kb plasmid (summary statistics are shown in Table 1). The chromosome has a GC content of 63.87% and encodes 4,014 genes, 52 tRNAs comprising all 20 amino acids, and three rRNA operons. The plasmid has a GC content of 59.98% and encodes 125 genes, including 30 hypothetical proteins and 26 predicted transposases.


TABLE 1. Genome assembly and quality statistics for Thioclava electrotropha ElOx9T.

[image: Table 1]
Taxonomically, the 16S rRNA gene of ElOx9T is most similar to that of T. nitratireducens strain 25B10_4 (100% query coverage, > 99% identity, accession no. CP019437.1). Comparisons at the genome level demonstrate greater genetic diversity across the sequenced representatives than is seen at the 16S rRNA level. Whole genome ANI comparisons were made between ElOx9T and closely related draft and complete genomes as identified by GTDB (Supplementary Figure 1). ElOx9T shares 76.2–95.6% ANI with neighboring organisms’ genomes and was most similar to T. sediminum TAW_CT134T (accession no. GCF_002020355.1), a nitrate-reducing marine bacterium isolated from coastal sediments around Xiamen Island, Fujian province, China (Liu et al., 2017).



Metabolic Potential of ElOx9T

ElOx9T is capable of heterotrophic growth on acetate and glucose with either oxygen or nitrate as the terminal electron acceptor, and autotrophic growth with the oxidation of elemental sulfur, thiosulfate, or hydrogen (Chang et al., 2018). Metabolic pathways reconstructed from the genome with BLASTKoala (Kanehisa et al., 2016) corroborate these observations. The genome encodes complete pathways for the Embden–Meyerhof–Parnas (glycolysis), gluconeogenesis, the Entner–Doudoroff pathway, the pentose phosphate pathway, the citric acid cycle, and the reductive pentose phosphate pathway (Calvin Benson Bassham cycle). ElOx9T’s genome lacks isocitrate lyase but encodes malate synthase. Thus, this organism may be incapable of bypassing the decarboxylation steps of the TCA cycle via the glyoxylate shunt and may form malate from glyoxylate. ElOx9T has demonstrated growth with acetate as the sole carbon source, likely via conversion to acetyl-CoA by acetyl-CoA synthase, rather than via the glyoxylate cycle. A complete pathway for oxidative phosphorylation and an incomplete denitrification pathway – lacking nitrous oxide reductase nosZ – were annotated. Genomic evidence for lithotrophic metabolisms includes the complete sulfur oxidation pathway (soxABCDXYZ) and [NiFe] hydrogenase gene clusters (metabolic potential overview in Figure 1 and Supplementary Table 2).
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FIGURE 1. Simplified genome-resolved central metabolic model for Thioclava electrotropha ElOx9T. See Supplementary Table 2 for a list of genes comprising central metabolic pathways.


Complete amino acid biosynthesis pathways for all 20 amino acids were identified, thus auxotrophies are not predicted and have not been observed in culture (Chang et al., 2018). The genome encodes 76 putative carbohydrate-active enzymes (Supplementary Figure 2), primarily glycosyl transferases and glycoside hydrolases. Some of these proteins include mannitol 2-dehydrogenase, phosphomannomutase, α- and β-glucosidases, α-galactosidase, in addition to several proteins putatively involved in the degradation of cell wall components. The genome encoded 231 peptidases and 86 non-peptidase homologs, and 12 peptidase inhibitors (Supplementary Table 3). The most numerous peptidase families were: family S33 prolyl aminopeptidases, which preferably cleave N-terminal proline residues, thus providing the organism with proline-rich substrates; family U69 self-processing peptidases, such as some adhesins, that may autocatalytically cleave the extracellular portion of the protein upon translocation to the outer membrane, which aids in adhesion to surfaces; family M23B [8] beta-lytic metallopeptidases, such as lysostaphin, which act on cell wall peptidoglycan and are often used in defense or feeding; family M20 and subfamily M20D exopeptidases, including carboxypeptidases and dipeptidases that primarily function in facilitating intracellular protein degradation and recycling; and family C26 gamma-glutamyl hydrolases that act on gamma-linked glutamate bonds in peptides. These predictions suggest that ElOx9T is metabolically versatile with respect to autotrophic and heterotrophic growth, but also may be capable of metabolizing a variety of organic substrates.

ABC transporters for the following compounds were predicted from the genome sequence: rhamnose, D-ribose, c4-dicarboxylate, and other sugars and carbohydrates, ectoin/hydroxyectoin, glycine betaine/L-proline, choline, taurine, thiamine, lipoprotein, oligopeptides, phosphate, phosphonate, urea, heme, molybdenum, zinc, and other metals. The several glycine-betaine/L-proline ABC transporters present in the genome are of particular interest as they have been known to transport dimethylsulfoniopropionate (DMSP; Cosquer et al., 1999), a major organic sulfur compound produced by marine phytoplankton (Yoch, 2002). A metagenomic study of seawater and sediment samples collected along a 10.9 km depth profile in the Mariana Trench identified high abundances of cells containing DMSP catabolic genes belonging primarily to several genera of Actinobacteria, Gammaproteobacteria, and Alphaproteobacteria, including Thioclava (Zheng et al., 2020). ElOx9T has the genomic potential to utilize DMSP as a carbon and energy source, in a process that would release the greenhouse gas dimethylsulfide (Lovelock et al., 1972).



Identification of Putative Redox-Active Proteins in the Cell Envelope

Though ElOx9T has demonstrated capacity for oxidative EET, the genes responsible for conferring this capacity have yet to be identified. The primary characterized mechanism of direct extracellular electron transfer in model organisms such as S. oneidensis MR-1 and Geobacter species – both primarily known for their mineral reduction metabolisms – entail the use of outer membrane multiheme c-type cytochromes (Paquete et al., 2022). ElOx9T lacks genes with homology to either the Mtr pathway in MR-1 or the outer membrane cytochromes in G. sulfurreducens. As ElOx9T lacks genes canonically involved in anode respiration in model organisms, we sought to identify putative redox active proteins that contain heme-binding motifs (CX2–4CH). Of the 54 heme-binding-motif-containing proteins identified, 33 were predicted to localize to the cell envelope, including 7 to the cytoplasmic membrane, 10 to the periplasm, and 16 with unknown localizations (Supplementary Table 4). The majority of these proteins contain a single heme-binding motif and the maximum number of motifs identified was 8 in a tetrathionate reductase family octaheme c-type cytochrome (AKL02_08055). Complicating the analysis of putative heme-binding-motif-containing proteins is the absence of distinct functional annotations. Therefore, to determine if any of these proteins are involved in oxidative EET, we employed Tn-seq methods to identify essential genes under electrotrophic conditions.




Essential Gene Analysis via Transposon Insertion Mutagenesis Screens


Construction and Selection of Complex Transposon Mutant Library in ElOx9T

To create a transposon mutant library, the miniHimar1 transposon from an E. coli WM3064 strain harboring the pMiniHimar RB1 transposon delivery vector (Bouhenni et al., 2005) was conjugated into ElOx9T (Chang et al., 2018) as outlined in Methods. This parent library was outgrown in LBS + Ions semi-rich media under aerobic conditions, which generated in excess of 91,000 transposon insertion mutants covering > 69,000 individual TA dinucleotide sites throughout the genome. This parent library was then subjected to differential growth conditions, including aerobic heterotrophic growth in minimal media (SWB) with acetate, and autotrophic oxidative EET conditions (SWB), with electrochemistry pre-growth (Pre-Electrochemistry) and open circuit conditions serving as controls for growth on minimal media and attachment phenotypes, respectively. All conditions were tested in at least triplicate (quadruplicate for oxidative EET). Heterotrophic conditions were monitored by measurement of optical density, ensuring a minimum outgrowth of six generations in each replicate. Cells from overnight growth in SWB + acetate, monitored by taking OD600 measurements, were used to inoculate bioelectrochemical reactors and aliquots were taken for the Pre-Electrochemistry Tn-seq control condition. Electrochemistry replicates were monitored for maximal current production during chronoamperometry at –278 mV vs. SHE (approximately 5 days, Supplementary Figure 4). Cyclic voltammetry was performed on all replicates to verify the current generation was consistent with previously characterized ElOx9T electrochemistry, as kill controls were not feasible with this experimental design (Supplementary Figure 4).



Transposon Insertion Mutagenesis Screens Sequencing Library Statistics

In all libraries, most quality-controlled sequencing reads aligned to the genome a single time (73.9–90.4% mapping frequency, Supplementary Table 5). Greater than 90% of the unique insertion sites identified in each technical replicate (LBS + Ions parent library) were identified in all replicates of the same growth condition, suggesting that insertion sites identified by our approach are primarily authentic. In fact, we observed high concordance among all replicates within each growth condition supporting the reproducibility of our approach (Supplementary Table 5).

The miniHimar1 transposon preferentially inserts at TA dinucleotide sequences (Lampe et al., 1998; Yang et al., 2014). in silico analysis identified 129,162 potential miniHimarI transposon insertion sites within ElOx9T’s genome. Individual library coverage percentages ranged from 45.7 to 56.7% of total TA sites (Supplementary Table 5). While insertion densities below 100% are not unexpected, other investigations employing mariner transposon-based Tn-seq methods calculated an insertion density of 83% (Perry and Yost, 2014). It is conceivable that our lower transposon insertion frequency may be due to sequencing reads mapping to non-unique TA sites throughout the genome. In each library, approximately 5–7% of quality-controlled reads are aligned to multiple TA dinucleotide sites. Considering the expected genomic DNA insert length was 14 base pairs given our experimental design and the average genomic DNA insert length was ∼14.5 bp for all libraries (Supplementary Table 5), we calculated the number of duplicated TA sites (14bp), which equated to 11,864 sites throughout the genome. Despite this caveat, sequencing reads mapped to 4,024 genes in ElOx9T’s genome. After exclusion of 33 genes lacking TA sites entirely (Supplementary Table 6), 10 genes lacking TA sites when ignoring insertion sites in the last 5% of the gene sequence (Supplementary Table 7), and 35 genes lacking unique TA sites in the first 95% of the gene (Supplementary Table 8), gene coverage is estimated at 98.8%.



Identification of Essential Genes

Pairwise comparisons of log2[normalized RpK] values for all replicates within a growth condition (Supplementary Table 9) revealed strong correlations between replicates (R2 > 0.97 for most comparisons). For each replicate, log2[normalized RpK] values were analyzed via histogram. Outliers were removed and the mean and standard deviation of the distribution was calculated. A normal distribution curve was fitted to the data using the mean and SD (Supplementary Figure 3). Essential genes were those with log2[normalized RpK] values less than 3 SD below the mean in all replicates; genes with a growth defect had reduced insertion frequency that fell 2–3 SD below the mean; genes considered non-essential fell within 2 SD of the mean, and genes with a growth advantage had increased insertion frequency that was greater than 2 SD above the mean (Supplementary Tables 10–15). Insertions in rRNAs and tRNAs, genes lacking insertions in unique TA sites, and genes for which essentiality calls differed among all replicates in a growth condition were excluded from our analysis. It is important to note that this stringent statistical method for defining essentiality may result in the misidentification of a small proportion of genes as non-essential. Nonetheless, we believe our approach, rigorous analysis, and demonstrated replicability provide an accurate and conservative prediction of gene essentiality.



Core Essential Genome

The distribution of gene essentiality calls for all libraries is shown in Table 2. Most of the essential genes identified in each library were classified as essential in all libraries (Figure 2 and Supplementary Table 16). These 528 essential genes comprise the core essential genome of ElOx9T and represent 12.7% of the genome. Previous Tn-Seq studies in Bacteria show the percentage of open reading frames deemed essential ranges from just 5% in Burkholderia cenocepacia (Wong et al., 2016; 8.06 Mb genome) to 80% in M. genitalium (Glass et al., 2006; 0.58 Mb genome). The majority of the essential genes (82%) have KEGG ontology (KO) annotations and are predicted to be involved in many functional categories, including carbohydrate metabolism (primarily glycolysis, TCA cycle, and PPP); oxidative phosphorylation; biosynthesis of lipids, nucleotides, amino acids, aminoacyl-tRNAs, peptidoglycan, cofactors, vitamins, and porphyrin; genetic information processing (DNA replication and repair, transcription, translation, and protein folding and sorting), environmental sensing (transport and secretion[sec and tat]), and cellular processes (cell cycle and division). The remaining essential genes without KO annotations were comprised primarily of hypothetical proteins (40 in total), proteins containing domains of unknown function, other proteins with poorly characterized function, transcriptional regulators, and stress response. Unsurprisingly, a similar set of essential genes was identified via Tn-seq in the metabolically versatile Alphaproteobacterium Rhodopseudomonas palustris (Pechter et al., 2016).


TABLE 2. Distribution of gene essentiality calls for all libraries.
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FIGURE 2. UpSet plot showing the distribution of essential genes identified by Tn-seq under all five growth conditions (LBS + Ions – red circle, SWB + Acetate – blue circle, Pre-Electrochemistry (pre-growth in SWB + Acetate) – gray circle, Autotrophic Open Circuit condition – white circle, and Autotrophic Electrotrophy – yellow circle). Note: y-axis is log scale.


Ten of the 528 essential genes were located on ElOx9T’s 128kb plasmid and encoded three transposases, two proteins in the type II toxin/antitoxin system, a transcriptional regulator, repABC operon involved in plasmid replication and segregation, and several hypothetical proteins. repABC plasmids are common among the Alphaproteobacteria (Cevallos et al., 2008). The presence of these features in the essential genome suggests that the plasmid is an indispensable genetic element, however, the role of plasmid-encoded genes in the growth and survival of ElOx9T is not immediately clear and warrants further study.



Essential Genes Under Heterotrophic Conditions

The essential gene profiles for growth under heterotrophic conditions (LBS + Ions, SWB + acetate, and Pre-Electrochemistry) were remarkably similar. Eight genes were identified as essential in LBS + Ions only, eight in all conditions except LBS + Ions, 6 solely in SWB + acetate, and 4 in Pre-Electrochemistry (Figure 2 and Supplementary Table 16). Most of these essential genes, regardless of growth condition, are predicted to be involved in major carbon metabolism pathways, such as the TCA cycle, glycolysis, and biosynthetic pathways. Despite seemingly incongruent essentiality calls for these genes in libraries grown under aerobic heterotrophic conditions, all but one of the genes identified as essential in one condition were designated essential, growth defect, or uncertain in all other conditions. That is, for all the genes deemed essential in at least one heterotrophic growth condition, only one of these genes was classified as non-essential in another growth condition. This gene, a DUF1643 domain-containing hypothetical protein (AKL02_18975), was essential or uncertain in all conditions except in LBS + Ions, where it was designated non-essential. BLASTP searches show that this protein is found in a variety of Thioclava species and organisms in closely related genera, although the role of DUF1643 remains unknown (Mir-Sanchis et al., 2016).



Oxidative Extracellular Electron Transfer in ElOx9T Does Not Use the Sox System or Hydrogenases

Chemolithoautotrophic growth with thiosulfate, S0, and H2 serving as electron donors has been demonstrated in ElOx9T (Rowe et al., 2015; Chang et al., 2018). In bioelectrochemical investigations, electrodes are often poised at environmentally relevant redox potentials to mimic those of solid-phase minerals, effectively serving as non-corrodible proxies for minerals. In the present experiment, the working electrode was poised at –278 mV vs. SHE, just below the calculated redox potential for S0 oxidation in artificial SWB at pH 8 (Rowe et al., 2015), which should provide the organisms with even more reducing power compared to S0. To our surprise, Tn-seq revealed that soxA, soxB, soxC, soxD, soxX, soxY, and soxZ were non-essential for growth under any of the conditions tested. Similarly, with a single exception – a HypC/HybG/HupF family hydrogenase formation chaperone AKL02_15805 that was essential under all conditions tested – genes involved in hydrogenase biosynthesis were non-essential. This may seem unexpected, as the Mtr pathway in S. oneidensis MR-1 is required for both Fe3+ and Mn4+ reduction and anode reduction (Beliaev and Saffarini, 1998; Beliaev et al., 2001; Bretschger et al., 2007). This indicates that neither the sox system nor hydrogenases are essential for oxidative EET in ElOx9T under the conditions tested. Interestingly, another Thioclava species, T. dalianensis DLFJ1-1T (Zhang et al., 2013) has the capacity for electrode oxidation (Chang et al., 2018) but lacks the ability to oxidize reduced sulfur compounds (Liu et al., 2015). If electrode oxidation is a common feature among this genus and is evolutionarily conserved, these observations suggest that it is not unexpected that the sox system is not essential for oxidative EET and indicates some other mechanism is responsible for this phenotype.



Essential Genes for Extracellular Electron Transfer

Initially, open circuit control conditions were included to differentiate genes required for biofilm formation and attachment from those directly involved in EET. However, recent evidence has shown that microbial colonization on non-corrodible conductive materials (electrodes used in bioelectrochemical investigations) by organisms with EET capacity was responsible for a shift in open circuit potential by up to 150 mV, suggesting that conductive materials may be serving as conduits for EET even without an applied potential (Bird et al., 2021). Although open circuit potentials were not measured for our open circuit conditions, given the observation that some electroautotrophs are capable of catalyzing a shift in open-circuit potential, we chose to consider the 29 essential genes found in both open circuit and electrochemical conditions as putatively essential for EET in ElOx9T alongside the 25 genes deemed essential under oxidative EET conditions alone. Nearly all genes deemed essential for oxidative EET were non-essential in all other conditions (excluding open circuit) and only five genes essential for both oxidative EET and open circuit were non-essential in all other conditions (Supplementary Table 16).

Unexpectedly, just one of these genes contains a putative heme-binding motif: AKL02_00085, a NAD(P)-dependent oxidoreductase predicted to localize in the cytoplasm. Known direct electron transfer mechanisms involve multiheme cytochromes localized to the outer membrane, in pili or nanowires, or contained in outer membrane vesicles [reviewed in (Paquete et al., 2022)]. To that end, just fourteen of the essential genes were predicted to localize to the cell envelope (Table 3). As we are most interested in genes involved in extracellular electron transfer, we focus our discussion on a few of these proteins predicted to facilitate potentially relevant redox reactions. Rubrerythrin family proteins (AKL_00835) are non-heme diiron proteins commonly found in anaerobic bacteria, some of which use electrons from NAD(P)H to reduce H2O2 to H2O and alleviate oxidative stress (Caldas Nogueira et al., 2021). AKL02_16390 encodes a quinone-dependent dihydroorotate dehydrogenase. Dihydroorotate dehydrogenases are involved in pyrimidine biosynthesis but are also involved in energy metabolism. These flavin mononucleotide-containing enzymes facilitate the oxidation of dihydroorotate to orotate and transfer those electrons to quinones (Sousa et al., 2021). AKL02_07710 is annotated as a DUF59 domain-containing protein and BLASTP indicated this protein in ElOx9T has nearly 100% homology to SUF system Fe-S cluster assembly proteins found in a variety of Thioclava species. Although the function of many DUF59 domain-containing proteins has yet to be determined, DUF59-containing SufT in S. aureus and Sinorhizobium meliloti have roles in iron-sulfur cluster assembly [reviewed in (Mashruwala and Boyd, 2018)]. Hypothetical protein AKL02_14895 lacks any biochemically characterized homologs, but pSORTb predicted a cytoplasmic membrane localization and InterProScan predicted a non-cytoplasmic region flanked by an N-terminal transmembrane helix and a C-terminal transmembrane region. Finally, AKL02_06520 is annotated as NADH:ubiquinone oxidoreductase subunit NDUFA12, a component of the mitochondrial respiratory chain complex I. In ElOx9T, this gene is located in an operon with outer membrane lipid asymmetry maintenance protein mlaD (AKL02_06525, non-essential) and a DUF2155 domain-containing protein (AKL02_06530, non-essential). NDUFA12 is commonly found either in a domain fusion or a gene neighborhood with mlaD in the Alphaproteobacteria (Isom et al., 2017) and is theorized to form a supramolecular complex spanning both inner and outer membranes (Ekiert et al., 2017). The role of these proteins in EET cannot be directly discerned from Tn-seq data. In this instance, the utility of the Tn-seq approach was to identify genes which, when disrupted by transposon insertion, caused a significant deleterious effect on growth. Tn-seq successfully identified a short list of genes for investigating the mechanism of oxidative extracellular electron transfer in ElOx9T.


TABLE 3. Essential genes in electrochemistry or electrochemistry/open circuit conditions predicted to localize to the cell membrane or of unknown localization.
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Putative Genes Essential for Extracellular Electron Transfer in ElOx9T Are Found in Other Electroactive Thioclava Species

Chang et al. (2018) demonstrated that three previously characterized species of Thioclava are also capable of electrode oxidation: T. atlantica 13D2W-2T (Lai et al., 2014), T. dalianensis DLFJ1-1T (Zhang et al., 2013), and T. indica DT-234T (Liu et al., 2015). To evaluate the phylogenetic breadth of putative extracellular electron uptake pathways in Thioclava species, we used BLASTP to search the genomes of these three organisms for homologs to the essential EET genes identified in our Tn-Seq screen predicted to localize to the cellular envelope (Table 3). Homologs for all genes were found in 13D2W-2T and DT-234T, and homologs for all but two genes were found in DLFJ1-1T. The presence of nearly all the essential EET genes in ElOx9T that localize to the cellular envelope in other electroactive Thioclava species (Table 3) may hint at a conserved mechanism of oxidative EET in this clade of organisms. Further investigation into the involvement of these genes in oxidative EET and the phylogeny of these proteins will help shed light on this outstanding question.



Genes Implicated in Oxidative Extracellular Electron Transfer in S. oneidensis MR-1 Are Found in ElOx9T, but Are Non-essential

A recent study into the genetic basis of oxidative EET in MR-1 has shed light on the genetic basis of oxidative EET in this organism. Rowe et al. (2021) identified five proteins that, while not essential for oxidative EET, their deletion results in a statistically significant reduction in electron uptake. Given the lack of knowledge on oxidative EET mechanisms, we searched for homologs of the oxidative EET proteins identified in MR-1 in the genome of ElOx9T. Four of the five proteins newly identified in the electron uptake pathway in MR-1 have putative homologs in ElOx9T (Supplementary Table 17). AKL02_11685, AKL02_17145, and AKL02_17885 were all deemed non-essential under the growth conditions tested. The essentiality of AKL02_15595 was deemed uncertain under electrotrophic conditions and non-essential under all others; however, this gene was non-essential in three of the four electrochemistry replicates and was classified as a growth defect in the fourth. These data suggest that the oxidative EET genes identified in ElOx9T are non-essential under all conditions tested, but this does not indicate that they do not play a role in oxidative EET. In fact, these five genes were identified in MR-1 by specifically targeting non-essential genes in the genome; they are not essential for oxidative EET in MR-1. This same phenomenon may be true in ElOx9T and the identification of these genes in ElOx9T provides a starting place for investigating the role of non-essential genes in oxidative EET and expanding our knowledge of the diversity of EET mechanisms among Bacteria.





CONCLUSION

We employed the Tn-seq approach to glean information on the genetic underpinnings of oxidative extracellular electron transfer in the metabolically versatile Alphaproteobacterium T. electrotropha ElOx9T and identified 54 proteins not previously implicated in this process. While the majority of EET essential proteins are predicted to localize to the cytoplasm, a subset localizes to the cell envelope or has unknown localizations. To our surprise, none of the genes identified are multiheme cytochromes. The lack of heme-binding-motif-containing proteins essential for EET may be due to redundant or overlapping functions of multiple proteins involved in the EET pathway or could be due to ElOx9T employing multiple EET pathways altogether. For example, G. sulfurreducens employs a variety of mechanisms to transfer electrons to/from the extracellular environment, including conductive pili and periplasmic, inner-, and outer-membrane-bound c-type cytochromes, all of which have multiple homologs encoded in the genome (Reguera et al., 2005; Shi et al., 2009; Chan et al., 2017; Uekia, 2021). If ElOx9T employs multiple mechanisms for EET, Tn-seq may not aid in identifying EET genes. Another possibility is that disruption of certain genes involved in EET does not result in a loss of function. Rowe et al. (2021) identified five proteins involved in oxidative EET that were deemed non-essential in Tn-seq screens. All these genes, when individually deleted, resulted in reduced capacity for electron uptake but did not knock out EET capacity entirely. Thus, it is conceivable that genes involved in EET may not be identified as essential unless their disruption results in a highly deleterious or lethal effect on growth. These investigations highlight the potential complexities to be aware of while investigating EET mechanisms in non-model organisms.
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Geobacter sulfurreducens is a widely applied microorganism for the reduction of toxic metal salts, as an electron source for bioelectrochemical devices, and as a reagent for the synthesis of nanoparticles. In order to understand the influence of metal salts, and of electron transporting, multiheme c-cytochromes on the electron flux during respiration of G. sulfurreducens, the reduction kinetic of Fe3+, Co3+, V5+, Cr6+, and Mn7+ containing complexes were measured. Starting from the resting phase, each G. sulfurreducens cell produced an electron flux of 3.7 × 105 electrons per second during the respiration process. Reduction rates were within ± 30% the same for the 6 different metal salts, and reaction kinetics were of zero order. Decrease of c-cytochrome concentrations by downregulation and mutation demonstrated that c-cytochromes stabilized respiration rates by variation of their redox states. Increasing Fe2+/heme levels increased electron flux rates, and induced respiration flexibility. The kinetic effects parallel electrochemical results of G. sulfurreducens biofilms on electrodes, and might help to optimize bioelectrochemical devices.
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INTRODUCTION

Geobacter sulfurreducens has found important applications in remediation of oxidizing and toxic metal salts (Lovley et al., 2011; Pushkar et al., 2021), as an electron source of microbial fuel cells (Bond and Lovley, 2003; Slate et al., 2019), as well as a reagent for the synthesis of nanoparticles (Lloyd et al., 2011; Khan et al., 2020; Egan-Morriss et al., 2022). This microorganism, first discovered and isolated by Lovley et al. (1987) and Caccavo et al. (1994) relies on different extracellular minerals (Lovley and Phillips, 1988; Shi et al., 2016) and metal salts as electron acceptors (Ding et al., 2008; Lloyd et al., 2011; Lovley et al., 2011; Levar et al., 2014). Respiration experiments on insoluble minerals, and electrochemical studies on solid electrodes have shown that the electron donor NADH in the cytoplasm and the extracellular electron acceptors are separated from each other by the periplasm, delimited, respectively, by the inner and by the outer cell membranes. Electron transport occurs via multi-heme-bearing cytochromes (Ueki, 2021), some of which are soluble in the periplasm (Ppc), while others are attached to the inner (Imc) or the outer cell membrane (Omc). Cytochromes of G. sulfurreducens, which are involved in the respiration process, exist in many varieties and contain on average 7.5 iron-hemes (Ueki, 2021), and the total number of iron-hemes per cell is about 107 (Esteve-Núñez et al., 2008). Electron transfer through the periplasm is mainly based on triheme cytochromes (Ppc), some of them as protein clusters (Santos et al., 2015). During the stationary phase of the bacteria, all iron/hemes are in the Fe2+ state. They become rapidly oxidized to Fe3+/hemes (Chabert et al., 2020) upon addition of metal salts with appropriate redox potentials (Santos et al., 2015; Levar et al., 2017). Fe3+/hemes then oxidize NADH via the menaquinol/menaquinone pool, and the resulting proton gradient catalyzes ATP synthesis. In a recent study on the formation of Ag nanoparticles (AgNPs) by G. sulfurreducens respiration with water soluble AgNO3, we have demonstrated that Ag+ ions are bound by outer membrane cytochromes with high complexation constants (Chabert et al., 2020). Subsequent electron transfer in the Ag+/Omc complexes triggered a fast electron flux through G. sulfurreducens, leading to AgNPs at the outer cell membrane (Figure 1). The constant electron flux rate of 3⋅105 e–⋅s–1 per cell was independent of the Ag+ ion concentration, and agreed well with electrochemical measurements on single cells of G. sulfurreducens (Jiang et al., 2013), as well as Shewanella oneidensis (Gross and El-Naggar, 2015). We have now measured reduction rates, and kinetic orders of additional water-soluble metal salts by G. sulfurreducens. [Fe(edta)]–, [Fe(CN)6]3–, Co[(bpy)2CO3]+, [VO2(edta)]3–, CrO42–, and MnO4– ions were chosen as oxidants, because their concentrations, and the redox changes of c-cytochromes could be exactly determined during the fast respiration processes by time resolved experiments. G. sulfurreducens cells in the resting and the exponential growth phases were used. Their c-cytochrome concentrations were changed by downregulation and mutation.
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FIGURE 1. Synthesis of Ag nanoparticles (AgNPs) during respiration of G. sulfurreducens with water soluble Ag+ ions. The c-type cytochromes at the inner cell membrane (Imc), in the periplasm (Ppc), and at the outer cell membrane (Omc) transport electrons from intracellular electron donors like NADH to Ag+/Omc complexes, which leads to AgNPs, attached to the outer cell membrane (Chabert et al., 2020). In recent cell growth experiments with CrO42– (Gong et al., 2018), Cr3+ reduction products could be detected within the cells, if the bacteria reacted for several hours with the chromium salts. Therefore, our reduction experiments of CrO42– might also occur partly inside of the cells, although the reaction conditions are different.




MATERIALS AND METHODS


Preparation of Geobacter sulfurreducens Solutions

G. sulfurreducens (DSM-12127) was received from the Leibniz Institute DSMZ. Preparation of standard G. sulfurreducens solutions in growth medium A: 5 ml of the purchased bacteria solution were solved in 50 ml of growth medium A (Supplementary Figure 1), which contained in the first growth round 10 mM KCl and 100 μM FeSO4. After 5 days of growing, 5 ml of this bacterial solution was added into 50 ml of a growth medium A that contained 2 μM KCI and 25 μM FeSO4. This growing procedure with 25 μM FeSO4 took about 3–5 days until the fumarate was consumed, and was repeated 4 times. Inductively coupled plasma optical emission spectroscopy (ICP-OES) showed that after this growth process, the bacterial solution of G. sulfurreducens contained ≤ 10 μM iron ion concentrations. These standard solutions in medium A without fumarate, which contained G. sulfurreducens in the resting state (lag phase) and acetate as carbon source (Estevez-Canales et al., 2015), were directly used for the reduction of the water-soluble metal salts. Preparation of G. sulfurreducens solutions in growth medium B: 5 ml of a standard G. sulfurreducens solution, which was prepared in growth medium A, and contained 10 μM Fe2+, was added to 50 ml of growth medium B lacking FeSO4 (Estevez-Canales et al., 2015; Supplementary Figure 1). After 5 days, these solutions in growth medium B, which contained G. sulfurreducens in the resting state and acetate as a carbon source (Estevez-Canales et al., 2015), were directly used for the reduction of the water soluble metal salts. The decrease of c-cytochrome amounts in G. sulfurreducens by growth in medium B compared to medium A was determined by mass spectrometric proteome analysis: disruption of cells and protein extraction were done in a sample homogenizer after adding a lysis buffer (8 M urea, 50 mM Tris-Cl, pH 8) and glass beads (0.18 mm). The same protein amount for each sample was further processed as described in Stekovic et al. (2020). MS raw files were analyzed using the Spectronaut software version 15.7 (Bruderer et al., 2015) with standard settings (without data imputation) in direct DIA mode using reference proteome of G. sulfurreducens (UniProt, UP000000577) and common contaminants. Further data processing and statistical analysis used the Perseus software version 1.6. The results are shown in Supplementary Figure 2 and Table 1. The mutant lacking OmcBEST of G. sulfurreducens (PCA) was provided by Derek R. Lovley (University of Massachusetts, Amherst, United States). One ml was cultured in 10 ml of NBAF medium under anaerobic conditions as described in Coppi et al. (2001). After 5 days of growing, when G. sulfurreducens was again in the lag phase, 5 ml were solved in 50 ml of growth medium A, and reacted for 5 days until G. sulfurreducens was again in the lag phase. This growing procedure was repeated 4 times, and the solutions were used directly for the kinetic experiments with water-soluble metal salts.


TABLE 1. Functions and remaining percentages of c-cytochromes that were downregulated by at least 50% during fumarate-respiring growth of G. sulfurreducens in medium B compared to growth in medium A (100%).
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Analysis of Oxidizing Metal Salts

Na[Fe(edta)], K3[Fe(CN)6], K2CrO4, and KMnO4 were purchased from Sigma-Aldrich. Na3[VO2(edta)] was synthesized according to Komarova et al. (1991). [Co(bpy)2CO3]Cl was generated from [Co(bpy)3]Cl3, which was solved in growth medium A without fumarate and acetate. O2 was exchanged by N2/CO2 (80/20) and the solution was heated to 125°C for 20 min at 1.25 bar. The structure of [Co(bpy)2CO3]Cl was confirmed by single crystal X-ray diffraction (SC-XRD) and electrospray ionization mass spectrometry (ESI-MS). Concentration decrease of the Fe3+, Co3+, V5+, Cr6+, and Mn7+ salts, which were reduced by G. sulfurreducens to Fe2+, Co2+, V4+, Cr3+, and Mn4+ salts, respectively, was analyzed by UV/Vis spectroscopy at wavelengths shown in Figure 2A and Supplementary Figure 3. In order to determine the location of the oxidizing metal salts after G. sulfurreducens respiration, solutions of 4.65 mM Na[Fe(edta)], K3[Fe(CN)6], [Co(bpy)2CO3]Cl, Na3[VO2(edta)], as well as 1.55 mM K2CrO4 and KMnO4, respectively, were treated for 20 min with N2/CO2 (80/20) at ambient temperature. Then, 0.2 ml of them were added to 6 ml of a standard G. sulfurreducens solution. After 1 h reaction time (30°C) 0.35 ml of a 37% HCl solution were added, mixed with a vortex for about 1 min, and centrifuged at 10,000 rpm at 20°C for 10 min. Inductively coupled plasma optical emission spectroscopy (ICP-OES) demonstrated that about 90% of the metal salts were observed outside of the cells, and analysis of the Cr3+ distribution (Gong et al., 2018) showed that up to 93% of the chromium ions were found in the supernatant, about 6% at the cell membrane, and less than 1% was detected inside of the cells (Figure 2B).
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FIGURE 2. Analytical tools for the analysis of extracellular metal ion, Fe2+/heme, and cell concentrations. (A) Reduction of oxidizing metals salts by G. sulfurreducens by time dependent UV/Vis spectroscopy at wavelengths where product absorptions are negligible. CrO42– respiration is shown as an example. (B) ICP analysis of Cr3+ ions outside of the cell (blue) and at the cell membrane (orange) after reduction of CrO42–. Percentage data for reduced metal salts in the supernatant are given. (C) Changes of Fe2+/heme concentration during respiration using the areas of Q-bands. (D) Increase of UV/Vis absorptions during bacteria growth with fumarate as intracellular oxidant. The insert shows scattering increases at 600 nm (OD600) during 2 days of cell growth. (E) UV/Vis absorptions during cell growth using low chromate concentrations for G. sulfurreducens respiration, starting from the resting state.




Analysis of Fe2+/Hemes

Concentrations of Fe2+/hemes were analyzed by their Q-band areas between 540 and 570 nm (Figure 2C), and in some cases also by their Soret band at 420 nm (Figure 2A). Ultrasound treatment, which destroyed the cell membranes of G. sulfurreducens, did not increase the total UV/Vis absorption of iron-hemes. This demonstrates that G. sulfurreducens cells are transparent enough to detect all iron-hemes of the bacteria. Filtration of G. sulfurreducens solutions gave a tiny peak (≤5%) of iron hemes in the supernatant (Supplementary Figure 4). With about 107 iron hemes per cell (Esteve-Núñez et al., 2008) and 10–12 M cell concentrations of our experiments, these 5% lead to less than 1 μM Fe2+/heme solutions outside of the cell, which could at best reduce less than 1% of 0.1 mM extracellular metal ion salt solutions.



Analysis of Cell Growth

Cell growth was analyzed by spectroscopy at 600 nm (Muhamadali et al., 2015). G. sulfurreducens cells are about 1–2 μm large, thus a concentration increase raised the light scattering effect on the UV/Vis spectra (Figure 2D). Test experiments with 40 mM fumarate as an internal oxidant for the cell growth proved that OD600 data followed the same exponential increase as experiments, where cell growth in solution was determined by increase of the cell weight (Engel et al., 2020). Dilution of clear cell solutions changed the OD600 values in a linear way, and an OD600 value of 0.54 corresponds to 0.7 pM G. sulfurreducens (Vasylevskyi et al., 2017). The change of OD600 values during respiration was detected with high accuracy, so that it could also be used to follow cell growth in experiments with low oxidant concentrations (Figure 2E). Rates of metal salt induced cell growth were measured at 30°C under anaerobic conditions: 0.1 ml of a K3[Fe(CN)6] solution was added to 3 ml of a standard G. sulfurreducens solution. The initial concentration of the oxidant in the reaction mixture was 0.15 mM, and the cell growth was analyzed at OD600. Analogous experiments with K2CrO4 were carried out with reaction mixture concentrations of 0.03 and 0.05 mM.



Kinetic Experiments of Metal Salt Reduction by Geobacter sulfurreducens Starting From the Resting (Lag) Phase

Kinetic measurements were carried out in standard G. sulfurreducens solutions in the lag phase (see above) with 0.15 mM Na[Fe(edta)], K3[Fe(CN)6], Co[(bpy)2CO3]Cl, Na3[VO2(edta)], and 0.05 mM K2CrO4 and KMnO4 solutions, respectively. Under these conditions, the oxidizing metal salts did not kill the bacterial cells, and the reaction mixtures remained homogeneous. All experiments were repeated 3 times at 30°C under N2/CO2 (80/20). Addition of 0.05 or 0.1 ml metal salt solutions to 3 ml standard G. sulfurreducens in the lag phase occurred by injection through a sealing plug with needles that had been sterilized with a Bunsen burner. Oxidants were used in such amounts that their initial concentrations in the reaction mixtures were 0.05 mM for Cr6+ or Mn7+, and 0.15 mM for Fe3+, Co3+, and V5+, respectively. The concentrations of G. sulfurreducens were calculated from the OD600 data. UV/Vis spectra were recorded between 610 and 320 nm. Each run took 25.3 s. Concentration changes of metal salts were analyzed at wavelengths that are listed in Figure 2A and Supplementary Figure 3. Concentration changes of Fe2+/hemes were determined by the areas of the Q-bands (540, 570 nm) if Na[Fe(edta)], K3[Fe(CN)6], KMnO4, and K2CrO4 were used as oxidants (Figure 2C). Because Co2+ and V4+ salts absorb at the Q-bands wavelengths, the differences of Soret bands at 420 nm (Fe2+/heme) and 410 nm (Fe3+/heme) were used. The determined concentrations of oxidizing metal salts and Fe2+/hemes were plotted against reaction times. The linear time dependences of the metal salt concentrations (Figure 3A) are the electron flux rates, and division by G. sulfurreducens concentrations led to the electron flux rate per cell (Figure 3D).
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FIGURE 3. Kinetic experiments of G. sulfurreducens with extracellular metal salts. (A) Reduction of 6 different oxidizing metal salt solutions (blue, 0.05–0.15 mM) with G. sulfurreducens solutions in the resting state (8.9 ± 0.3 pM). Their linear time dependences of the metal salt concentrations demonstrate zero kinetic order of the reduction process. At the start of the experiments, all iron ions of the bacterial multiheme cytochromes were in the Fe2+ state (red). They were rapidly oxidized upon addition of extracellular metal salts, their levels remained low during reduction of the metal salts, and increased again after major consumption of the oxidants. (B) Experiments could be repeated several times. Shown are Fe2+/heme levels upon three consecutive additions of CrO42–. (C) A closer look at the Fe2+/heme (red) and CrO42– (blue) concentrations. The Fe2+ /heme levels increased after major part of CrO42– was reduced, which obviously stabilized EET rates at low concentrations of the extracellular metal salts. (D) Zero order reduction rates per cell for the 6 different metal salts at 30°C and pH = 7.4.




Kinetic Experiments of Metal Salt Reduction by Geobacter sulfurreducens Starting From the Growth (Log) Phase

All experiments were carried out under strictly anaerobic conditions at 30°C. To start the growth process with fumarate as an oxidant, 5 ml of the standard G. sulfurreducens solution were added to 50 ml of growth medium A. The growing process was analyzed by taking probes every 3 h and measuring the OD600 values (Figure 4A). After about 30 h, 3 ml of a G. sulfurreducens solution, which was then in the exponential growth (log) phase, was injected with a sterilized needle through a sealing plug into an UV cuvette. The OD600 values of G. sulfurreducens were about 0.50. To this G. sulfurreducens solution, which contained all iron-hemes in the Fe2+ oxidation state, 0.05 ml of a K2CrO4 solution was added, so that the initial concentration of CrO42– was 0.05 mM (experiment 1, Figures 4B,C). Another experiment with G. sulfurreducens (OD600 = 0.65), which had continued its growth with fumarate as oxidant, was carried out about 6 h later: 3 ml of G. sulfurreducens in the exponential growth (log) phase were injected into an UV cuvette, and 0.1 ml of a CrO42– solution was added, so that the reaction mixture was at the start 0.1 mM in CrO42– (experiment 2, Figures 4B,D). Concentration changes of CrO42– and Fe2+/hemes were analyzed from the UV/Vis spectra at 345 nm and the Q-band, respectively.
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FIGURE 4. CrO42– induce respiration of G. sulfurreducens, starting from the log phase. (A) Fumarate- respiring growth of G. sulfurreducens. Bacteria after 30 and 36 h growth, respectively, were used for metal induced respiration of G. sulfurreducens in the log phase. (B) Fe2+/heme levels during CrO42– induced respiration of bacteria starting from log phases 1 and 2, as well as the resting (lag) phase. (C) Reduction of CrO42– (0.05 mM) by bacteria (0.63 ± 0.2 pM) in the log phase 1 and the lag phase. (D) Reduction of CrO42– (0.1 mM) by bacteria (0.83 ± 0.2 pM) in the log phase 2 and the lag phase.





RESULTS


Influence of Extracellular Metal Salts on Reduction Rates

Reactions of 0.15 mM Na[Fe(edta)], K3[Fe(CN)6], Co[(bpy)2CO3]Cl, Na3[VO2(edta)], and 0.05 mM K2CrO4 as well as KMnO4 solutions with 0.89 pM G. sulfurreducens in the resting phase, solved in media as described above, oxidized the Fe2+/hemes of cytochromes to Fe3+/hemes within a few seconds, and a steady metal salt reduction occurred over 10 min (Figure 3A). The concentration of the electron transporting Fe2+/hemes remained nearly constant at a low level until up to 80% of the metal salt reductions were completed (Figures 3A,C). After about 7–9 min, when most of metal salts had been reduced, Fe2+/hemes were regenerated by cellular processes, and the bacteria are ready for a second round of the metal ion reduction process (Figure 3B). The electron flux did not change although concentrations of metal salts decreased. Their linear time dependences are the overall reduction rates, and division by G. sulfurreducens concentrations yielded electron flux rates per single cell. Data for CrO42– and MnO4– were furthermore multiplied by the stoichiometric factor of 3, considering a three electron transfer. All six metal salts led to the fast electron flux rate of 3.7⋅105 e–⋅s–1 per cell with a reproducibility of ± 1.2⋅105 e–⋅s–1 (Figure 3D). Thus, reduction rates were not only independent of metal salt concentrations, but also of the metal salt types. The variation of bacteria or initial metal salt concentrations by a factor of 2 did not change reduction rates per cell (Supplementary Figure 5). A fivefold increase of extracellular metal salts started to deactivate cells, which led to a slowdown of the reduction, indicated by a curvature of the time dependent metal salt reduction, and a lower regeneration of the Fe2+/hemes. Additional experiments showed that reduction of metal salts could neither be detected with dead G. sulfurreducens cells nor with the supernatant of living cells, and Cr2(SO4)3 or K3[Co(CN)6], which cannot oxidize Fe2+/hemes of cytochromes, did not drive the respiration.



Influence of Fe2+/Hemes on Reduction Rates

Experiments were carried out with bacteria, which contained either lower c-cytochrome concentrations, or reacted faster with the metal salts. A downregulation of c-cytochromes was carried out by preparation of G. sulfurreducens cells in a growth medium of low Fe2+ concentration (medium B). Mass spectrometric proteome analysis detected 2,579 proteins after growth in medium A as well as in medium B, from which 64 are c-cytochromes (Supplementary Figure 2). Two thirds of them were downregulated by cell growth in medium B, 18 by more than 50% (Table 1). Comparison with literature data demonstrated that 17 of these 18 cytochromes are involved in the EET process. Most of them are located in the periplasm, from which three are predicted to be bound to the outer membrane, two to the inner membrane, and two cytochromes are outer membrane complexes. As a consequence, the total iron heme concentrations decreased by 50% in the downregulated cells (Figure 5A). Reduction experiments of these bacteria with metal salts showed that electron flux rates remained constant, whereas the Fe2+/heme levels increased considerably (Figure 5B). Obviously, constant rates could be maintained in cells of lower c-cytochrome concentrations by rising the Fe2+/heme levels. A similar effect was observed with a mutant, where outer membrane cytochromes OmcB, OmcE, OmcS, and OmcT were deleted (Figure 5C).
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FIGURE 5. Changes of Fe2+/heme levels during metal induced respiration of G. sulfurreducens. (A) Linear correlation (red line) between Fe2+/heme concentrations (Q-bands) and G. sulfurreducens concentrations (OD600 data). The data (red points) were gained by dilution and different cell growth experiments in medium A. Measurement (magenta point) with G. sulfurreducens, grown in medium B, where c-cytochromes are downregulated. (B) Fe2+/heme levels during CrO42– induced respiration (0.05 mM) of cells grown in media A (0.63 pM) and B (0.73 pM). (C) Fe2+/heme levels (red) and CrO42– concentrations (blue) during CrO42– induced respiration (0.05 mM) of mutants lacking OmcBEST (0.76 pM) grown in medium A. (D) Fe2+/heme levels of experiments with G. sulfurreducens (0.74 pM), grown in medium B, with [Fe(edta)] – (0.15 mM) and CrO42– (0.05 mM), respectively.


An increase of electron flux rates was achieved by experiments starting with G. sulfurreducens in the exponential growth phase (log phase). In order to carry out these measurements, cells were prepared under fumarate-respiring conditions (Butler et al., 2006). The log phase started after several hours, reached a rate maximum at about 30 h, then slowed down, and stopped during the third day (Figure 4A). In the first hours of this growth process, Fe2+/hemes were partly oxidized but became reduced again during the log phase (Supplementary Figure 6). Once all iron hemes of G. sulfurreducens were in the Fe2+ state, K2CrO4 was added to the growing G. sulfurreducens solution, and the CrO42– reduction rate was measured (Figures 4C,D). Experiments at different growth times showed that electron flux was 4–6 times faster in the log phase than with cells starting from the lag phase. Cells in the exponential growth demands faster ATP production, which can be achieved by an increase of the electron flux rate. This was made possible by an increase of the Fe2+/heme levels in the c-cytochromes from 5% (lag phase) to up to 75% (log phase) during the metal salt reduction (Figure 4B).



Influence of Extracellular Metal Salts on Cell Growth Rates

Respiration induces the formation of ATP, which leads to bacterial growth in ATP dependent processes (Brown, 1992; Velten et al., 2007; Bochdansky et al., 2021). To elucidate whether ATP formation and ATP consumption occur with the same rates, the decrease of the metal salts, and the increase of cell growth were measured. Reactions started with G. sulfurreducens in the resting state and medium A as solvent, which lacks fumarate as oxidant. Respiration was induced by addition of 0.03–0.05 mM CrO42– or 0.15 mM [Fe(CN)6]3– solutions. Figures 6A–C demonstrate that cell growth increased linearly, and required the same reaction times as the respiration process. The OD600 increase during respiration revealed that a 0.15 mM electron flux generated 4.5 ± 0.5% cell increase from 0.81 pM G. sulfurreducens solutions. Hence, a flow of 0.15 mM electrons produced 0.036 pM cell growth, so that 4⋅109 electrons were needed to synthesize enough ATP for one cell division, which agrees with the analysis of electrochemical experiments (Levar et al., 2013).
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FIGURE 6. Increase of cell concentration and decrease of oxidants [Fe(CN)6]3– and CrO42– during G. sulfurreducens respiration in grow medium A, lacking fumarate, and stating from the lag phase. (A) Linear increase of the bacterial growth with 0.15 mM [Fe(CN)6]3–, R2 = 0.98. (B) Linear increase of the bacterial growth with 0.05 and 0.03 mM CrO42– (insert), R2 = 0.98. (C) Linear CrO42– decrease (blue, R2 = 0.99), and linear bacterial growth (brown, R2 = 0.98) of the same respiration experiment.





DISCUSSION

Respiration of lag phase G. sulfurreducens cells in a growth medium, which lacks the oxidant fumarate, reduced Fe3+, Co3+, V5+, Cr6+, and Mn7+ ions of the 6 different metal salts with electron flux rates of 3.7⋅105 e–⋅s–1 per cell at 30°C, a pH of 7.4 and a reproducibility of ± 30% (Figures 3A,D). The nearly constant Fe2+/heme levels demonstrated that the oxidation of Fe2+/hemes by the metal salts, and the reduction of Fe3+/hemes by the menaquinole pool occurred with the same rates, leading to a constant electron flux. Rates and kinetic orders agree well with our earlier reduction experiments of Ag+ ions by G. sulfurreducens (Chabert et al., 2020), which led to Ag nanoparticles (AgNPs), as reaction products (Figure 1). We had measured high binding constants of Ag+ ions to Met and His of outer membrane cytochromes, and observed the formation of AgNPs at the outer cell membrane. In recent cell growth experiments with CrO42– (Gong et al., 2018), Cr3+ reduction products could also be detected within the cells, if the bacteria were treated for several hours with metal salts. Our experiments were finished within 10–20 min, and we never observed Cr3+ within the cells (Figure 2B), but to avoid overinterpretation, we don’t exclude the possibility that some of the CrO42– was reduced inside of the cells even under our different reaction conditions. This obviously did not change the electron flux rate (Figure 3A), which is driven by the need for a constant ATP production (Velten et al., 2007; Bochdansky et al., 2021; Wilson and Matschinsky, 2021) during G. sulfurreducens respiration (Figures 6A–C). Interestingly, the same electron flux rates were also measured in electrochemical experiments on single cells of G. sulfurreducens (Jiang et al., 2013) as well as Shewanella oneidensis (Gross and El-Naggar, 2015).

The influence of Fe2+/hemes on electron flux rates was studied (a) with G. sulfurreducens cells of downregulated c-cytochromes, (b) with cells in the exponential growth phase, and (c) with G. sulfurreducens mutants. Decrease of c-cytochrome concentrations (Figure 5A and Table 1) was observed in microorganisms that were prepared under fumarate-respiring conditions at very low FeSO4 concentrations (medium B). Addition of CrO42– ions to these downregulated cells induced nearly the same reaction rates as experiments with G. sulfurreducens, grown in medium A (Figure 5B). This was surprising, as c-cytochromes are the electron transporting carriers and their decrease should slow down the electron flux. Obviously, the observed rise of Fe2+/heme levels from ≤ 5 to 30% compensated the downregulation of c-cytochromes. Electron flux rates of metal salt induced respiration, which used G. sulfurreducens cells in the exponential growth phase, were 4–6 times faster compared to experiments starting from G. sulfurreducens in the resting phase (Figures 4C,D). Such an acceleration is reasonable as the ATP demand increases in the exponential growth phase, requiring at the same time a faster electron flux, which was achieved by an increase of Fe2+:/heme levels in the cytochromes from 5% via 40 to 75% (Figure 4B). Such a rise of the Fe2+/heme level augments the reductive power of multiheme cytochromes (Quian et al., 2011; Liu and Bond, 2012; Santos et al., 2015), and increases electron transfer rates by the Marcus theory (Marcus, 1993). It demonstrates the importance of the electron storing capacities of multiheme cytochromes (Esteve-Núñez et al., 2008), which can regulate respiration by their redox states. Our observations are again in accord with electrochemical experiments, where the redox status of c-cytochromes in G. sulfurreducens biofilms changed with the applied potential (Liu et al., 2011). Thus, the Fe2+/heme level is an important parameter for the optimization of G. sulfurreducens as an electron-producing source.

The analogous effects of our metal salt induced electron flux measurements with electrochemical current production of biofilms at the anode inititated us to measure the reduction rate of CrO42– by G. sulfurreducens mutants, in which OmcBEST was deleted. Electrochemical measurements on biofilms had shown (Nevin et al., 2009) that “deletion of OmcS, OmcB and OmcE had nearly no impact on maximum current production.” This is in strong contrast to Fe3+ oxide and Fe3+ citrate induced cell growth experiments. G. sulfurreducens mutants, in which OmcB, OmcE, or OmcS were mutated out (Leang et al., 2003; Richter et al., 2011) reduced the cell growth rates dramatically. Our rate measurements with water-soluble CrO42– ions are again in accord with electrochemical results. Figure 5C demonstrates that the mutant, in which OmcBEST was deleted, hardly changed the CrO42– reduction time, but the missing outer membrane cytochromes induced a drastic increase of the Fe2+/hemes level during the metal salt reduction. It demonstrates that the effect of decreasing outer membrane cytochromes on the respiration rate was compensated by an increase of the Fe2+/heme level. Thus, Fe2+/hemes play a central role in the regulation of electron flux rates. These measurements stimulate studies to elucidate the effects of G. sulfurreducens mutations on electron flux rates in bioelectrochemical measurements compared to cell growth experiments. An obvious difference between these two techniques is that in cell growth experiments the cells are several hours in contact to the oxidizing minerals and the reduced metal ions. In contrast, electrochemical experiments with G. sulfurreducens biofilms on electrodes, as well as the metal salt induced electron flux measurements, presented in this publication, take only some minutes. We will check in future work, whether the sensitivity of mutated cells against strong oxidants is one of the reasons for the differences between long time cell growth and short time bioelectrochemical experiments.
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Eutrophication and global change are increasing the occurrence of seasonal hypoxia (bottom-water oxygen concentration <63 μM) in coastal systems worldwide. In extreme cases, the bottom water can become completely anoxic, allowing sulfide to escape from the sediments and leading to the development of bottom-water euxinia. In seasonally hypoxic coastal basins, electrogenic sulfur oxidation by long, filamentous cable bacteria has been shown to stimulate the formation of an iron oxide layer near the sediment-water interface, while the bottom waters are oxygenated. Upon the development of bottom-water anoxia, this iron oxide “firewall” prevents the sedimentary release of sulfide. Iron oxides also act as an adsorption trap for elements such as arsenic. Arsenic is a toxic trace metal, and its release from sediments can have a negative impact on marine ecosystems. Yet, it is currently unknown how electrogenic sulfur oxidation impacts arsenic cycling in seasonally hypoxic basins. In this study, we presented results from a seasonal field study of an uncontaminated marine lake, complemented with a long-term sediment core incubation experiment, which reveals that cable bacteria have a strong impact on the arsenic cycle in a seasonally hypoxic system. Electrogenic sulfur oxidation significantly modulates the arsenic fluxes over a seasonal time scale by enriching arsenic in the iron oxide layer near the sediment-water interface in the oxic period and pulse-releasing arsenic during the anoxic period. Fluxes as large as 20 μmol m−2 day−1 were measured, which are comparable to As fluxes reported from highly contaminated sediments. Since cable bacteria are recognized as active components of the microbial community in seasonally hypoxic systems worldwide, this seasonal amplification of arsenic fluxes is likely a widespread phenomenon.
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INTRODUCTION

The global prevalence of seasonal hypoxia in coastal systems is increasing as a result of climate change and increased delivery of nutrients to the coastal ocean (Diaz and Rosenberg, 2008; Breitburg et al., 2018). Stratification coupled to high primary production leads to low oxygen concentrations in the bottom water of coastal water bodies in summer [“hypoxia,” defined as (O2) < 63 μM]. In some cases, the bottom water may become entirely devoid of oxygen (“anoxic”) and allows the escape of dissolved sulfide from the sediment, which can lead to the accumulation of sulfide in the bottom waters (named “euxinia”). At the same time, bottom-water oxygen limits the efflux of trace metals such as arsenic (As) from marine sediments by sustaining an iron oxide layer near the sediment-water interface (SWI), which acts as an efficient adsorption trap for trace metal(loid)s (Riedel et al., 1999). As the prevalence and frequency of hypoxia increase, trace metal(loid)s release from marine sediments is expected to increase (Banks et al., 2012). For a toxic trace metalloid like As, such an enhanced sedimentary efflux may harm the local marine ecosystem. Exposure to micromolar levels of As (both AsIII and AsV) is toxic to plants and animals, and the inorganic forms of As are also known carcinogens in humans (Sharma and Sohn, 2009).

In seasonally hypoxic Lake Grevelingen, the metabolic activity of cable bacteria during the oxic period in winter and spring limits sedimentary sulfide release during the anoxic period in summer by developing a “firewall” for dissolved sulfide (Burdorf et al., submitted; Seitaj et al., 2015). Cable bacteria are sulfur-oxidizing bacteria that perform electrogenic sulfur oxidation (e-SOx), which couples the oxidation of sulfide at depth to the reduction of oxygen near the SWI through electrical currents that run along the centimeter-long axis of these filamentous bacteria (Nielsen et al., 2010; Meysman et al., 2019). This centimeter-scale decoupling of redox half-reactions generates large characteristic pH excursions, inducing a broad and acidic zone at depth and a narrow and alkaline zone near the SWI (Nielsen and Risgaard-Petersen, 2014; Meysman et al., 2015; Meysman, 2017). The low pH at depth dissolves iron sulfides and releases dissolved iron in the pore water, of which part diffuses toward the oxic zone and precipitates as iron oxide (Risgaard-Petersen et al., 2012; Rao et al., 2016). This upward transport of reduced iron builds up a disproportionally large iron oxide layer during the oxic months, which subsequently provides an efficient cap (referred to as a “firewall”) for dissolved sulfide during the hypoxic and anoxic period (Burdorf et al., submitted; Seitaj et al., 2015). Active cable bacteria populations are also found in other seasonally hypoxic sites (Burdorf et al., 2017), which makes this possibly a global feature.

The As cycle in marine sediments is closely coupled to the iron cycle due to strong interactions between As and various iron minerals, such as iron (oxyhydr)oxides (further referred to as iron oxides) and iron-sulfide minerals (Mucci et al., 2000; Bostick and Fendorf, 2003; Chaillou et al., 2003; Wolthers et al., 2005; Couture et al., 2010). Under oxic bottom water conditions, As enters the sediment adsorbed onto iron oxides in settling particles. When these iron oxides are buried below the oxic zone, As is co-released with ferrous iron to the pore water during dissimilatory iron reduction (Edenborn et al., 1986; Peterson and Carpenter, 1986; Chaillou et al., 2003; Gao and Mucci, 2003). Consequently, the concentrations of dissolved As in the pore water are much higher than in the overlying water. The release of As from the sediment is generally small, as long as the water column is sufficiently oxygenated to sustain an iron oxide layer near the SWI. Only a limited fraction of As (0.02–0.9 μmol m−2 day−1) is generally able to diffuse through the oxic zone and into the overlying water (Peterson and Carpenter, 1986; Martin and Pedersen, 2002; Chaillou et al., 2003; Senn et al., 2007) because of the fast adsorption of As on the iron oxide oxides in the oxic zone (Couture et al., 2010). When oxygen concentrations in the overlying water decrease, the As efflux from sediments can become much higher (1.6–4.8 μmol m−2 day−1) (Riedel et al., 1999; Banks et al., 2012), as the iron oxide layer is no longer sustained.

The high affinity of As for iron oxides, together with the iron firewall mechanism induced by the cable bacteria, suggests that seasonally hypoxic systems may experience an amplified seasonal As cycle. Preliminary evidence indeed indicates that during the dissolution of iron sulfide minerals in the electro-active zone (the zone where e-SOx is active), As is released to the pore water (van de Velde et al., 2017). However, the evolution of the As cycle in coastal systems experiencing seasonal hypoxia remains poorly understood, and the impact of the iron firewall mechanism on As effluxes has not been examined. In this study, we presented in-situ pore-water and solid-phase data from three time points (i.e., March, May, and September 2015) in the seasonal cycle of Lake Grevelingen. These data are combined with results from a long-term core incubation experiment, where we monitored As release over several weeks after induction of anoxia. Our results demonstrated that the e-SOx metabolism of cable bacteria seasonally modulates the As release from the sediment, by limiting the As efflux in spring and stimulating the As efflux at the onset of hypoxia.



MATERIALS AND METHODS


Field Site

Lake Grevelingen (N 51°44′, E 3°52′) is a saline coastal water body (area: 115 km2) in the Netherlands that is part of the former Rhine-Meuse-Scheldt estuary. Water exchange takes place via a sluice connection with the North Sea, and so a relative constant salinity (29–32) is maintained throughout the year. The study site was station “S1” in the Den Osse basin (23 m depth), which rapidly accumulates organic-rich sediments (~2 cm year−1) (Malkin et al., 2014). Seasonal oxygen depletion is a yearly occurring phenomenon at this site (Wetsteijn, 2011). In 2012, an extensive year-long sampling campaign has revealed the importance of e-SOx for sedimentary Fe, Mn, S, P, and Mo cycling in response to seasonally changing oxygen conditions (Seitaj et al., 2015; Sulu-Gambari et al., 2016a,b; Sulu-gambari et al., 2017). This dataset forms the background for this study.



Water-Column and Sediment Core Sampling

Bottom water and sediment cores were collected on three different occasions (i.e., March, May, and August 2015). During each sampling campaign, water column depth profiles of temperature (T), salinity (S), and oxygen (O2) saturation were recorded with a CTD instrument (YSI 6600, YSI inc., USA). Bottom water was sampled with a 12 L NISKIN bottle, which was held stationary at 20 m depth for at least 10 min before retrieval. The bottom water was analyzed for O2, dissolved iron, and dissolved As. Afterwards, sediment cores were collected using a single core gravity corer (UWITEC, Austria) and transparent PVC core liners (inner diameter: 6 cm; length: 60 cm). Upon retrieval, sediment cores were carefully inspected and only cores with an apparent undisturbed SWI were kept for further analysis. Sediment cores were investigated with microsensor depth profiling at in-situ temperature in a temperature-controlled shipboard laboratory within 6 h from sampling. Subsequently, the sediment cores were transported back to a shore-based laboratory (NIOZ, Yerseke, The Netherlands) in a thermally insulated container for further analysis and experiments.



Sediment Incubations

Whole-core sediment incubations were initiated the day after sediment core collection. Two cores were sectioned immediately before the incubation to determine the initial pore-water and solid-phase conditions. Three replicate cores were subsequently incubated, and the sediment levels of these cores were adjusted to have comparable volumes of overlying water (~15 cm). At the start of the incubation, about 75% of the overlying water in these cores was replaced with deoxygenated artificial seawater (salinity = 30); the cores were closed off with custom-built airtight polyoxymethylene lids equipped with a central stirrer and incubated in the dark in a temperature-controlled incubator (LT650 Elbanton, The Netherlands, 4°C—the in-situ temperature of the bottom water in March). Oxygen concentrations were continuously monitored (sampling frequency ~0.1 min−1) during the whole incubation using Oxygen Spot Sensors (OXPSP5; Pyroscience, Germany). Each week, the overlying water in the incubations was discretely sampled via two sampling ports in the lid, which allowed water sampling without O2 introduction. The water sample was analyzed for dissolved iron, dissolved sulfide, and dissolved As. To this end, glass syringes (Hamilton, USA) were connected to the sampling ports with tygon tubing. After sample collection, ~75% of the overlying water was removed and replaced with freshly prepared artificial seawater (salinity = 30), which was deoxygenated beforehand via nitrogen bubbling. The new artificial seawater was added carefully by placing a piece of bubble wrap on the top of the remaining water, which minimized disturbance of the sediment surface. Subsequently, the lid was replaced, and any remaining bubbles were removed by injecting anoxic water. Incubations continued for a few weeks after sulfide was detected in the overlying water (March: 23 weeks, May: 15 weeks, August: 7 weeks). In August, sulfide was detected after only 1 week of incubation, and thus the incubation time was much shorter for this month. At the end of the long-term incubation, duplicate cores were sectioned, and pore water and solid phase were analyzed (see below).



Sediment and Pore Water Collection

Cores were sectioned for pore-water collection in an anaerobic glove box (N2 atmosphere with 3–5% H2; Coy lab products, USA). Cores were sectioned at 0.5 cm resolution from 0 to 6 cm depth and 1 cm resolution between 6 and 12 cm depth. Sediment slices were collected in 50 ml polypropylene centrifuge tubes (TPP, Switzerland) and centrifuged at 3,000 rpm for 10 min (Sigma 3–18KS, Sigma Laborzentrifugen GmbH, Germany). Subsequently, the centrifuge tubes were opened in the anaerobic glove box, and overlying pore water was transferred into suitable sample containers after filtration through 0.45 μm cellulose filters (Millex-HA filter, Merck Millipore, USA). Pore-water samples were analyzed for dissolved iron and dissolved As. To prevent oxidation, the solid phase that remained after centrifugation was freeze-dried and sealed in an airtight aluminum bag inside the anaerobic glove box and stored anaerobically for later solid-phase analysis.



Microsensor Profiling

Microsensor profiling was carried out for dissolved H2S (100 μm tip diameter), O2 (50 μm tip), and pH (200 μm tip) using commercial micro-electrodes (Unisense A.S., Denmark). In each core, 2 replicate profiles were taken for each of the three parameters. Dissolved H2S was calibrated by making a five-point standard curve using Na2S standards, which were prepared on the day of analysis. For O2, a two-point calibration was made using air-saturated seawater (100% saturation) and the anoxic zone of the sediment (0% saturation). pH was calibrated by a 3-point calibration using standard NBS buffers (pH = 4, 7, and 10), followed by a salinity correction with Tris buffer (Dickson et al., 2007). Measurements of pH were performed using an external Ag/AgCl reference electrode, and values are reported on the total pH scale.



Bottom-Water and Pore-Water Analysis

Water samples for dissolved Fe analysis were immediately stabilized with 50 μl of bidistilled HNO3 (65%) per ml of sample and preserved at 4°C. Before the analysis, samples were diluted 50 times with a standard matrix solution containing 35% artificial seawater and 2% HNO3 using 0.2 mg L−1 Ytterbium as an internal standard (Crompton, 1989). Samples were subsequently analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES, ThermoFisher iCAP6500), precision was <2%. We will refer to concentrations determined by ICP-OES as dissolved Fe (dFe). Note, however, that the sample fraction obtained after filtration does not only consist of aqueous Fe2+ and dissolved complexes but potentially also of a fraction of colloidal and nanoparticulate iron (Raiswell and Canfield, 2012).

Samples for As analysis were stabilized and preserved identical as for dFe and were analyzed by high-resolution-inductively coupled plasma-mass spectroscopy (HR-ICP-MS, ThermoScientific Element 2) after 20× dilution with Milli-Q water. Indium (2.5 ppb) containing 2% HNO3 was injected simultaneously with the sample as an internal standard. Similar to iron, we will refer to As as dissolved As (dAs).

Samples for total free sulfide analysis [ΣH2S = (H2S) + (HS−)] were fixed with 100 μl ZnAc (10 %) per ml of sample and analyzed spectrophotometrically following the methylene blue method (Cline, 1969).



Solid-Phase Analysis

To determine the solid-phase speciation of Fe and As within solid sediment phases, two extraction procedures were used (Supplementary Table 1). The first extraction uses an ascorbate solution that targets reactive Fe(III) phases, all Mn(III, IV) oxides and oxyhydroxides and associated trace metals (Kostka and Luther, 1994). The second extraction procedure employs a 1 M HCl solution, which extracts acid-volatile sulfides (AVSs), carbonate, amorphous Fe(III) phases, and elements from clay minerals (Kostka and Luther, 1994). In both procedures, 300 μg of dry sediment was extracted with 25 ml of solution (which was purged with N2 gas for 30 min before) for 24 h at ambient temperature under constant agitation. The addition of the solution was carried out inside an anaerobic chamber, to avoid oxidation artifacts. Afterwards, the solution was centrifuged and the supernatant was filtered (0.45 μm cellulose filters), diluted 20×, stabilized with 1% HNO3 and stored at 4°C. Analysis was carried out with HR-ICP-MS for Fe and As as described above for bottom- and pore-water analysis. Reproducibility (determined as the relative standard deviation of three replicates) for the ascorbate extraction was 3–7% for Fe and 2–5% for As. For the HCl extraction, reproducibility was 15–20 % for Fe and 20–30% for As.

Solid-phase inventories were calculated as follows:

[image: image]

where Csolid is the solid-phase concentration (in mol g−1 dry weight), φ is the porosity, ρs is the density of the solid phase, and xup and xdown are the depths over which the inventory was calculated. The porosity φ was determined from water content and solid-phase density measurements, accounting for the salt content of the pore water and averaged for the whole depth interval. The water content was determined as the volume of water removed when wet sediment samples were dried to constant weight at 60°C. Solid-phase density ρs at the field site was previously determined at 2.6 g cm−3 and assumed to be constant over the whole depth interval (Seitaj et al., 2017).



Flux Calculations

The sediment efflux FS(t) of a given species S (dAs, dFe, or ΣH2S) was determined by calculating the solute inventory in the overlying water at the start and end of the weekly incubations. The inventory at the end simply amounts to VOLW[S]end, where VOLW is the volume of the overlying water and [S]end = [S]t is the concentration of species S at time t. The inventory at the start of the incubation needs to account for the water replacement operation and becomes
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where Vrepl is the volume of the replaced overlying water, [S]repl is the concentration of species S in the replacing seawater, and [S]t−1 is the concentration of S at the previous time point in the overlying water that remained. The efflux then can be calculated as follows:

[image: image]

where Δt represents the exact duration of the incubation period (always ~7 days), and Acore is the surface area of the sediment (28.3 cm2).

The cumulative flux represents the total amount of species S that was released into the water column during the whole experiment and was calculated as follows:

[image: image]

where tend is the end of the experiment, and FS(t) is the flux at time t, as calculated by Equation (3).

Diffusive fluxes in the pore water are estimated using the Fick's first law (Fick, 1855) as follows:

[image: image]

where Jdiff is the diffusive flux, C is the concentration in the pore water, x is the depth into the sediment, φ represents porosity, and θ2 = 1–2lnφ is the correction factor for sediment tortuosity (Boudreau, 1996). The molecular diffusion coefficient (D0) is calculated for measured salinity and temperature using the R package CRAN:marelac (Soetaert et al., 2010). The concentration gradient (δC/δx) was calculated by fitting a linear regression to the concentration profiles using the custom-made R script FLIPPER (https://github.com/sevdevel/FLIPPER) (van de Velde et al., 2022).




RESULT AND DISCUSSION


Sedimentary Biogeochemical Cycling in a Seasonally Hypoxic System

The combined O2, H2S, and pH microsensor profiles suggest a distinct seasonality in the geochemistry of Lake Grevelingen sediments, which are also reflected in the pore-water depth profiles of ferrous iron. This seasonality has been described in detail before and is due to drastic changes in the sedimentary microbial community and metabolism in response to the seasonal variation in bottom water oxygen concentrations in the seasonally hypoxic Lake Grevelingen (Seitaj et al., 2015; Sulu-Gambari et al., 2016a).

In March 2015, the bottom water was fully oxygenated [(O2) = 329 μM], and microsensor profiling revealed the characteristic geochemical signature of electrogenic sulfur oxidation (e-SOx) by cable bacteria (Figure 1A; Nielsen et al., 2010; Meysman et al., 2015). A suboxic zone of ~40 mm deep was present, in which O2 and H2S remained below the detection limit (<1 μM). The pH depth profile showed a subsurface maximum (pH = 8.82 ± 0.03) near the oxygen penetration depth (OPD = 1.4 ± 0.3 mm) due to the proton consumption associated with cathodic reduction of oxygen
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while an acidic minimum (pH = 6.4 ± 0.1) was generated near the sulfide appearance depth (SAD = 41 ± 2 mm), resulting from proton production during anodic sulfide oxidation

[image: image]

The low pH stimulated the dissolution of acid-sensitive minerals, most notably iron sulfide (Risgaard-Petersen et al., 2012; Rao et al., 2016; van de Velde et al., 2016), thus leading to strong dFe accumulation in the pore water (Figure 1D). The rate of FeS dissolution can be estimated by the sum of the diffusive fluxes just above and below the subsurface maximum dFe concentration (2.3 mmol m−2 day−1), which is comparable to other sediments with active e-SOx (Rao et al., 2016; van de Velde et al., 2016). Of the ferrous iron released in the pore water, 60% diffused toward the SWI, and the remaining 40% diffused downwards.


[image: Figure 1]
FIGURE 1. (A–C) Representative microsensor depth profiles of O2, H2S, and pH in three different seasons (i.e., March, May, and August 2015) in sediment of seasonally hypoxic Lake Grevelingen. All microsensor profile replicates are shown in Supplementary Figure 2. (D–F) Pore water depth profiles of dissolved iron in sediment upon core retrieval (denoted in black dots) and after prolonged incubation with anoxic overlying water (denoted in red squares). (G–I) Pore water profiles of dissolved arsenic before (denoted in black dots) and after (denoted in red squares) prolonged anoxic incubation. Open and filled symbols represent replicate cores.


In May, bottom water [O2] was at 60% air saturation (175 μM), and the pH depth profiles revealed a subsurface minimum at the OPD (1.0 ± 0.3 mm), followed by a local maximum in the zone just underneath (Figure 1B). This specific type of pH depth profile has been associated with active cycling of iron between oxidized and reduced forms, where sediment mixing transports reduced forms of iron (FeS, adsorbed Fe2+) into the oxic zone and oxidized forms (FeOOH) downwards (Seitaj et al., 2015). This type of iron cycling requires an active form of sediment mixing such as bioturbation (van de Velde and Meysman, 2016; van de Velde et al., 2020), and indeed, we observed small polychaete tubes sticking out of the sediment (Burdorf et al., submitted). Evidence for burrowing fauna in May has also been found during a previous seasonal study of Lake Grevelingen (Seitaj et al., 2015, 2017). The proton production associated with the oxidation of reduced iron (FeS, Fe2+ or adsorbed Fe2+) and potential chemolithoautotrophy, led to a pH minimum in the oxic zone (pH = 7.10 ± 0.04)

[image: image]

whereas below 0.5 cm depth, the recovery of the pH to higher values (pH = 7.7 ± 0.2) is likely driven by the reduction of iron oxides (e.g., via sulfide-mediated iron reduction)

[image: image]

Bioturbation generated a suboxic zone of 37 ± 7 mm, as the downmixing of iron oxides at depth prevented the accumulation of free sulfide (van de Velde and Meysman, 2016). Even though the redox pathways are likely more complex (e.g., by an intermediate cycle of manganese between oxygen and iron) (Aller, 1990; Sulu-Gambari et al., 2016a,b), iron cycling leads to an overall release of protons within the oxic surface layer and consumption of protons in the deeper suboxic zone (Jourabchi et al., 2005), as seen in the pH depth profile. The reductive dissolution of iron oxide also led to the release of dissolved iron in the pore water (Figure 1E), albeit at a lower rate than in March when e-SOx was active (Fe release rate = 1.4 mmol m−2 day−1, of which 78% diffuses toward the SWI).

The anoxic bottom water in August [(O2) < 1 μM] excluded e-SOx by cable bacteria (due to the lack of electron acceptors) and bioturbation (due to faunal mortality), and this is reflected in the microsensor depth profiles (Figure 1C). The pH decreased to a minimum of 7.3 ± 0.1 in the first 0.5 cm, after which it remained constant with depth, while ΣH2S started accumulating immediately at the SWI. This particular combination of pH and ΣH2S depth profiles is expected when sulfate reduction is the dominant pathway (Jourabchi et al., 2005):
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Strong sulfide production and the absence of bioturbation and e-SOx prevents the formation of a suboxic zone and inhibits the accumulation of dFe in the pore water through FeS precipitation (Figure 1F).

Overall, we found that iron and sulfur cycling in Lake Grevelingen shows a marked seasonality, alternating between dominance of e-SOx in March, bioturbation-driven metal cycling in May and sulfate reduction in August. This seasonal pattern is congruent with previous descriptions of the sediment biogeochemical cycling in Lake Grevelingen (Seitaj et al., 2015; Sulu-Gambari et al., 2016a) and shows that this strong seasonality in iron and sulfur cycling is likely a recurring phenomenon. The upward dFe fluxes were large in both March (1.4 mmol m−2 day−1) and May (1.1 mmol m−2 day−1), which suggests that substantial iron oxides were formed within the oxic zone, thus leading to the accumulation of iron oxides near the SWI (Figures 2A,E). However, there is an important difference between both periods. During e-SOx activity in March, iron is first transferred from reduced FeS to dissolved Fe in the pore water and subsequently precipitates as oxidized FeOOH. This is when a strong iron oxide “firewall” sensu Seitaj et al. (2015) is formed, and this engenders a one-way transport of iron from deeper layers to the oxic zone near the sediment surface. In May, when bioturbation is active, iron cycling is fundamentally different. FeOOH and FeS are cycled forth and back within the bioturbated zone, leading to a re-distribution of Fe over reduced and oxidized phases (Burdorf et al., submitted; Seitaj et al., 2015). As shown below, these different modes of iron cycling will differently control the sedimentary As cycle.


[image: Figure 2]
FIGURE 2. Ascorbate extractable Fe (Feasc) and As (Asasc) of three different seasons (i.e., March, May, and August 2015) in the sediment of seasonally hypoxic Lake Grevelingen. (A,E,I) Solid-phase ascorbate extractable iron depth profile upon core retrieval. (B,F,J) Solid-phase ascorbate extractable arsenic depth profile upon core retrieval. (C,G,K) Solid-phase ascorbate extractable iron depth profile after prolonged anoxic incubation. (D,H,L) Solid-phase ascorbate extractable arsenic depth profile after prolonged anoxic incubation. Results are expressed in μmol g−1 dry weight. Note the difference in x-axis for Feasc and Asasc.




Arsenic Cycling in a Seasonally Hypoxic Basin

In March 2015, when the water column was fully oxygenated, e-SOx was active in the sediment (Figure 1A and Section Sedimentary Biogeochemical Cycling in a Seasonally Hypoxic System), and a subsurface maximum of dAs was seen over the first 4 cm (coinciding with the suboxic zone; Figure 1G). In anoxic sediments, As adsorbs readily onto iron sulfides (Farquhar et al., 2002; Bostick and Fendorf, 2003; Wolthers et al., 2005). During e-SOx-driven dissolution of FeS, As was likely released into the pore water (production rate = 0.85 μmol m−2 day−1, of which 45% diffuses upwards), leading to accumulation of dAs in the pore water within the electro-active zone (Figure 1G; van de Velde et al., 2017). Alternatively, decreasing pH has been shown to lower the adsorption capacity of As onto iron sulfide minerals (Bostick and Fendorf, 2003; Wolthers et al., 2005). This could be an additional explanation for the As release seen in the electro-active zone. The observed dAs concentrations (0.2–0.5 μM) are comparable to those seen in bioturbated coastal sediments, where the As cycle is driven by iron oxide reduction (0.01–1.2 μM) (Edenborn et al., 1986; Peterson and Carpenter, 1986; Mucci et al., 2000, 2003; Chaillou et al., 2003). However, the dAs concentrations observed here are about four times lower than previously found in North-Sea sediments, where e-SOx was the dominant process (van de Velde et al., 2017). They are also lower than in deltaic sediments that sustain an active iron cycle (Sullivan and Aller, 1996) and contaminated lake sediments (Barrett et al., 2019; Leclerc et al., 2021), where pore water dAs can reach up to 2 μM (and sometimes up to 10 μM). Just below the zone of As release, the pore water showed a zone with strong dAs consumption, which corresponded to the interface between the ferruginous and the sulphidic pore water. This dAs removal is likely caused by intense FeS precipitation due to the supply of dissolved iron from the suboxic zone (Figure 1D). As this FeS is newly formed, and thus highly disordered, a lot of adsorption sites for As are created, which enables a strong sink for dAs (and leads to near-zero concentrations of dAs).

Part of the As diffusing upwards adsorbs onto iron oxides that are present near the SWI. Most of the upward diffusing As can be trapped in the oxic layer (0.3 μmol m−2 day−1), and only ~0.08 μmol m−2 day−1 can potentially diffuse into the water column (see As budget in Supporting Information). Trapping of As in the oxic zone leads to As accumulation in the iron oxide layer (up to 0.3 μmol As g−1) near the SWI (Figure 2B). Other studies have reported similar concentrations of particulate As in the top layer of coastal sediments (Mucci et al., 2000; Chaillou et al., 2003), higher concentrations are generally found in contaminated marine (0.4–0.7 μmol As g−1; Chaillou et al., 2003) and lake sediments (up to 15 μmol As g−1; Barrett et al., 2019; Leclerc et al., 2021).

Intriguingly, the pore water profiles suggest a strong upward flux of dAs coming from below the sampled depth of 12 cm. This upward flux was present in all cores of all three sampled months (black dots in Figures 1G–I) and disappeared after prolonged anoxic incubation (red squares in Figures 1G–I), which suggests that there is a deep and continuous source of dAs (below 15 cm depth). Note that the incubation time of the August cores was only 35 days, as compared with >100 days for the other 2 months, so there was less time for dAs to diffuse out of the sediment. This dAs source is possibly coming from crystalline iron oxides that were preserved and slowly dissolved afterwards or As associated with refractory organic matter (Chaillou et al., 2003). Alternatively, the As that was adsorbed on FeS could desorb due to the increase in dissolved sulfide with depth (Bostick and Fendorf, 2003), or As can be released when FeS becomes more ordered, which decreases the available adsorption sites. The affinity of As is a factor 5 lower for pyrite compared with FeS and so the gradual transformation of FeS into FeS2 in deeper sediments can also lead to As release (Bostick and Fendorf, 2003). Note that the incubated sediment cores only extend to 12 cm and are cut-off from this deeper As source that is present in natural sediments, which explains why dAs decreases at depth over time in the incubations.

In May 2015, the dAs peak was closer to the SWI (0.5 μM at 0.25 cm depth; Figure 1H), correlating with the highest Asasc concentration (0.3 μmol g−1; Figure 2F), which suggests that the As release was now mainly driven by dissimilatory iron reduction (Mucci et al., 2000; Chaillou et al., 2003; Couture et al., 2010). The production rate of As in May was almost two times higher than in March (1.52 μmol m−2 day−1 vs. 0.85 μmol m−2 day−1). In March, the main dAs source was the dissolution of FeS, which has a lower adsorption affinity for dAs than FeOOH. Accordingly, we conjectured that more As was co-released during iron reduction in May, thus explaining the higher release rates compared with those in March.

Below the zone of dAs release, the sink of dAs was less pronounced in May, suggesting that the trapping mechanism from early spring (strong FeS precipitation) was less potent due to lower pore water dFe concentrations (Figure 1E). The location of this sink was also higher, corresponding to the upwards migration of the sulfide horizon (Figure 1H). Asasc concentrations did not vary significantly between March and May (Figures 2B,F), suggesting that less dAs was lost from the sediment over that period, likely because the oxygen concentration in the overlying water was still sufficiently high to act as an efficient trap. Hence, sufficient iron oxides were still present (Figure 2E) to re-adsorb the dissolved As that was released during dissimilatory iron oxide reduction.

In summer, the whole sediment core was sulphidic (Figure 1C), and the concentration of Asasc dropped in the top sediment layer (<0.15 μmol g−1; Figure 2J). Dissolved As showed strong accumulation in the upper 5 cm (up to 1.5 μM at 2.5 cm depth; Figure 1I). Under high sulfide concentrations, As is known to adsorb onto FeS surfaces (Farquhar et al., 2002; Wolthers et al., 2005) or to form authigenic As sulfides (Mucci et al., 2000, 2003; O'Day et al., 2004), which would lead to low dAs concentrations (in contrast to what we see in this study). However, high sulfide concentrations also inhibit the adsorption capacity of As on iron sulfide mineral surfaces (Bostick and Fendorf, 2003). In the anoxic part of the sediment, iron sulfide minerals are abundant (Seitaj et al., 2015; Sulu-Gambari et al., 2016a; Burdorf et al., submitted), and a fraction of the dAs will be adsorbed onto these minerals (~0.05 μmol g−1 in the absence of dissolved sulfide; Supplementary Material). The upward migrating ΣH2S horizon can then lead to a transient increase of dAs by a relatively small decrease in the adsorption capacity of As on iron sulfides (a decrease of ~10% in adsorption capacity can lead to pore water dAs concentrations of >1 μM; Supplementary Material).

The combination of solid-phase and pore-water data suggest a strong link between the As cycle and the iron firewall mechanism induced by electrogenic sulfur oxidation (e-SOx), which can be summarized in a conceptual scheme (Figure 3). During winter and spring, e-SOx drives the dissolution of FeS and stimulates the formation of an iron oxide layer near the SWI (Seitaj et al., 2015; Sulu-Gambari et al., 2016a,b). Simultaneously, dAs is transferred from FeS in the deeper sediment layers to FeOOH near the SWI, leading to an enrichment of As in the iron oxide layer (Figures 2B, 3). In late spring, the sediment geochemistry changes to a bioturbation-driven iron cycle, which decreases the magnitude of the iron trap by the down-mixing of FeOOH and its subsequent conversion into FeS phases (Burdorf et al., submitted; Seitaj et al., 2015). During this downward mixing, As is released from the reduction of iron oxides and re-adsorbs on the iron oxides still present in the oxic zone, which leads to a constant concentration of dAs concentration in the iron oxide layer (Figures 2B, 3). However, after spring, when oxygen concentrations in the bottom water gradually decrease to eventually result in anoxia, the sulfide-mediated dissolution of the iron oxides will release all the adsorbed As into the overlying water column (Figures 2J, 3).


[image: Figure 3]
FIGURE 3. Conceptual model of the sedimentary arsenic cycle in seasonally hypoxic Lake Grevelingen; typical bottom water oxygen concentrations are indicated above. The dominant mode of geochemical cycling alternates between electrogenic sulfur oxidation in spring, bioturbation in late spring and anoxia in summer. See main text for details.




Benthic-Pelagic Coupling

The fluxes of As, Fe, and ΣH2S that were recorded weekly during the sediment incubation experiment fully support the above model of the seasonal As cycle in Lake Grevelingen (Figure 3). In March, dFe was immediately released upon the introduction of anoxia with a maximum flux of 4 mmol Fe m−2 day−1 in the first 2 weeks, while in contrast, no detectable ΣH2S efflux was noted for 50–100 days (Figures 4A,D). As was co-released with iron (Figure 4G), though with a delay, and its maximum flux was only achieved after 50 days (~3 μmol m−2 day−1). This suggests that in the early stages of the incubations, some of the As was re-adsorbed onto the iron oxide layer that was still present. When the sulfide efflux effectively started after 100 days, As still escaped the sediment, though fluxes gradually diminished (~1.5 μmol m−2 day−1). This suggests that authigenic As sulfides do not form fast enough to trap all the dAs, and hence, they do not form an efficient sink for As. The measured As fluxes are typical for sediments underlying anoxic bottom waters (1.6–4.8 μmol m−2 day−1) (Riedel et al., 1999; Banks et al., 2012).


[image: Figure 4]
FIGURE 4. Measured benthic fluxes of (A–C) dissolved Fe (dFe); (D–F) total free sulfide (ΣH2S); and (G–I) dissolved As (dAs) during the long-term anoxic incubations of cores from seasonally hypoxic Lake Grevelingen. Incubations were stopped when ΣH2S was detected in the overlying water of all three cores. Cores were collected during different seasons; (A,D,G) March 2015; (B,E,H) May 2015; and (C,F,I) August 2015. Different colors indicate replicate cores. Note the difference in y-axis for the dissolved arsenic flux on (H).


In May, dFe was also immediately released and quickly increased to a maximum flux (2–3 mmol m−2 day−1) that was about half that of March. Due to the presence of iron oxides in the top layer (Figure 2E), the ΣH2S release was also delayed, but now only for 30–50 days (Figures 4B,E), revealing that the strength of the iron firewall had diminished (Burdorf et al., submitted). In contrast, the maximum dAs efflux (15–20 μmol m−2 day−1) was much higher compared with March, and no delayed response was observed (Figure 4H). In August, no detectable dFe or dAs fluxes were measured, and ΣH2S was immediately released, indicating that the iron oxide layer was exhausted (Figures 4C,F,I).

The iron oxide trapping capacity was smaller in May compared with March, likely because part of the FeOOH was transported down by bio-mixing and converted into FeS (Burdorf et al., submitted; Seitaj et al., 2015). This is confirmed by the cumulative Fe flux, which was two times lower in May (69–134 mmol m−2) compared with March (52–60 mmol m−2) (Table 1). Cumulative As fluxes strongly correlated with cumulative Fe fluxes in both March and May (Supplementary Figure 3). In March, the As/Fe ratio of the cumulative flux was 0.003, while in May, it was 5 times higher (0.014), indicating that ~5 times more As (relative to Fe) was released in May. This suggests that during the initial dissolution stages of the iron oxide layer, a fraction of the As re-adsorbed on the iron oxide layer (consistent with the low As fluxes in the first weeks of the March incubation). In May, the change in solid-phase inventory before and after the experiment, estimated via the ascorbate extraction (0.44 mmol As m−2), agreed well with the cumulative As flux (0.32 ± 0.15 mmol As m−2; Table 1), indicating that only a small amount of As co-precipitated with sulfide or was adsorbed onto existing iron sulfides. In March, however, there was a larger difference (0.84 vs. 0.17 ± 0.09 mmol m−2; Table 1), which suggests that more As was retained in the sediment (Figures 4G,H). Possibly, the constant re-adsorption of As onto the iron oxides retained As in the sediment, which exposed it to sulfide in the pore water for a prolonged time. This could allow the formation and precipitation of authigenic As sulfides in March, which would not have been possible when As immediately diffused into the water column in May.


Table 1. Total release of dissolved arsenic (dAs), dissolved iron, and sulfide from the sediment over the course of the incubations (cumulative flux), compared with the inventory change of the ascorbate extraction.
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Impact of the Cable Bacteria Induced Enhanced Seasonality

The iron oxide “firewall” mechanism induced by cable bacteria activity enhances the seasonality of the sedimentary As cycle and its release to the water column. During the oxic season, As is released from the dissolution of iron sulfides and accumulates in the iron oxide layer that is formed at the SWI (Figure 3). Subsequently, the sulfide-mediated dissolution of the iron oxide layer during the anoxic period leads to a pulse release, with high benthic As fluxes (up to 20 μmol m−2 day−1; Figure 4H). This is comparable to As fluxes estimated from pore-water gradients in contaminated lakes with an order of magnitude higher than solid-phase As concentrations (Barrett et al., 2019) and ~3–4 times higher than previously reported from anoxic sediment incubations (Riedel et al., 1999; Banks et al., 2012). When oxic conditions are subsequently re-stored in autumn and winter, the re-establishment of e-SOx restarts the formation of a new iron oxide layer and the trapping of As restarts. A seasonal study of Lake Grevelingen has shown that this also similarly affects phosphate and molybdenum (Sulu-Gambari et al., 2016b; Sulu-gambari et al., 2017), and it is not unlikely that this mechanism is also active for other elements that have a strong interaction with iron oxides (e.g., silicate and cobalt).

The high As efflux potentially leads to an increased As inventory in the water column. Whether this leads to toxic concentrations depends on the bottom water volume over which the released As is diluted. Water-column profiling (Hagens et al., 2015) shows that the mixed bottom layer in Lake Grevelingen extends over ~15 m. Using the minimum and maximum cumulative As flux (Table 1), this leads to a possible range of As concentrations of 4–32 nM. As a reference, the US EPA guideline for acute exposure of marine animals to arsenite (the reduced form of As, which is stable under anoxic conditions) is 920 nM (Neff, 1997), which suggests that the As release from the sediment of Lake Grevelingen is likely not accumulating up to toxic levels. Yet, in sediment with a low solid-phase As content, we measured high fluxes during the anoxic incubation. In contaminated marine sediments, where sedimentary As concentrations are elevated, even higher fluxes are expected, and the seasonal amplification induced by cable bacteria might pose a previously unknown environmental risk.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

SV conceived the hypothesis. FM designed the experiment. LB and SH-M performed the field sampling and incubation experiment. SV and LB did the sediment extractions. ML analyzed the arsenic samples. SV and FM wrote the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This research was supported by the Fonds Wetenschappelijk Onderzoek (Grant No. G038819N), the Universiteit Antwerpen (Grant No. TOPBOF), the Netherlands Organization for Scientific Research (Grant No. 016.VICI.170.072), and the Belgian Federal Science Policy Office (Grant No. FED-tWIN2019-prf-008). The HR-ICP-MS instrument was financed by the HERCULES Foundation (Code: UABR/11/010). The experimental work for this manuscript was carried out when SV was supported by a Ph.D. fellowship of the Research Foundation Flanders. SV was currently supported by the Belgian Federal Science Policy Office (Grant No. FED-tWIN2019-prf-008).



ACKNOWLEDGMENTS

The authors would like to thank A. Tramper and P. Van Rijswijk for their help and assistance during the field sampling. The authors thank the crew of the R.V. Navicula for the March and May sampling and the crew of the Bruinvis (Staatsbosbeheer) for the sampling of August.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.907976/full#supplementary-material



REFERENCES

 Aller, R. C. (1990). Bioturbation and manganese cycling in hemipelagic sediments. Philos. Trans. R. Soc. London A Math. Phys. Eng. Sci. 331, 51–68. doi: 10.1098/rsta.1990.0056

 Banks, J. L., Ross, D. J., Keough, M. J., Eyre, B. D., and Macleod, C. K. (2012). Measuring hypoxia induced metal release from highly contaminated estuarine sediments during a 40day laboratory incubation experiment. Sci. Total Environ. 420, 229–237. doi: 10.1016/j.scitotenv.2012.01.033

 Barrett, P. M., Hull, E. A., Burkart, K., Hargrave, O., McLean, J., Taylor, V. F., et al. (2019). Contrasting arsenic cycling in strongly and weakly stratified contaminated lakes: evidence for temperature control on sediment–water arsenic fluxes. Limnol. Oceanogr. 64, 1333–1346. doi: 10.1002/lno.11119

 Bostick, B. C., and Fendorf, S. (2003). Arsenite sorption on troilite (FeS) and pyrite (FeS2). Geochim. Cosmochim. Acta 67, 909–921. doi: 10.1016/S0016-7037(02)01170-5

 Boudreau, B. P. (1996). The diffusive tortuosity of fine-grained unlithified sediments. Geochim. Cosmochim. Acta 60, 3139–3142. doi: 10.1016/0016-7037(96)00158-5

 Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. J., et al. (2018). Declining oxygen in the global ocean and coastal waters. Science 359, eaam7240. doi: 10.1126/science.aam7240

 Burdorf, L. D. W., Tramper, A., Seitaj, D., Meire, L., Hidalgo-Martinez, S., Zetsche, E.-M., et al. (2017). Long-distance electron transport occurs globally in marine sediments. Biogeosciences 14, 683–701. doi: 10.5194/bg-14-683-2017

 Chaillou, G., Schäfer, J., Anschutz, P., Lavaux, G., and Blanc, G. (2003). The behaviour of arsenic in muddy sediments of The Bay of Biscay (France). Geochim. Cosmochim. Acta 67, 2993–3003. doi: 10.1016/S0016-7037(03)00204-7

 Cline, J. D. (1969). Spectrophotometric determination of hydrogen sulfide in natural waters. Limnol. Oceanogr. 14, 454–458. doi: 10.4319/lo.1969.14.3.0454

 Couture, R. M., Gobeil, C., and Tessier, A. (2010). Arsenic, iron and sulfur co-diagenesis in lake sediments. Geochim. Cosmochim. Acta 74, 1238–1255. doi: 10.1016/j.gca.2009.11.028

 Crompton, T. R. (1989). “Metals,” in Analysis of Seawater (Butterworths & Co), 74–215. doi: 10.1016/B978-0-407-01610-1.50007-2

 Diaz, R. J., and Rosenberg, R. (2008). Spreading dead zones and consequences for marine ecosystems. Science 321, 926–929. doi: 10.1126/science.1156401

 Dickson, A. G., Sabine, C. L., and Christian, J. R. (2007). “Guide to best practices for ocean CO2 measurements,” in PICES Special Publication 3, IOCCP Report No. 8, eds A. G. Dickson, C. L. Sabine and J. R. Cristian (Sidney, NSW: North Pacific Marine Science Organization), 1–191.

 Edenborn, H. M., Belzile, N., Mucci, A., Lebel, J., and Silverberg, N. (1986). Observations on the diagenetic behavior of arsenic in a deep coastal sediment. Biogeochemistry 2, 359–376. doi: 10.1007/BF02180326

 Farquhar, M. L., Charnock, J. M., Livens, F. R., and Vaughan, D. J. (2002). Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study. Environ. Sci. Technol. 36, 1757–1762. doi: 10.1021/es010216g

 Fick, A. (1855). Uber diffusion. Ann. Phys. 94, 59–86. doi: 10.1002/andp.18551700105

 Gao, Y., and Mucci, A. (2003). Individual and competitive adsorption of phosphate and arsenate on goethite in artificial seawater. Chem. Geol. 199, 91–109. doi: 10.1016/S0009-2541(03)00119-0

 Hagens, M., Slomp, C. P., Meysman, F. J. R., Seitaj, D., Harlay, J., Borges, A. V., et al. (2015). Biogeochemical processes and buffering capacity concurrently affect acidification in a seasonally hypoxic coastal marine basin. Biogeosciences 12, 1561–1583. doi: 10.5194/bg-12-1561-2015

 Jourabchi, P., Van Cappellen, P., and Regnier, P. (2005). Quantitative interpretation of pH distributions in aquatic sediments: a reaction-transport modeling approach. Am. J. Sci. 305, 919–956. doi: 10.2475/ajs.305.9.919

 Kostka, J. E., and Luther, G. W. III. (1994). Partitioning and speciation of solid phase iron in saltmarsh sediments. Geochim. Cosmochim. Acta 58, 1701–1710. doi: 10.1016/0016-7037(94)90531-2

 Leclerc, É., Venkiteswaran, J. J., Jasiak, I., Telford, J. V., Schultz, M. D. J., Wolfe, B. B., et al. (2021). Quantifying arsenic post-depositional mobility in lake sediments impacted by gold ore roasting in sub-arctic Canada using inverse diagenetic modelling. Environ. Pollut. 288, 117723. doi: 10.1016/j.envpol.2021.117723

 Malkin, S. Y., Rao, A. M., Seitaj, D., Vasquez-Cardenas, D., Zetsche, E.-M., Hidalgo-Martinez, S., et al. (2014). Natural occurrence of microbial sulphur oxidation by long-range electron transport in the seafloor. ISME J. 8, 1843–1854. doi: 10.1038/ismej.2014.41

 Martin, A. J., and Pedersen, T. F. (2002). Seasonal and interannual mobility of arsenic in a Lake impacted by metal mining. Environ. Sci. Technol. 36, 1516–1523. doi: 10.1021/es0108537

 Meysman, F. J. R. (2017). Cable bacteria take a new breath using long-distance electricity. Trends Microbiol. 26, 411–422. doi: 10.1016/j.tim.2017.10.011

 Meysman, F. J. R., Cornelissen, R., Trashin, S., Bonn,é, R., Martinez, S. H., van der Veen, J., et al. (2019). A highly conductive fibre network enables centimetre-scale electron transport in multicellular cable bacteria. Nat. Commun. 10, 4120. doi: 10.1038/s41467-019-12115-7

 Meysman, F. J. R., Risgaard-Petersen, N., Malkin, S. Y., and Nielsen, L. P. (2015). The geochemical fingerprint of microbial long-distance electron transport in the seafloor. Geochim. Cosmochim. Acta 152, 122–142. doi: 10.1016/j.gca.2014.12.014

 Mucci, A., Boudreau, B., and Guignard, C. (2003). Diagenetic mobility of trace elements in sediments covered by a flash flood deposit: Mn, Fe and As. Appl. Geochem. 18, 1011–1026. doi: 10.1016/S0883-2927(02)00207-X

 Mucci, A., Richard, L., Lucotte, M., and Guignard, C. (2000). The differential geochemical behavior of arsenic and phosphorus in the water column and sediments of the Saguenay Fjord Estuary, Canada. Aquat. Geochemistry 6, 293–324. doi: 10.1023/A:1009632127607

 Neff, J. M. (1997). Ecotoxicology of arsenic in the marine environment. Environ. Toxicol. Chem. 16, 917–927. doi: 10.1002/etc.5620160511

 Nielsen, L. P., and Risgaard-Petersen, N. (2014). Rethinking sediment biogeochemistry after the discovery of electric currents. Ann. Rev. Mar. Sci. 7, 425–42. doi: 10.1146/annurev-marine-010814-015708

 Nielsen, L. P., Risgaard-Petersen, N., Fossing, H., Christensen, P. B., and Sayama, M. (2010). Electric currents couple spatially separated biogeochemical processes in marine sediment. Nature 463, 1071–1074. doi: 10.1038/nature08790

 O'Day, P. A., Vlassopoulos, D., Root, R., and Rivera, N. (2004). The influence of sulfur and iron on dissolved arsenic concentrations in the shallow subsurface under changing redox conditions. Proc. Natl. Acad. Sci. U.S.A. 101, 13703–13708. doi: 10.1073/pnas.0402775101

 Peterson, M. L., and Carpenter, R. (1986). Arsenic distributions in porewaters and sediments of Puget Sound, Lake Washington the Washington coast and Saanich Inlet, B.C. Geochim. Cosmochim. Acta 50, 353–369. doi: 10.1016/0016-7037(86)90189-4

 Raiswell, R., and Canfield, D. E. (2012). The iron biogeochemical cycle past and present. Geochem. Perspect. 1, 1–232. doi: 10.7185/geochempersp.1.1

 Rao, A. M. F., Malkin, S. Y., Hidalgo-Martinez, S., and Meysman, F. J. R. (2016). The impact of electrogenic sulfide oxidation on elemental cycling and solute fluxes in coastal sediment. Geochim. Cosmochim. Acta 172, 265–286. doi: 10.1016/j.gca.2015.09.014

 Riedel, G. F., Sanders, J. G., and Osman, R. W. (1999). Biogeochemical control on the flux of trace elements from estuarine sediments : effects of seasonal and short-term hypoxia. Mar. Environ. Res. 47, 349–372. doi: 10.1016/S0141-1136(98)00125-1

 Risgaard-Petersen, N., Revil, A., Meister, P., and Nielsen, L. P. (2012). Sulfur, iron-, and calcium cycling associated with natural electric currents running through marine sediment. Geochim. Cosmochim. Acta 92, 1–13. doi: 10.1016/j.gca.2012.05.036

 Seitaj, D., Schauer, R., Sulu-gambari, F., Hidalgo-martinez, S., Malkin, S. Y., Burdorf, L. D. W., et al. (2015). Cable bacteria generate a firewall against euxinia in seasonally hypoxic basins. Proc. Natl. Acad. Sci. 112, 13278–13283. doi: 10.1073/pnas.1510152112

 Seitaj, D., Sulu-Gambari, F., Burdorf, L. D. W., Romero-Ramirez, A., Maire, O., Malkin, S. Y., et al. (2017). Sedimentary oxygen dynamics in a seasonally hypoxic basin. Limnol. Oceanogr. 62, 452–473. doi: 10.1002/lno.10434

 Senn, D. B., Gawel, J. E., Jay, J. A., Hemond, H. F., and Durant, J. L. (2007). Long-term fate of a pulse arsenic input to a eutrophic lake. Environ. Sci. Technol. 41, 3062–3068. doi: 10.1021/es062444m

 Sharma, V. K., and Sohn, M. (2009). Aquatic arsenic: toxicity, speciation, transformations, and remediation. Environ. Int. 35, 743–759. doi: 10.1016/j.envint.2009.01.005

 Soetaert, K., Petzoldt, T., and Meysman, F. J. R. (2010). marelac: Tools for Aquatic Sciences R Package Version 2.1.

 Sullivan, K. A., and Aller, R. C. (1996). Diagenetic cycling of arsenic in Amazon shelf sediments. Geochim. Cosmochim. Acta 60, 1465–1477. doi: 10.1016/0016-7037(96)00040-3

 Sulu-gambari, F., Roepert, A., Jilbert, T., Hagens, M., Meysman, F. J. R., and Slomp, C. P. (2017). Molybdenum dynamics in sediments of a seasonally hypoxic coastal marine basin. Chem. Geol. 466, 627–640. doi: 10.1016/j.chemgeo.2017.07.015

 Sulu-Gambari, F., Seitaj, D., Behrends, T., Banerjee, D., Meysman, F. J. R., and Slomp, C. P. (2016a). Impact of cable bacteria on sedimentary iron and manganese dynamics in a seasonally-hypoxic marine basin. Geochim. Cosmochim. Acta 192, 49–69. doi: 10.1016/j.gca.2016.07.028

 Sulu-Gambari, F., Seitaj, D., Meysman, F. J. R., Schauer, R., Polerecky, L., and Slomp, C. P. (2016b). Cable bacteria control iron-phosphorus dynamics in sediments of a coastal hypoxic basin. Environ. Sci. Technol. 50, 1227–1233. doi: 10.1021/acs.est.5b04369

 van de Velde, S. J., Burdorf, L. D. W., and Meysman, F. J. R. (2022). FLIPPER - FLexible Interpretation of Porewater Profiles and Estimation of Rates. Zenodo. doi: 10.5281/zenodo.6624982

 van de Velde, S. J., Callebaut, I., Gao, Y., and Meysman, F. J. R. (2017). Impact of electrogenic sulfur oxidation on trace metal cycling in a coastal sediment. Chem. Geol. 452, 9–23. doi: 10.1016/j.chemgeo.2017.01.028

 van de Velde, S. J., Hidalgo-Martinez, S., Callebaut, I., Antler, G., James, R., Leermakers, M., et al. (2020). Burrowing fauna mediate alternative stable states in the redox cycling of salt marsh sediments. Geochim. Cosmochim. Acta 276, 31–49. doi: 10.1016/j.gca.2020.02.021

 van de Velde, S. J., Lesven, L., Burdorf, L. D. W., Hidalgo-Martinez, S., Geelhoed, J. S., Van Rijswijk, P., et al. (2016). The impact of electrogenic sulfur oxidation on the biogeochemistry of coastal sediments: a field study. Geochim. Cosmochim. Acta 194, 211–232. doi: 10.1016/j.gca.2016.08.038

 van de Velde, S. J., and Meysman, F. J. R. (2016). The influence of bioturbation on iron and sulphur cycling in marine sediments: a model analysis. Aquat. Geochem. 22, 469–504. doi: 10.1007/s10498-016-9301-7

 Wetsteijn, L. P. M. (2011). Grevelingenmeer: Meer Kwetsbaar? Een Beschrijving van de Ecologische Ontwikkelingen Voor de Periode 1999 t/m 2008-2010 in Vergelijking Met de Periode 1990 t/m 1998. Lelystad. Available onhline at: https://www.zeeweringenwiki.nl/images/5/53/Wetsteijn%2C_L.P.M.J.%2C_2011._Grevelingenmeer_meer_kwetsbaar.pdf

 Wolthers, M., Charlet, L., van Der Weijden, C. H., van der Linde, P. R., and Rickard, D. (2005). Arsenic mobility in the ambient sulfidic environment: sorption of arsenic(V) and arsenic(III) onto disordered mackinawite. Geochim. Cosmochim. Acta 69, 3483–3492. doi: 10.1016/j.gca.2005.03.003

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 van de Velde, Burdorf, Hidalgo-Martinez, Leermakers and Meysman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









 


	
	
TYPE Original Research
PUBLISHED 10 August 2022
DOI 10.3389/fmicb.2022.907703






Tracing and regulating redox homeostasis of model benthic ecosystems for sustainable aquaculture in coastal environments

Nobuaki Shono1, Mana Ito2, Akio Umezawa1, Kenji Sakata3, Ailong Li1, Jun Kikuchi3,4,5, Katsutoshi Ito2* and Ryuhei Nakamura1,6*


1Biofunctional Catalyst Research Team, Center for Sustainable Resource Science, RIKEN, Wako, Japan

2Fisheries Technology Institute, Japan Fisheries Research and Education Agency, Hatsukaichi, Japan

3RIKEN Center for Sustainable Resource Science, Yokohama, Japan

4Graduate School of Medical Life Science, Yokohama City University, Yokohama, Japan

5Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya, Japan

6Earth-Life Science Institute, Tokyo Institute of Technology, Tokyo, Japan

[image: image2]

OPEN ACCESS

EDITED BY
 Nils Risgaard-Petersen, Aarhus University, Denmark

REVIEWED BY
 Mayumi Seto, Nara Women's University, Japan
 Masahiro Yamamoto, Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Japan
 Souichiro Kato, National Institute of Advanced Industrial Science and Technology (AIST), Japan

*CORRESPONDENCE
 Katsutoshi Ito, ito_katsutoshi15@fra.go.jp 
 Ryuhei Nakamura, ryuhei.nakamura@riken.jp

SPECIALTY SECTION
 This article was submitted to Microbiological Chemistry and Geomicrobiology, a section of the journal Frontiers in Microbiology


RECEIVED 30 March 2022
 ACCEPTED 06 July 2022
 PUBLISHED 10 August 2022

CITATION
 Shono N, Ito M, Umezawa A, Sakata K, Li A, Kikuchi J, Ito K and Nakamura R (2022) Tracing and regulating redox homeostasis of model benthic ecosystems for sustainable aquaculture in coastal environments. Front. Microbiol. 13:907703. doi: 10.3389/fmicb.2022.907703

COPYRIGHT
 © 2022 Shono, Ito, Umezawa, Sakata, Li, Kikuchi, Ito and Nakamura. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Aquaculture in coastal environments has an increasingly important role in the world’s food supply; however, the accumulation of organic compounds on seafloors due to overfeeding adversely affects benthic ecosystems. To assess the ecological resilience of aquafarms to nutrient influx, we investigated the redox homeostasis of benthic ecosystems using a marine oligochaete as a model benthic organism in aquaculture fields. Real-time monitoring of the redox potential of a model benthic ecosystem constructed in an electrochemical reactor allowed evaluation of the homeostatic response of the system to nutrient addition. Although the detrimental effects of overfeeding were confirmed by irreversible potential changes in the sediment, redox homeostasis was reinforced through a cooperative relationship between oligochaetes and sediment microorganisms. Specifically, the oligochaetes exhibited reversible changes in metabolism and body position in response to dynamic changes in the sediment potential between −300 and 500 mV, thereby promoting the decomposition of organic compounds. The potential-dependent changes in metabolism and body position were reproduced by artificially manipulating the sediment potential in electrochemical reactors. Given the importance of benthic animals in sustaining coastal ecosystems, the electrochemical monitoring and physiologic regulation of marine oligochaetes could offer an intriguing approach toward sustainable aquaculture.
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Introduction

The United Nations estimates that the world population will reach 9.8 billion in 2050 and result in an unprecedented food crisis (United Nations, Department of Economic and Social Affairs, Population Division, 2015). To increase food stability, the sustainable use of marine resources, mainly through aquaculture, is considered to be essential (Costello et al., 2020). Currently, half of the fish and shellfish consumed in the world are sourced from aquafarms, which have production rates that are growing faster than those in any other animal production sector (FAO, 2014). In addition, it has been estimated that approximately 15 billion tons of fish can be produced annually in marine coastal areas through aquaculture (Gentry et al., 2017). However, the feeding practices for aquaculture fields located in marine coastal areas often result in overfeeding and the accumulation of organic matter in seafloor sediments, which adversely affects benthic ecosystems (Yokoyama et al., 2006; Holmer et al., 2008a) and leads to eutrophication, algal blooms, and red tides (Sarà, 2007). A recent evaluation of the aquaculture industry using a composite sustainability index comprised of food, energy, water, and carbon, revealed that most aquaculture practices worldwide has low sustainability indices (Jiang et al., 2022). Therefore, there is a need to establish sustainable aquaculture systems that balance productivity and environmental conservation.

Traditionally, the environmental assessment of aquaculture fields uses both chemical indicators and benthic fauna (Holmer et al., 2008b), with the latter serving as bioindicators for collecting diverse information of aquatic environments (Martinez-Crego et al., 2010). However, this approach is not suitable for assessing short-term environmental changes, such as those that occur on the hour- and day-scale. Although chemical indicators, such as oxygen, nitrogen, phosphorus, and sulfur compounds have the potential to instantly respond to changes caused by feeding, this method requires enormous efforts for on-site water and sediment sampling and the comprehensive analysis of complex chemical compounds.

As an alternative approach to bioindicator and chemical analyses, we applied electrochemical techniques for assessing the resilience of benthic ecosystems in aquaculture farms (Ito et al., 2019). The environmental redox potential is a physicochemical value determined by the integration of various factors, including (i) biological parameters, such as gene expression, metabolism, and bacterial flora; (ii) chemical parameters, such as oxygen, sulfide, and nutrient concentrations; and (iii) nutrient influx from rivers and land due to human activities. Therefore, real-time monitoring of the environmental redox potential can be used to evaluate the overall and homeostatic responses of benthic ecosystems associated with aquaculture to feeding.

Redox homeostasis is a common phenomenon in microorganisms and is primarily maintained at the cellular level through the regulation of metabolism and gene expression. At the ecosystem level in aquaculture fields, such homeostasis has the potential to be further strengthened through the cooperative relationship between microorganisms and benthic animals, such as shrimp, polychaetes, and bivalves (Levin et al., 2001; Marinelli and Waldbusser, 2005). As redox homeostasis is disrupted by overfeeding, understanding how the homeostasis is sustained by the interplay between benthic animals and microorganisms is fundamental for developing sustainable aquaculture systems.

As a proof of concept for the use of real-time monitoring of environmental redox potential to assess ecosystem-level homeostasis, here, we reconstructed model benthic ecosystems inside an electrochemical (EC) reactor. A chemically stable and biocompatible conductive glass was used as an electrode within marine sediment containing the marine oligochaete Thalassodrilides cf. briani (Torii et al., 2016). Aquatic oligochaetes (Annelisda, Clitellata) are found in marine, estuarine, and freshwater environments worldwide (Timm, 1980) and are recognized as ecosystem engineers owing to their bioturbation and organic decomposition activities (Jones et al., 1994; Mermillod-Blondin and Rosenberg, 2006). Using T. cf. briani as a representative benthos in aquaculture fields, we conducted real-time monitoring of redox homeostasis and analyzed how the redox potential is affected by feeding and the metabolic states and movement of oligochaetes. Utilizing electrochemical techniques, we also artificially manipulated the sediment potential to investigate if the metabolic states and macroscopic movement of oligochaetes could be regulated.



Materials and methods


Sediment sampling and maintenance

Sediment was obtained below a fish culturing raft in the coastal area of Ehime, Japan. The sediment sample was stored in the dark at 19°C with artificial seawater (MARINE ART SF-1; Osaka Yakken Co. Ltd., Osaka, Japan). Prior to experimental use, the sediment was transferred into a beaker at a thickness of approximately 2 cm and covered with approximately 5 cm of artificial sea water.



Preparation of sediment samples

A portion of the sediment being maintained in artificial seawater was collected onto a plate and benthic organisms visible to the naked eye were manually removed. This sediment was considered to contain only microorganisms and a portion of this sample was autoclaved at 121°C for 20 min to prepare sediment without microorganisms or benthos. Finally, forty T. cf. briani specimens were added to both the autoclaved and microorganisms-only sediment to generate sediment samples that contain only benthos and microorganisms and benthos, respectively.



Electrochemical experiment

A three-electrode electrochemical cell (EC; 8 ml capacity) was assembled using a platinum wire and Ag/AgCl/saturated KCl as counter and reference electrodes, respectively. A fluorine-doped tin oxide (FTO)-coated glass electrode (surface area of 3.14 cm2; SPD Laboratory, Inc.) was used as a working electrode and was placed at the bottom of the EC reactor. The 3 g of wet sediments and 4 ml of artificial sea water was added in the EC reactor. The temperature of the reactor was maintained at 25°C and no agitation other than that resulting from experimental operation was made during the measurements. The head space of the EC reactor is open to air via a membrane filter (0.20 μm pore size; ADVANTEC). Redox potential measurements were conducted using open circuit potential measurements performed with an automatic polarization system (HZ-5000; Hokuto Denko). As nutrients, fish feed (dry pellet; Otohime B1; Marubeni Nisshin Feed, Tokyo, Japan) was pulverized into a powder and suspended in artificial seawater (MARINE ART SF-1; Osaka Yakken Co. Ltd., Osaka, Japan) at a concentration of 20 mg/ml. The amount of fish food in the EC reactor was adjusted by varying the amount of suspension added, and the resulting air-saturated suspension was added to the electrochemical cell. A current vs. time curve was measured under potentiostatic conditions at 400 or 0 mV (vs. SHE) using the automatic polarization system.



NMR analysis

The collected oligochaetes from the EC reactor were gently washed with artificial seawater to remove excess material and transferred to a 2-ml safe lock tube. As much artificial sea water was removed from the tubes as possible by aspiration, and the tubes were allowed to vacuum dry using a GLD-136C rotary vacuum pump (ULVAC), and were then stored at −80°C. Prior to use, 3 mm × 2 mm zirconia beads were added to the tubes and the dried mass of oligochaetes was crushed with a Bead Smash 12 (TOMY) at 3,000 rpm for 5 min. As a calibration standard, 0.1 mM DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) in D2O (pH = 7, adjusted with 100 mM potassium phosphate buffer; Yoshida et al., 2014) was added to the samples, which were then incubated at 60°C for 15 min with frequent mixing. The samples were centrifuged at 15,000 rpm for 10 min at room temperature, and the supernatant was transferred to a new tube and stored at either 4°C or frozen. Prior to analysis, the samples were centrifuged at 15,000 rpm for 10 min at room temperature and transferred to 5-mm Φ—nuclear magnetic resonance (NMR) tubes (Shigemi). All oligochaetes samples were subjected to 2D-Jres NMR analysis for the monitoring of temporal metabolic changes following the electrochemical experiments conducted in sediment. 1H-13C-HSQC and 1H-13C-HSQC-TOCSY NMR was then applied to a standard sample (oligochaetes prior to experimental use) for the NMR signal assignment of metabolites.



Acquisition and analysis of time lapse images

To acquire time lapse images, an electrochemical cell (1 cm × 3.14 cm; same area as used in the electrochemical experiments above) with a flat side was prepared and into which 3 g sediment, 3 ml artificial seawater, and 10 oligochaetes were added. The prepared cell was placed in a box equipped with a mild light source and a time-lapse camera (TLC 200 PRO) in the front, and images were then acquired while conducting potential and current measurements. Image analysis was performed using ImageJ software and a macro program for counting the number of oligochaete tails and quantifying sediment movement.




Results and discussion


Real-time monitoring of redox homeostasis

To construct a miniature benthic ecosystem for real-time monitoring, marine sediments collected approximately 30 m directly beneath an aquaculture raft were placed in an EC reactor equipped a glass electrode on the bottom surface (Figure 1A). The glass working electrode was coated with fluorine-doped tin oxide (FTO), which has high biocompatibility and long-term chemical durability (Ishii et al., 2015), and Ag/AgCl (KCl sat.) was used as the reference electrode (Figure 1B). In this study, the term “redox potential” represents the electrochemical potential measured under open circuit conditions.
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FIGURE 1
 (A) Photograph of the fish farm where the sediments used in this study were collected. (B) Photographs of the model benthic ecosystem constructed in an electrochemical reactor. RE, WE, and CE denote the reference, working, and counter electrodes, respectively. The objects indicated by the arrows are the tails of oligochaetes protruding from the sediment mounted on the surface of a fluorine-doped tin oxide (FTO)-coated glass electrode. (C) Light microscope image of the specimen of the marine oligochaete Thalassodrilides cf. briani, which was located in sediment samples collected directly beneath the aquaculture raft.


The dominant benthic organism in the sediment was a marine annelid identified as T. cf. briani (Torii et al., 2016), which is a few centimeters in length and a member of the subclass Oligochaeta. Thalassodrilides cf. briani was selected as a representative benthic invertebrate for this study and other animals, such as polychaetes and amphipods, were removed from the sediment samples (Figure 1C). Thalassodrilides cf. briani is present at high densities in sediments located in the vicinity of fish farms (Ito et al., 2018), has high tolerance to concentrated sulfide species, and is able to remediate organically polluted sediments (Ito et al., 2016). Cooperative relationships between benthic animals and sediment microorganisms play a fundamental role in maintaining aquaculture environments by accelerating the decomposition of organic matter that accumulates on the seafloor (Andersen and Kristensen, 1992; Nascimento et al., 2012). To examine if this relationship could be monitored electrochemically, we prepared sediment samples containing only microorganisms, only T. cf. briani, or both T. cf. briani and microorganisms, and conducted real-time potential monitoring of the three sediments under open circuit conditions for 15 days. The sediment containing only microorganisms was prepared by removing visible benthic organisms, whereas the sediment containing only benthos was generated by adding T. cf. briani to autoclaved sediments. These two sediment samples exhibited nearly identical profiles for potential, with the potentials ranging from −100 to 100 mV vs. standard hydrogen electrode (SHE) throughout the 15-day experiment (Figures 2A,B). In contrast, the sediments containing both T. cf. briani and microorganisms showed a steep increase in potential and transient spike-like potential changes of approximately 10 mV, with the potential reaching approximately 450 mV after 10 days of incubation (Figures 2C,D). The samples lacking either T. cf. briani or sediment microorganisms did not reach potentials above 100 mV. Therefore, the steep increase in potential up to 450 mV was unique to the marine sediment containing both T. cf. briani and microorganisms.
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FIGURE 2
 Time courses of open circuit potential measurements for (A) sediment containing only oligochaetes, (B) sediment containing only sediment microorganisms, and (C,D) sediment containing both oligochaetes and sediment microorganisms. The arrow in (C) and (D) indicates the time at which 5 and 20 mg of fish diet, respectively, was added to the electrochemical reactor.


Under homeostatic conditions, an ecosystem is expected to reversibly respond to external perturbations such as nutrient influx, which would occur in aquaculture sediments during feeding. However, once an external stress exceeds the resilience limit of the ecosystem, the system can no longer return to the original state. To test if this general homeostatic property is detectable by redox potential measurements, organic matter in the form of fish diet was added into the EC reactor with sediment containing both T. cf. briani and microorganisms. When 5 mg fish diet was added to the EC reactor, the potential dropped rapidly from 450 to 0 mV; however, the potential increased rapidly in the 24 h following the nutrient addition and then gradually returned to nearly 450 mV level after 1 week of incubation, demonstrating that this model benthic ecosystem functions homeostatically (Figure 2C). Further, when the amount of fish diet added to the EC reactor was increased 4-fold (20 mg), the potential decreased to approximately −300 mV and did not recover to positive values, even after 10 additional days of incubation (Figure 2D; Supplementary Figures 1–3). Such an irreversible change of redox potential indicates that the amount of fish diet added to the reactor exceeded the capacity of this model benthic ecosystems. Consistent with this finding, the sediment in the nutrient-rich system gradually turned black due to the formation of iron sulfides and all of the marine annelids had died under the low potential conditions. Notably, when the experiment was repeated for the sediments lacking either T. cf. briani or sediment microorganisms, the potential did not recover even after 5 mg feeding, indicating that the cooperation between oligochaetes and sediment microorganisms enhanced the resilience to nutrient influx. This finding, in turn, suggests that the real-time monitoring of redox homeostasis can provide feedback on the feeding practices of aquaculture farms to avoid waste and harm to the surrounding benthic ecosystems.



Potential-dependent movement of benthos

Benthic animals move for a variety of reasons, including nutrient acquisition, locating suitable microhabitats, and the evasion of predators, pollutants, and adverse sediment conditions (Rodriguez and Reynoldson, 2011). As T. cf. briani is present at the seawater-sediment interface, the movement of this marine annelid is expected to have a significant influence on the redox states of benthic ecosystems. To investigate the correlation between redox potential and the movement of T. cf. briani in sediment, we developed an EC reactor equipped with an automated photography system (Figure 3A). For this experiment, 10 T. cf. briani specimens were added to the seafloor sediment on an FTO electrode, and photographs of the seawater-sediment interface were taken every 10 min while simultaneously measuring the electrochemical potential under open circuit conditions. We focused on two body positions: protrusion of the annelid tails from the sediment toward the oxygenated seawater and complete submersion in the sediment. Upon addition of T. cf. briani to the sediment, the redox potential increased from 0 V to approximately 500 mV, and this high potential value was maintained for 8 days (Figure 3B). The potential then rapidly dropped to −100 V following the addition of 2 mg fish diet, but again increased and had exceeded 400 mV within 24 h. Notably, the change in redox potential was highly synchronized with the macroscopic movement of T. cf. briani. Specifically, when the potential reached approximately 500 mV, nearly half of the oligochaetes had their tails projecting toward the seawater. Upon feeding, however, the oligochaetes began digging into the sediment until their bodies were completely buried. When the sediment potential recovered to the original state, the oligochaetes again began to stick their tails out into the seawater, demonstrating that the macroscopic movement of this benthos is highly correlated with the homeostatic changes in the redox potential. After prolonged incubation without feeding, the number of oligochaetes with protruding tails gradually decreased from 8 to 2 (Figure 3C), indicating that the “tail upwards” movement is correlated to energy metabolism. This speculation was examined below by the NMR analysis of metabolites.
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FIGURE 3
 (A) Photograph of the seawater-sediment interface taken during open-circuit potential measurements. The arrows show the tail of an oligochaete protruding from the sediment layered on an fluorine-doped tin oxide (FTO)-coated glass electrode. (B,C) Correlation between redox potential and the number of tails protruding from the sediment into sea water. On day 8 of the experiment, 2 or 0 mg of fish feed (B,C, respectively) was added to the reactor.


The bioturbation and burrowing of aquatic oligochaetes is known to alter seawater and sediment fluxes, which could help create an oxidative environment by promoting the influx of oxygen into the sediment (Mermillod-Blondin and Rosenberg, 2006). To estimate the aeration effect caused by the macroscopic movement of T. cf. briani, the seawater-sediment interface in the EC reactor was mechanically agitated using a microsyringe at an injection rate of 0.2 ml/s, which is much more vigorous than that caused by the movement of T. cf. briani. A video showing T. cf. briani digging into the sediment is available in Supplementary Video 1. During the agitation resulting from the pipetting, a significant amount of sediment was displaced into the seawater; however, the potential only increased by approximately 70 mV, and quickly returned to its original level of approximately −20 mV within 3 min (Supplementary Figure 4). Even after multiple agitation cycles, we were unable to reproduce the sustained increase in the sediment potential above 400 mV that was observed in the reactor containing both T. cf. briani and microorganisms. Therefore, the decomposition of organic matter by digestive activity, rather than mechanical aeration effects by the movement of benthos, is the primary reason for the generation of the oxidative environment in our model benthic ecosystem.



Redox-dependent energy metabolism

To investigate the role of the digestive activity of oligochaetes in the observed homeostatic changes in sediment redox potential, we analyzed the metabolites of T. cf. briani using NMR developed for the analysis of complex environmental samples (Simpson et al., 2011; Komatsu et al., 2015; Kikuchi and Yamada, 2017). Forty T. cf. briani specimens were collected from EC reactors at four different potential regions: high potential before feeding (region I), low potential after 10-mg feeding (region II), mid-potential during recovery (region III), and high potential after recovery (region IV; Figure 4A). The collected specimens were gently washed with artificial seawater to remove excess material and transferred to 2-ml safe lock tubes for NMR analysis. Twenty metabolites were identified by 1H-13C-Heteronuclear Single Quantum Coherece (HSQC) and 1H-13C-HSQC-Total Correlation Spectroscopy (TOCSY) NMR (Chikayama et al., 2010; Kikuchi et al., 2016; Supplementary Figure 5). In the 2D-Jres spectra, succinate and fumarate, which are metabolites of tricarboxylic acid cycle (TCA) cycle, showed clear potential-dependent accumulation (Figure 4B). Namely, the amount of succinate increased with decreasing potential in regions I to II; however, the levels returned to the original one as the potential increased in regions III and IV. A positive correlation between fumarate levels and sediment potential was observed. Namely, the amount of fumarate decreased with decreasing potential, but subsequently increased with an increase in the sediment potential.
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FIGURE 4
 (A) Time courses of open circuit potential measurements for the sediment containing oligochaetes and sediment microorganisms. Forty oligochaetes specimens were collected at 4, 8, 11, and 16 h for nuclear magnetic resonance (NMR) analysis. Red line: sample I at a high redox potential before feeding; light blue line: sample II at a low redox potential after feeding; green line: sample III at the mid-redox potential during recovering; and magenta line: sample IV at a high redox potential after recovery. (B) Changes in the relative intensity of the NMR signals for succinate (squares) and fumarate (triangles).


Fumarate respiration has been found in several benthic organisms, such as mussels, and is thought to sustain cellular functions under hypoxic conditions (Holwerda and De Zwaan, 1980; Van Hellemond and Tielens, 1994). In this mechanism, fumarate serves as an electron acceptor to form succinate, generating a proton motive force for adenosine triphosphate (ATP) synthesis. In the sediment of our model benthic ecosystem, the accumulation of succinate was coupled with a decrease in fumarate under low potential conditions, suggesting that T. cf. briani gains energy by digesting organic matter via fumarate respiration under hypoxic conditions. However, when low-potential conditions last for 15 days or more, most of the T. cf. briani were found to die.



Electrochemical regulation of metabolism and movement

The results presented above have demonstrated the effectiveness of real-time potential monitoring to assess the homeostatic function of benthic ecosystems. As a final experiment, the benthic ecosystem containing T. cf. briani and sediment microorganisms was maintained at electrochemical potentials of 0 or 400 mV to examine if the movement and metabolism of T. cf. briani could be artificially regulated. Upon applying the potential to the sediment-electrode system, a cathodic current of approximately −3.8 and − 0.5 μA was generated at 0 and 400 mV, respectively (Figure 5A). In addition, the movement of T. cf. briani clearly differed between 0 and 400 mV, with several oligochaetes extending their tails into the seawater at 400 mV (orange: six of 10 individuals), whereas their entire bodies were buried in the sediment at 0 mV. This potential-dependent regulation of movement is consistent with the change in movement that was observed upon feeding (Figure 3B). After 16 days of electrochemical incubation at 0 and 400 mV, 40 specimens of T. cf. briani were collected from the sediment and NMR analysis was conducted to examine changes in fumarate and succinate levels at the two sediment potentials. A higher amount of succinate was detected in T. cf. briani in the sediment with an applied potential of 0 mV relative to those organisms from sediment subjected to 400 mV, whereas fumarate showed the opposite trend (Figures 5B,C). This finding is consistent with the potential-dependent change in metabolite levels that was induced by feeding (Figure 4B), providing strong evidence that the redox homeostasis that observed upon introducing organic matter into the sediment originates from the redox-dependent activity of T. cf. briani.
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FIGURE 5
 (A) Time courses of current generation from the sediment containing oligochaetes and sediment microorganisms at 0 and 400 mV. The number of oligochaetes with tails protruding from the sediment into the sea water at 0 and 400 mV is indicated by orange and blue bars, respectively. (B,C) Potential-dependent changes in the relative intensity of the NMR signals for succinate (B) and fumarate (C).


Based on the real-time monitoring of redox potential changes upon nutrient addition and the observed electrochemical regulation of metabolism and movement of T. cf. briani, we propose the following mechanism of redox homeostasis in the model benthic ecosystem. The degradation of organic compounds by T. cf. briani results in reversible changes in metabolic states and body positions, together leading to changes in the sediment potential. Under high-potential conditions, T. cf. briani extend its tail into the oxygenated seawater and gains energy by digesting organic compounds via aerobic respiration. The introduction of organic compounds into the ecosystem leads to a large drop in the redox potential of the sediment, likely due to the enrichment of anaerobic microorganisms, such as sulfate-reducing bacteria, as inferred from the observed formation of sulfide ions and FeS. In contrast, low-potential conditions were associated with T. cf. briani embedded in the sediment, a switch from aerobic respiration to the use of fumarate as an electron acceptor. The digestion of organic compounds via fumarate respiration leads to an increase in the sediment potential, and the extension of its tail into the seawater-sediment interface facilitates aerobic respiration by T. cf. briani. This redox-dependent reversible switching in metabolism and movement showcases the high versatility of oligochaetes to adapt to the benthic environment, which can experience dynamic changes in the redox potential between −300 and 500 mV, and is likely a significant factor for maintaining ecosystem-level homeostasis in marine sediments.




Summary

In the present study, we demonstrated that the real-time monitoring of redox homeostasis is a viable method for assessing the resilience of benthic ecosystems, which was reinforced by the cooperative relationships between oligochaetes and sediment microorganisms. In particular, the redox-dependent reversible changes in metabolism and movement of oligochaetes was found to play a crucial role in the homeostatic response of the system to nutrient influx. We also demonstrated that it may be possible to artificially manipulate the metabolism and movement of benthic animals through electrochemical control of sediment potential. Recent advances in electromicrobiology have demonstrated the application of electrochemical techniques to the monitoring and regulation of bacterial activity, particularly for metal reducing bacteria with the ability of extracellular electron transfer, such as members of the genus Shewanella and Geobacter (Nealson and Saffarini, 1994; Bond and Lovley, 2003). The electrochemical control of microbial flora has also been reported in mixed-culture systems, in which specific microbial species were enriched by regulating the electrode potential (Torres et al., 2009). To our knowledge, the present study is the first to demonstrate the electrochemical monitoring and physiologic regulation of benthic animals. Future research on the redox-dependent activity of benthic animals, including polychaetes and amphipods, will allow electromicrobiological techniques to be applied to benthic ecosystems and may lead to the development of novel technologies and sustainable aquaculture practices.
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Fish farming in sea cages is a growing component of the global food industry. A prominent ecosystem impact of this industry is the increase in the downward flux of organic matter, which stimulates anaerobic mineralization and sulfide production in underlying sediments. When free sulfide is released to the overlying water, this can have a toxic effect on local marine ecosystems. The microbially-mediated process of sulfide oxidation has the potential to be an important natural mitigation and prevention strategy that has not been studied in fish farm sediments. We examined the microbial community composition (DNA-based 16S rRNA gene) underneath two active fish farms on the Southwestern coast of Iceland and performed laboratory incubations of resident sediment. Field observations confirmed the strong geochemical impact of fish farming on the sediment (up to 150 m away from cages). Sulfide accumulation was evidenced under the cages congruent with a higher supply of degradable organic matter from the cages. Phylogenetically diverse microbes capable of sulfide detoxification were present in the field sediment as well as in lab incubations, including cable bacteria (Candidatus Electrothrix), which display a unique metabolism based on long-distance electron transport. Microsensor profiling revealed that the activity of cable bacteria did not exert a dominant impact on the geochemistry of fish farm sediment at the time of sampling. However, laboratory incubations that mimic the recovery process during fallowing, revealed successful enrichment of cable bacteria within weeks, with concomitant high sulfur-oxidizing activity. Overall our results give insight into the role of microbially-mediated sulfide detoxification in aquaculture impacted sediments.
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1 Introduction

Fish comprises an important source of animal protein to the human population, with the global fish production estimated at 177.8 million tons in 2020 (FAO, 2022). To meet this demand, fish farming has significantly expanded over the past decades, accounting for nearly half of the global production (87.5 million tons). A sizeable fraction of this fish farming (33.1 million tons) occurs in marine waters (FAO, 2022). This intensive aquaculture practice generates large quantities of organic waste that predominantly sinks to the seafloor, which includes both waste products (feces) and undigested fish food (Quiñones et al., 2019; Miranda et al., 2020). The enrichment of organic matter in sediments underneath fish cages promotes anaerobic mineralization, and particularly stimulates sulfate reduction, which generates high concentrations of sulfide in sediments (Holmer and Kristensen, 1996). Free sulfide may diffuse out of the sediment into the overlying water and upon oxidation, it can contribute to the depletion of oxygen in bottom waters (la Rosa et al., 2001; Bissett et al., 2006; Choi et al., 2018). When this situation persists, oxygen becomes fully depleted, and free sulfide accumulates in the water column, in a process called euxinia. Due to the intrinsic toxicity of free sulfide to eukaryotes, euxinia events may induce mass-mortality in both benthic and pelagic fauna (Pearson and Rosenberg, 1978; Holmer et al., 2007). Sedimentation of fecal pellets further serve as a dispersion mechanism for pathogens and fish gut-microbes such as Pseudomonas, Vibrio, and Clostridia both in the water column and sediment near the cages (Kolda et al., 2020; Quero et al., 2020).

The increased sedimentation of organic-rich particles near the fish cages, but also to some extent further away due to transport by currents, has a lasting impact on the local sediment geochemistry, microbiology, and faunal communities (Carroll et al., 2003; Holmer et al., 2007; Ballester-Moltó et al., 2017). To safeguard the environmental quality of local marine coastal areas, environmental standards are enforced upon fish farming activities. One widely enforced remediation measure is fallowing, where farming areas must remain inactive for at least 3 months after each production cycle. This process enables the seabed to partially return to its state prior to the on-set of farming (McGhie et al., 2000; Carroll et al., 2003). However, the complete restoration of fish farm impacted sediments can require multiple years, with only an initial recovery observed in the first and second year. This restoration trajectory depends not only on the fish farming practices but also on the prevalent environmental conditions (Pereira et al., 2004; Keeley et al., 2017; Verhoeven et al., 2018). Other, but less-used remediation techniques include: sediment removal, harrowing, re-suspension, addition of detritivores or polychaetes, and sediment irrigation with oxygenated surface water (Kunihiro et al., 2011; Keeley et al., 2017; Ape et al., 2019). The best course of action to constrain the environmental effects of fish farming remains a subject of debate.

In natural environments with highly organic-enriched sediments, sulfur-oxidizing microbes can act as “ecosystem engineers” that counteract euxinic conditions through highly efficient sulfide oxidation. Off the coast of Namibia, pelagic Gammaproteobacteria and Campylobacterota (formerly known as Epsilonproteobacteria) can fully oxidize sulfide in euxinic bottom waters with nitrate, thus potentially preventing or reducing mass mortality events of the fish community (Lavik et al., 2009). Similarly, high abundances of sulfur-oxidizing microbes from the Campylobacterota (Sulfurimonas and Sulfurovum) and mat-forming Gammaproteobacteria are typically observed in fish farm impacted sediments (Kawahara et al., 2009; Verhoeven et al., 2018; Kolda et al., 2020; Quero et al., 2020). However, it is presently unclear to what extent these natural microbial communities can help mitigate the impact of fish farming on the seabed, and accelerate the recovery of ecosystem functions in the seabed. The microbially-mediated process of sulfide oxidation is of critical importance in this matter. Sustainable management of fish farming activities hence calls for a better understanding of microbial sulfide oxidation in the seabed.

A highly efficient form of sulfide detoxification was recently discovered in coastal sediments worldwide, which is conducted by cable bacteria performing electrogenic sulfide oxidation (e-SOx; Pfeffer et al., 2012; Malkin et al., 2014; Burdorf et al., 2017). In this unique bacterial metabolism, sulfide oxidation is supported by long-distance electron transport over centimeters (Nielsen and Risgaard-Petersen, 2015; Meysman, 2018). Cable bacteria activity stimulates various other microbial processes, such as sulfate reduction, denitrification, and chemoautotrophy (Vasquez-Cardenas et al., 2015; Kessler et al., 2019; Sandfeld et al., 2020; Liau et al., 2022) promotes cryptic sulfur cycling, and alters the cycling of phosphorous, manganese and heavy metals in sediment (Rao et al., 2014; van de Velde et al., 2016). e-SOx can also play a crucial role in the prevention of euxinic bottom waters. This process was first demonstrated in the organic-rich sediments of a seasonally hypoxic basin and occurs through a sequence of biogeochemical steps (Seitaj et al., 2015). Firstly, the development of e-SOx strongly decreases the pH in anoxic sediments, which dissolves the ambient pool of iron sulfides. The ferrous iron that is liberated diffuses upward and generates a buffering layer of sedimentary iron oxides just below the oxic surface, which is referred to as an iron firewall (Seitaj et al., 2015). When the bottom water turns anoxic, this iron firewall captures the sulfide diffusing upward and this can prevent/delay the escape of sulfide from the sediment over a period of weeks (Seitaj et al., 2015). In doing so, the detrimental effects of hypoxia and euxinia, both in the benthic and pelagic environments, are alleviated naturally (Marzocchi et al., 2018; Hermans et al., 2020). The reduction of sulfide levels in sediments by e-SOx likely favors the growth of seagrass and mussel beds, and the re-colonization of benthic macro- and meiofauna (Seitaj et al., 2015; Malkin et al., 2017; Martin et al., 2018; Bonaglia et al., 2020).

Here, we hypothesize that a diverse microbial community of sulfur-oxidizers, including cable bacteria, could potentially contribute to sulfide detoxification in fish farm sediments during fallowing, thus enhancing the overall recovery process. To investigate this hypothesis, we studied the in situ geochemistry and microbial communities in sediments near fish cages on the East coast of Iceland with different production regimes (short versus long production periods). Accompanying laboratory incubations gave additional insight into the recovery process of fish farm sediments and the potential role of cable bacteria.



2 Materials and methods


2.1 Study area and sample collection

In Iceland, Atlantic salmon (Salmo salar) is the most important farmed fish species, and the largest part of its production cycle occurs in sea cages. Our study area was located at two farming sites, Glímeyri and Svarthamarsvik, in Berufjörður, which is a 20 km long and 3–5 km wide fjord on the east coast of Iceland (Supplementary Figure 1). Cages have a 160 m circumference, a depth of 32 m and a resulting volume of 47,000 m3, and are arranged in clusters (7 in Glímeyri and 6 in Svarthamarsvik). Each production cycle lasts up to 36 months, depending on temperature, growth rate, and the size of smolts (young salmon) initially stocked. Harvesting starts when maximum biomass is reached with an average fish weight close to 6 kg. Sampling was conducted on September 24th and 25th 2018 on both locations. The temperature of the bottom water was 4°C and salinity was 33. At the time of sampling, the Glímeyri cluster was early in its production cycle (22nd week), and as a result, it still contained a relatively low biomass (∼540 tons divided over 7 cages). In contrast, the Svarthamarsvik cluster was much later in the production cycle (122 weeks) and had already reached the harvesting stage. Hence salmon biomass was much larger (∼2,800 tons in 6 cages). The two sampling sites investigated therefore represent two scenarios, the Glímeyri site with low biomass and a short production period (SPP) and the Svarthamarsvik site with high biomass and a long production period (LPP).

In Berufjörður, the tidal current comes into the fjord from the north and exits to the south (Supplementary Figure 1). We established a transect in parallel to the tidal current from the south-eastern most cage within each of the two clusters. Three sampling sites were selected along each transect: next to the cage (0 m), 50 and 150 m away from the fish cage (Supplementary Figure 1 and Supplementary Table 1). Intact sediment cores were retrieved with a single-core gravity corer (Uwitec) using polycarbonate core liners (60 mm inner diameter and 60 cm length). Four replicate cores were collected per site. All sediment cores were inspected upon retrieval, and only cores with a visually undisturbed sediment surface, and with overlying water (>5 cm) were retained. Cores were first kept in the shade onboard ship (air temperature 5°C), and within 5 h after collection, they were brought to a climate-controlled room at 0°C for further processing.

Overlying water in each core was aerated via an aquarium air pump and cores were kept at 0°C. Microsensor depth profiles were collected for all replicate cores within 24 h, and two cores per site were subsequently sectioned in six layers (slicing at 0.5, 1.0, 1.5, 2.0, 3.0, and 5.0 cm depth). Sediment slices were collected in petri dishes, homogenized, and immediately transferred to Eppendorf tubes which were either immediately frozen at −20°C for DNA analysis (1.5 ml) or fixed with ethanol 96% at a 1:1 ratio (1 ml) for Fluorescent in situ Hybridization (FISH).



2.2 Laboratory sediment incubations

Laboratory sediment incubations were additionally performed to mimic the recovery process of fish farm sediments during fallowing. To this end, the top flocculent layer and big shells were removed from the sediment cores retrieved from the cage site at both the SPP and LPP sites. This removal of organic-rich top sediment simulates a potential remediation technique considered by the fish farming industry, as well as natural dispersion by waves and currents. The subsequent sediment layer (∼5 cm thickness) was collected in dark plastic jars (250 ml) and transported to the lab, where it was kept in the fridge (4°C) for up to 2 months. Sediments were sieved (350 μm), homogenized, and repacked into plastic core liners with a stopper at the bottom (diameter 2.5 cm; length 4 cm; 4 replicas per site). Cores were kept submerged in aerated artificial seawater (33 salinity, Instant Ocean Sea Salt), incubated at 18°C, and microsensor depth profiles were collected weekly. A few days after the initial appearance of the fingerprint of electrogenic sulfide oxidation (as confirmed by microsensor profiling), one core for each site was sliced in three layers: 0–0.5, 0.5–1.0, and 1.0–3.0 cm. This occurred on day 15 for SPP and on day 59 for LPP. Sediment was homogenized and subsampled as described above for molecular analysis of the microbial community.



2.3 Microsensor depth profiling

Geochemical characterization of sediments was done via microsensor profiling (O2, H2S, and pH) using commercial microelectrodes (Unisense, Denmark). In situ cores were measured within 24 h after sediment collection, while laboratory incubations were measured at several time points along the incubation period: 5, 8, 12, 15, 18, 22, 37, 54, and 59 days.

Oxygen depth profiles (tip size, 50 μm) were recorded at 50–100 μm resolution. Depth profiles for H2S and pH (tip size, 50 and 200 μm, respectively) were recorded at 200 μm resolution in the oxic zone and at 500 μm depth resolution below. Calibration of O2, pH, and H2S electrodes was performed as previously described in Malkin et al. (2014). ΣH2S was calculated from H2S profiles based on pH measurements at the same depth using the R package AquaEnv (Hofmann et al., 2010). Diffusive oxygen uptake (DOU) was calculating using Fick’s first law as follows
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where φ is the measured porosity (0.8), the term (1–2lnφ) accounts for the tortuosity of the sediment (Boudreau, 1996), Di is the diffusion coefficient of oxygen at the measured temperature (Tfield = 0°C, Tlab = 18°C) and salinity (S = 33 salinity) using the R package marelac (Soetaert et al., 2014). The maximum concentration gradient ([image: image]) was obtained as the linear slope of the concentration profile immediately below the sediment-water interface. Statistical difference between DOU from the different sites was evaluated with ANOVA considering factors such as length of the production period and distance from cage.



2.4 Organic matter

Three proxies were used to trace the impact of aquaculture on the organic matter cycling in the sediment at the field sites: (1) stable isotopic signatures of organic matter (δ13CTOC), under the assumption that feeding pellets, and therefore aquaculture derived organic carbon, have a stable isotope signature distinct from autochthonous marine organic material (McGhie et al., 2000; Holmer et al., 2007); (2) Total organic carbon content (TOC) may be enhanced due to input from the cages depending on prevailing hydrography (Maldonado et al., 2005; Giles, 2008); (3) Biological oxygen demand (BOD) is enhanced by the input of bioavailable aquaculture derived organic matter (Pereira et al., 2004; Piedecausa et al., 2012). To study these three proxies, sediment cores were collected at the cage from each cage cluster, sliced onboard the ship in five distinct layers, and then transported in a cooling box (5°C) to the laboratory for further analysis. For the SPP cage, the surface layer (0–2 cm) and 4 subsurface centimeter-thick layers (5–6, 10–11, 15–16, and 20–21 cm deep) were collected. At the LPP site, the presence of shells only allowed for two-centimeter-thick layers (0–2, 4–6, 8–10, 14–16, and 18–20 cm deep). Measurements of TOC and δ13CTOC were done in triplicate for the top layer and once for the subsurface sediments. In the lab, sediment was lyophilized, and a subsample was acidified to determine TOC and δ13CTOC simultaneously on an Element Analyzer-Isotope Ratio Mass Spectrometer (EA-IRMS), as described in Kürten et al. (2013).

The BOD was measured in sediment-seawater slurry incubations in small bottle respirometers, i.e., a 100 ml glass bottle with an optic sensor patch glued on the inside of the bottle (Fibox 4 Oximeter, Presens, Germany). This allows for non-invasive measurement of oxygen concentration in the sediment-seawater slurry. Accurate volumes of sediment were sampled by filling a cut off syringe and transferring surface sediment (0–2 cm) to the BOD respirometer. The weight of the bottle before and after sediment addition was noted for accurate calculation of solid sediment volume and sediment water content. Subsequently, the bottle was half filled with filtered seawater (fjord water from NORCE mesocosm facilities) and aerated (using an aquarium air pump and long sterile needle) for 30 min. This was done to reduce potential artifacts of BOD, including oxidation of reduced compounds in the porewater. After air flushing, bottles were filled with filtered seawater to the brim using a plastic flotation disk to prevent loss of sediment and weighed again (to determine the added water volume). Bottles were then sealed with a cap fitted with a Viton septum (ensuring the absence of air bubbles), vigorously shaken and the time-zero (start) oxygen concentration was measured. Sediment slurries were mixed constantly on a rotator and oxygen concentrations were measured at regular intervals during the incubation period that ranged from 5 to 300 min to obtain a sufficient decrease in oxygen content. The oxygen consumption rate was determined through linear regression. BOD (expressed in μmol O2 ml sediment–1 hr–1) was calculated by multiplying the regression slope (μmol O2 ml water–1 hr–1) by the volume of water added (ml) and dividing by the volume of sediment (ml of sediment). All incubations were conducted at 5°C in the dark.



2.5 Sediment grain size and porosity

Sediment from each site was collected with a Van Veen grab, collected in buckets and transported to the lab. An aliquot of sediment (∼300 g) was submersed in water for a few hours and then sieved through seven different sieves from 4.0 to 0.063 mm, and run off was collected. All eight sediment fractions were then dried to constant weight at 50°C and grain size was determined as described in Folk and Ward (1957). From lab incubations, sediment was collected for porosity determination from water content and dry solid phase density measurements after sediment was dried to constant weight at 70°C.



2.6 DNA extraction and sequencing

Total genomic DNA extraction was performed following the protocol of Zhou et al. (1996) as amended and described in Geelhoed et al. (2020). For field sediments, three depths were selected for DNA extraction: 0–0.5 cm (layer 1), 0.5–1 cm (layer 2), and 3.0–5.0 cm (layer 6). These three layers encompass the organic-rich top layer (top 1 cm), and a deeper anoxic layer, with less organic matter acting as a reference. For the laboratory incubated sediments, only the upper two sediment layers were analyzed as they span the layer in which cable bacteria activity was evident (see below). DNA purity was evaluated via the adsorption ratios at 260/280 nm and 260/230 nm (Ultraspec 2100 spectrophotometer), DNA concentration was assessed with the Qiagen powersoil pro kit on a Qubit 4 fluorometer, and DNA quality was determined on an Implen NP80. DNA concentrations were at least 10 ng/μl. Samples were sent to Novogene Ltd. (Hong Kong, China) for amplicon sequencing of the V3–V4 region of the 16S rRNA gene (position 341–806 bp) using the Illumina paired-end platform with 250 base pair paired-end reads. Primer sequences used were 5′-CCTAYGGGRBGCASCAG-3′ and 5′-GGACTACNNGGGTATCTAAT-3′ (Takahashi et al., 2014).

Raw forward and reverse reads were analyzed using the dada2 R-package (version 1.17.0) that results in a list of Amplicon Sequence Variants (ASVs) with the corresponding counts and taxonomic classification (Callahan et al., 2016). The dada2 pipeline first evaluates the quality of the reads, then filters and trims the reads [trimming parameters: truncLen = (226,223), maxN = 0, truncQ = 2 maxEE = (2,2)]. Forward and reverse reads are merged and chimeras removed using the consensus method. Taxonomy was assigned to ASVs up to genus-level according to the Silva small subunit rRNA reference database v1.38.1 (Quast et al., 2013). Final filtering of the ASV data matrix (dada2 output) was performed by removing singletons, doubletons, and short reads (<400 bp) prior to statistical analysis. Sequences for each sediment layer are available in the NCBI database under BioProject PRNJNA911159, accession numbers SAMN32163971 to SAMN32163991.



2.7 Statistical analysis of amplicon sequence variants

The filtered ASV data matrix was used to analyze the microbial community composition. ASV abundance was treated as compositional data and normalized with the variance stabilization transformation (vst) as part of the DESeq2 R-package (version 1.28.1, Anders and Huber, 2010). To assess the overall effect of the fish farms on the in situ microbial community a Principal Coordinate Analysis (PCoA) was performed, followed by an Analysis of Similarities (ANOSIM) of the identified sample clusters with a Bray–Curtis similarity matrix and 999 permutations (vegan R-package version 2.5.7; Clarke, 1993). Quantitative analysis of differential expression (DESeq) of ASVs abundances was then used to identify significantly distinct microbes for the sample clusters obtained in the PCoA (Anders and Huber, 2010). DESeq uses a two-way comparison assuming a negative binomial distribution model that returns the log-fold change (LFC), i.e., (logarithmic) difference in the abundance of each ASV between two factors (Love et al., 2014). ASVs were considered differentially abundant when the LFC was ≥|4| and p < 0.01. In addition, a non-parametric Spearman correlation analysis was implemented to compare the microbial communities between in situ cage and laboratory sediment (microbiomeSeq R package). Only ASVs that were present in at least 30% of the samples were used for the correlation analysis. Correlation index was calculated at the ASV level and reported as significant for p < 0.001.



2.8 Cable bacteria identification and diversity

The presence of cable bacteria in the fish farm sediments was examined via three approaches. First, scanning electron microscopy (SEM) was used to visualize the unique external morphology of cable bacteria (parallel ridges that run continuously along the filament; Pfeffer et al., 2012). To this end, microscopic sediment chambers were prepared as described in Bjerg et al. (2018). After 2 days, long filaments were observed extending from the sediment toward the edge of the microscopic chamber. Filaments were carefully hand-picked from the chambers with glass hooks, rinsed in miliQ to remove salts, transferred onto polycarbonate filters, air-dried and then sputter-coated with gold. SEM images of the filaments were made with a JEOL 5600 Scanning Electron Microscope (SEM) under low vacuum. Average cell length and width were determined with the Fiji-ImageJ software. This technique was applied to the SPP incubation sediment from day 8.

Secondly, the identity of the filamentous bacteria was investigated with Fluorescence in situ Hybridization (FISH). The FISH probe DSB706 was used as it targets most members of the Desulfobulbaceae family, including the cable bacteria (Lücker et al., 2007). This probe has previously been used to verify the presence of cable bacteria in a diverse range of sediments (Malkin et al., 2014; Schauer et al., 2014; Burdorf et al., 2017). This FISH method was applied to both field and incubated sediments.

Thirdly, the 16S rRNA gene diversity of cable bacteria sequences was assessed in both field and lab samples. All ASVs assigned to either cable bacteria genera (Candidatus Electrothrix or Candidatus Electronema; Trojan et al., 2016) were pre-filtered by removing ASVs that were not present in at least five samples (>20% of samples) with ≥10 total read counts. Remaining ASV sequences were compiled in MEGA-X (Molecular Evolutionary Genetics Analysis software, version 10.2.2) and the sequence similarity to known cable bacteria 16S rRNA gene sequences was confirmed by querying the GenBank repository via BLASTn. Only ASVs sequences with a nucleotide identity ≥94.5% with either cable bacteria genera were retained. To construct a phylogenetic tree for cable bacteria, 16S rRNA gene sequences (>1,000 bp) were retrieved from GenBank including one sequence for each of the 7 known cable bacteria species and 5 Desulfobulbus species as reference sequences (Supplementary Table 2). Additionally, 2 sequences from a potentially new cable bacteria genera [AR-3 and AR-4 (Dam et al., 2021)] and 2 sequences from uncultured bacterium from coastal sediments, that were closely-related to this potential third cable bacteria genus, were also included. In total 36 sequences were aligned with the Muscle software in MEGA-X (Edgar, 2004) and the alignment was manually inspected. The best-fit phylogenetic tree was estimated by IQ-TREE 2 software using maximum likelihood with 1,000 bootstraps via the ultrafast bootstrap approach (Minh et al., 2020). IQ-Tree output resulted in a General time reversible model (GTR) for base substitution rates, with four Gamma rate categories. The consensus tree was visualized with the FigTree (version 1.4.4) and Escherichia coli strain U 5/41 16S rRNA gene was used to root the tree.




3 Results


3.1 Geochemical characterization of fish farm sediments

Two salmon farming sites were investigated: Glímeyri had been in operation for 22 weeks (short production period – SPP), while Svarthamarsvik was already 121 weeks in operation (long production period – LPP). Sediments at all sites were classified as very fine-grain sand and silt (with a median grain diameter <63 μm, Supplementary Table 3). Larger particles (>1 cm grain diameter) consisted mainly of shell fragments, and were present at the LPP sites (1.9–6% total weight) and to a lesser degree in SPP sediments (0.3–1.8%). At the SPP sites, the sediment showed a smooth surface, without debris or shells, and active macrofauna was present and increased in number with increasing distance from the cage (Figure 1). In contrast, at the LPP sites, the sediment was black and displayed an uneven surface, with particles of waste feed and large shell debris, and no active macrofauna was apparent in the sediment (Figure 1). Surface TOC values were statistically different along the transect (ANOVA, p = 0.004), also when considering both the distance from the cage and the production period (ANOVA, p = 0.02). The surface sediment (0–2 cm) at the LPP cage site had the highest TOC (3.33 ± 0.15%) of all sediments, and this surface value was threefold higher than the subsurface TOC at all LPP stations (range: 0.6–1.0%, Table 1 and Supplementary Table 1). At the SPP cage cluster, TOC values were more similar between sites and sediment depths, and subsurface sediments had a higher TOC than at LPP stations (range: 1.2–1.5%, Supplementary Table 1). Stable isotope signatures (δ13Corg) of surface sediment (0–2 cm) were generally more depleted below the cages (−23.4 ± 0.2‰ at SPP and −25.9 ± 0.6‰ at LPP), thus more closely resembling the signature of the fish feed (−25.5 ± 0.4‰, Table 1). Away from the cages, the δ13Corg signature was closer to that of autochthonous marine organic matter (∼−22.5‰). Significant differences in δ13Corg were found when considering the distance from cage (ANOVA, p = 0.001) and the combined effect of distance and production period (ANOVA, p = 0.02). Sediment BOD only significantly varied with distance from cage (ANOVA, p = 0.0007). Highest values were recorded for the cage sediments (16–18 μmol O2 ml wet sed–1 hr–1), which decreased by one order of magnitude at 50 m distance (1.0 μmol O2 ml wet sed–1 hr–1) and were lowest at 150 m distance (0.3 and 0.4 μmol O2 ml wet sed–1 hr–1 for the SPP and LPP transects, respectively, Table 1).
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FIGURE 1
Sediment pictures and microsensor sediment profiles retrieved from two fish farming sites (short and long production period) at 0 m (top row), 50 m (middle row), and 150 m (bottom row) away from the cage along the transect. SPP, short production period (Left); LPP, long production period (Right). All replicate profiles are plotted for each station; red, oxygen; blue, total sulfide; black, pH. Photos of sediment cores (diameter: 6 cm) indicate microsensor entering the sediment (MS), particle waste (PW), macrofauna (MF), and shell fragments (SF).



TABLE 1    Geochemical characteristics of sediments from the field and lab incubations from two fish farm cage clusters: short (SPP) and long (LPP) production period.
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Given the shell debris in the sediments at LPP, triplicate H2S and pH profiling were not possible at 50 and 150 m without damaging the microsensors. The O2, H2S, and pH depth profiles showed substantial variability within a given site, likely due to the presence of particle waste, macrofauna, and shell fragments that alter the diffusion of solutes in the sediment. Nevertheless, clear differences in porewater chemistry were observed between the two farming sites and with increasing distance from the cages (Figure 1). Sulfide concentrations in sediments underneath the cage were one order of magnitude higher at LPP (5.5 mM) compared to SPP (0.3 mM), and free sulfide was present in the top centimeter of the sediment. However, free sulfide concentrations strongly decreased at 50 m distance for both sites and were below detection limit for the SPP site at 150 m distance. The elevated sulfide concentrations at the LPP cage site were accompanied by more acidic conditions (minimum pH of 6.6 at 3 cm depth). For all other sites pH values remained above 7.2 in the top 5 cm of sediment.

Average diffusive oxygen uptake (DOU) ranged from 10.5 to 44.2 mmol O2 m–2 d–1 and mean oxygen penetration depth (OPD) varied from 0.74 to 2.7 mm across all sediments (Table 1). ANOVA indicated significant differences in DOU with distance from the cages (p < 0.0001) but not with the length of the production period (p = 0.5). Highest DOU rates were found next to the cages (21.7–91.0 mmol O2 m–2 d–1) and lowest rates at the 150 m sites (8.0–14.2 mmol O2 m–2 d–1). The OPD statistically differed with distance from the cages (ANOVA, p < 0.0001) and in combination with the production period (ANOVA, p = 0.005). The shallowest OPD was observed at the cage (0.45–1.20 mm) and deepest OPD was found 150 m away from the cage cluster (1.40–3.25 mm). Overall, the impact of the aquaculture activity resulting from enhanced input of degradable organic matter, was apparent in all geochemical variables, with high porewater H2S, low subsurface pH, shallow OPD, and high DOU rates near the cages. Although suboxic zones were noted, a clear e-SOx fingerprint (see section “3.3 Geochemical characterization of lab incubations”) was not discernible in any of the depth profiles recorded (n = 15; Figure 1).



3.2 Microbial community composition in fish farm sediments

In the 21 fish farm sediment samples analyzed (both field and lab incubations) the number of merged reads per sample (without chimeras, nor singletons) ranged from 92,724 to 115,286, which after filtering (removal of doubletons and minimum read length of 400 bp) ultimately resulted in 6,957–10,174 unique ASVs, and 91,542–1,14,619 total number of reads (Supplementary Table 4 and Supplementary Figure 2). Twenty-three phyla had a relative abundance >0.1% with an average of 90% of the total abundance per sample distributed in only six phyla: Proteobacteria (13–55%), Campylobacterota (8–43%), Desulfobacterota (6–23%), Bacteroidota (5–11%), Actinobacteriota (2–13%), and Firmicutes (1–17%). Within the Proteobacteria phylum the most prominent Class was Gammaproteobacteria (11–38%) followed by Alphaproteobacteria (7–33%). The former was especially dominant in LPP lab incubations (0–0.5 cm: 33%, 0.5–1 cm: 11%) because of the high abundance of Magnetovibrio. Pseudomonas was the most abundant taxon (1–10%) within the Gammaproteobacteria class for all samples except for the SPP lab incubation (0–0.5 cm: 17%) where Thioalkalispira-Sulfurivermis showed a higher abundance (Supplementary Figure 3). In the Campylobacterota phylum, the genus Sulfurovum was the most abundant for all sediment samples (5–42%) except for the SPP lab incubation (0–0.5 cm) where Sulfurimonas was more abundant (15%, Supplementary Figure 3). Within the Desulfobacterota phylum, four classes stand out for their higher abundance: Syntrophobacteria, Desulfobacteria, Desulfuromonadia, and Desulfobulbia (to which the cable bacteria belong). Of the ASVs classified to genus level, the most abundant were Desulforhopalus (1–6%, most abundant in LPP cage sediment), SEEP-SRB4 (1–3%) and SEEP-SRB1 (1–3%) (Supplementary Figure 3). Interestingly, Ca. Electrothrix (1.2%) and Desulfocapsa (2%) were among the most abundant taxa, in particular for LPP lab incubation (Supplementary Figure 3). The most abundant family within the Bacteroidota phylum, across all sediment samples, was Flavobacteriaceae (1–5%). Within this phylum three families increased in relative abundance in lab sediments compared to field sediment: Saprospiraceae, NS11-12_marine group, and Chitinophagaceae (particular in LPP lab incubations, data not shown). For the Actinobacteriota, two orders were dominant, Actinomarinales (1–7%) and Microtrichales (1–3%). The family Lachnospiraceae, of the Firmicutes phylum, was especially present in the in situ cage sediments (1–8%, 5 out of 6 samples), and Streptococcaceae was more abundant in lab incubations (up to 7% for LPP incubation, 0–0.5 cm, data not shown).

To verify the impact of the fish farms on the seabed, differences in the microbial community composition between field sediments were analyzed with PCoA, which explained a total of 51% of the variance in the data. Distance from the cage was identified as the main defining factor of the ordination (PC1 = 35%) and differentiated the sediments in two clusters: samples at the fish cages (Cage) and samples further away (≥50 m) (Figure 2). The deepest sediment layer (3–5 cm depth) from the SPP station at the cage, grouped with the ≥50 m sediment samples. ANOSIM analysis confirmed that the microbial communities differed when considering distance from the cage (Cage vs. >50 m; R = 0.6; significance = 0.001), whereas the production period (LPP vs. SPP) had a less significant effect (R = 0.4; significance = 0.002). The two PCoA clusters (Cage and ≥50 m) were used in a two-way comparison DESeq analysis to identify the microbial taxa that were differentially abundant between the two clusters. DESeq analysis identified 39 differentially abundant taxa for the Cage cluster and 18 taxa for the >50 m cluster (LFC ≥ |4| and p < 0.01, Supplementary Table 5 and Supplementary Figure 4). Of the 39 differentially abundant taxa for the Cage cluster, the taxa with the highest relative abundance belonged to the genera Streptococcus (up to 15.7%), Silanimonas (up to 8.7%), Sulfurimonas (up to 4.0%), Desulfocapsa (up to 1.9%), Thioalbus (up to 1.8%), and two unknown genera from the Saprospiraceae (up to 4.8%) and Sedimenticolaceae (up to 3%) families (Supplementary Figure 5). The most abundant taxa for the >50 m cluster within the identified 18 differentially abundant taxa were Pseudomonas (up to 3.5%), Sedimentibacter (up to 2.6%), and two unknown genera within the Bacteroidetes vadinHA17 (up to 1.7%) and Prolixibacteraceae (up to 2.3%) families (Supplementary Figure 5).
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FIGURE 2
Principal coordinate analysis (PCoA) of the microbial community from fish farm sediment (field samples). The compositional nature of the data was considered by applying a variance stabilizing transformation. Two groups were identified, one for microbial communities from sediment at the Cages (Left), and those found >50 m away from cages (Right). SPP, short production period; LPP, long production period. Sediment layer depth intervals are indicated as follows: 1 = 0–0.5 cm, 2 = 0.5− 1.0 cm, 6 = 3.0–5.0 cm.




3.3 Geochemical characterization of lab incubations

Initially, incubated sediments were characterized by a straight pH depth profile (data not shown), which over the course of weeks developed in to the distinct geochemical fingerprint of electrogenic sulfur oxidation (e-SOx) by cable bacteria (Schauer et al., 2014; Meysman et al., 2015). When e-SOx develops, a suboxic zone appears, which separates the oxygen penetration depth (OPD) from the sulfide appearance depth (SAD). At the same time, the pH depth profile shows a maximum in the oxic zone, and then decreases to reach a minimum near the SAD (Nielsen et al., 2010; Meysman et al., 2015). The difference between these two pH values is referred to as ΔpH, and when ΔpH reaches a maximum, it signifies maximum e-SOx activity (Burdorf et al., 2018). Cable bacteria activity was evident in lab incubations from both the SPP and LLP sites yet with a different timing. For the SPP incubations, the maximum ΔpH = 2.3 was reached by day 8 (Figures 3A, C). At this point, the OPD was 1.08 ± 0.25 mm, and DOU was 23.0 ± 4.8 mmol O2 m–2 d–1 (Table 1). In LPP incubations, the e-SOx activity was maximal at 37 days (ΔpH: 2.4, OPD: 0.8 mm, DOU: 37.8 mmol O2 m–2 d–1; Figures 3B, C and Table 1). No free sulfide was detected in the top 2 cm of sediment, throughout the incubation period for both SPP and LPP incubations.
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FIGURE 3
Development of e-SOx in lab incubations with fish farm sediments. (A,B) Microsensor profiles showing the presence of e-SOx geochemical fingerprint in incubated cage sediment from both short (SPP) and long production period (LPP). Red, oxygen; black, pH, sulfide not detected. (C) Plot of the change in Δ pH in time, with maximum Δ pH obtained at day 8 for sediment from SPP (filled triangle) and day 37 for LPP cage sediments (filled circle). All replicates (points) and average (line) Δ pH are plotted.




3.4 Correlation analysis of microbial communities: Field conditions versus lab incubations

Geochemical profiles of cage sediments from the field and lab incubations differed significantly; in the field high sulfide accumulation was present in porewater that resulted in a surface O2-H2S interface, whereas a clear e-SOx geochemical signal was obtained in lab incubations (Figures 1, 3A). As such we aimed to identify the differences in microbial community composition between these two sediments. To achieve this the Spearman correlation was used, which measures rank relationships between features. The Spearman coefficient identified a total of 64 ASVs (p < 0.001) from the Bacteria kingdom, 19 positively correlated to Cage sediments in the field, and 45 positively correlated to lab incubations with e-SOx (Figure 4). Four ASVs were present in both Cage and Lab sediment: Ulvibacter ASV 914, an unknown genus from the Order B2M28 ASV 1931, Desulfocapsa ASV1197 and an unknown genus of Anaerolineaceae ASV1439. The first two had the highest abundance of the ASVs significantly correlated to Cage sediments, whereas Desulfocapsa and Anaerolineacea were 10- to 20-fold higher in lab incubations. Additionally, sulfur oxidizing Sulfurovum (ASV2958, ASV4799, ASV5873, and ASV6377) correlated to Cage sediments (Figure 4) while Sulfurimonas (ASV8, ASV12, and ASV81) and Thioalbus (ASV158) correlated to lab incubations (p < 0.01, data not shown for p > 0.001). All three sulfur oxidizing genera had the highest absolute abundances among the taxa identified with the Spearman’s correlation. The most abundant cable bacteria related ASV (ASV88) correlated to lab incubations with a statistical significance of p = 0.02. Within the taxa correlated to lab incubations, Desulfocapsa (ASV1197) showed the highest abundance, followed by Acidovorax (ASV2390 and ASV2339), while the family Comamonadaceae showed the largest number of different taxa (eight ASVs classified to the genera Acidovorax, Limnohabitans, Piscinibacter, Rhodoferax, and Simplicispira).
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FIGURE 4
Correlation analysis between the microbial communities in cage sediments from the field and from lab incubations (Spearman correlation, p < 0.001). ASV abundance is normalized with variance stabilizing transformation (blue to red scale bar). Genus and next known taxonomic level are stated for each ASV (k, Kingdom; p, Phylum; o, Order; c, Class; f, family; g, Genus). Sample code represent production period: LPP, long; SPP, short; distance from: 0 = at cage; and sediment layer: 1 = 0–0.5 cm, 2 = 0.5–1.0 cm, 6 = 3.0–5.0 cm.




3.5 Cable bacteria in fish farm sediments

Given the formation of the e-SOx geochemical fingerprint in the laboratory incubations, the associated presence of cable bacteria was verified via three approaches: (1) visualization of handpicked filaments with SEM, (2) taxonomic identification of cable bacteria filaments with FISH, and (3) identification through 16S rRNA gene sequences related to known cable bacteria genera.

Unlike any other microbe, cable bacteria have developed a unique conductive wire structure that allows them to “download” electrons from sulfide deep in the sediment, transport them along the filament, and finally “upload” the electrons onto oxygen at the sediment surface (Meysman et al., 2019). These conductive wires lie underneath the outer membrane and are visible as parallel ridges along the filament (Cornelissen et al., 2018). Examination of SEM images from lab incubations (Figure 5A) revealed thin filaments with 10–12 outer membrane ridges (n = 10 cells), which is lower than previously observed (range 15–70) but in accordance with thinner filaments (Cornelissen et al., 2018). Filament diameters varied between very thin (0.5 ± 0.1 μm, 13 filaments, 41 cells) and slightly thicker filaments (0.9 ± 0.1 μm, 7 filaments, 21 cells), with an average cell length of 2.8 ± 0.5 μm (n = 19 cells).
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FIGURE 5
Evidence of the presence of cable bacteria in fish farm sediment. (A) SEM image of picked cable bacteria filaments from lab incubated sediments. (B) Cable bacteria filament from incubated sediments stained with DSB706 probe via FISH technique. (C) Phylogenetic (consensus) tree of 19 ASVs (blue) with >94.5% sequence similarity to known cable bacteria genera (Ca. Electrothrix, Ca. Electronema, AR-3, and AR-4), from both field and lab incubated fish farm sediments. Bootstrap values are stated at the nodes, 4 references sequences from the Desulfobulbia class are included and E. coli was used as root. (D) Relative abundance of 19 ASVs identified as Ca. Electrothrix from all fish farm sediments: Lab incubated sediment (white), field sediment under the Cages (gray), field sediment collected >50 m away from cages (black). Abundances were normalized with variance stabilization transformation (blue to red scale bar). Sample code indicate production period: LPP, long (dark green); SPP, short (light green); distance from cage: 0 = cage, 50 = 50 m, 150 = 150 m; and sediment layer: 1 = 0–0.5 cm, 2 = 0.5–1.0 cm, 6 = 3.0–5.0 cm. Lab incubations are additionally labeled as lab.


Secondly, FISH analysis confirmed binding of the specific DNA probe for the Desulfobulbaceae family (DSB706) to the observed filamentous bacteria (Figure 5B). Filaments were, however, only identified in subsurface layers of incubated lab sediments (0.5–1.0 cm) and were not detected in field sediments.

The third approach entailed amplicon sequencing, which produces ASVs that can be assigned to the two known cable bacteria genera (Trojan et al., 2016): Ca. Electrothrix (marine) and Ca. Electronema (freshwater). Combining data from the field and lab incubations, a total of 23 different ASVs were assigned to Ca. Electrothrix and none could be assigned to Ca. Electronema. Sequences classified as Ca. Electrothrix were present in all sediment samples (field and lab), with 19 ASVs present in at least 5 samples with ≥10 total read counts. Thirteen ASVs clustered with Ca. Electrothrix species (Figure 5C). The remaining six ASVs clustered outside of the presently known Ca. Electrothrix clade but fulfilled the genus-level identity threshold of 94.5% (Yarza et al., 2014) with two other cable bacteria 16S rRNA gene sequences, AR-3 and AR-4, which are described as a potential new cable bacteria genus (Dam et al., 2021, Figure 5C). ASV88, clustering with Ca. E. communis, was the most dominant cable bacteria taxon across all samples (Figure 5D). ASV88 accounted for 71–99% of the total cable bacteria abundance for SPP and LPP lab incubations, and >50% for SPP and LPP cage sediment (0–1 cm, Supplementary Figure 6).

Laboratory incubations had the highest relative abundance and sequence counts of cable bacteria related sequences (0.2–1.2%, 229–1,287 sequences) with the highest contributions found in subsurface sediments (0.5–1 cm, Figure 5D and Supplementary Table 4). For field SPP sediments the relative abundance and counts of cable bacteria related sequences were below the minimum values found in laboratory incubations (<0.1%, 20–96 sequences), except for the cage sediment at 0.5–1 cm depth (0.2%, 177 sequences). The relative abundance of cable bacteria sequences in field LPP sediments, was at the lower range found in lab incubations (0.2–0.5%, 185–369 sequences) with the highest contribution of cable bacteria in subsurface sediments (0.5–1 cm depth) at the 50 m away site (Figure 5D and Supplementary Table 4). However, sediment at the LPP cage (0–1 cm) had a lower contribution of cable bacteria sequences (0.1%, 74–116 sequences). The diversity of cable bacteria related ASVs was highest (14–19 ASVs) for SPP lab incubated sediment and all but one LPP sediment (Cage 0–0.5 cm with 4 ASVs, Figure 5D and Supplementary Table 4). Fewer cable bacteria related ASVs (2–10 ASVs) were found in LPP lab incubated sediment and SPP sediments (except for surface sediment from 50 m distance, Figure 5D and Supplementary Table 4).




4 Discussion


4.1 Overall impact of fish farms on the seabed

In general, aquaculture activities have a strong impact on the sediment inducing geological, biological and/or chemical changes, with the strongest alteration observed below the cages, extending up to several tens of meters away from the fish cages (Carroll et al., 2003; Giles, 2008). As observed in this study, the most conspicuous changes to the sediment occur below the fish cages at the LPP site, where sediment becomes black, with a top layer of non-ingested fish feed, and little to no signs of fauna or bioturbation (Karakassis et al., 2002; Mulsow et al., 2006). Surface sediments were lighter in coloration and less flocculent, with a higher areal abundance of tube worms with increased distance from the cage (Figure 1). An increase in waste particles below the cages, especially at LPP, correlates well with a higher organic carbon content (Table 1; McCaig et al., 1999; Maldonado et al., 2005; Keeley et al., 2012; Ballester-Moltó et al., 2017; Hornick and Buschmann, 2018; Verhoeven et al., 2018). The more depleted stable isotope carbon signature found at cage sediments (Table 1) reflects the accumulation of leftover fish feed that has a depleted stable isotope signature compared to natural marine organic carbon.

The TOC values we obtained in cage sediments (0.7–3.3%) are within the lower range reported for fish farming sediments (2–48%) as reviewed by Giles (2008). Lower OM content can be associated to lengthy fallowing periods and short production periods (Verhoeven et al., 2018) which could explain the values found in the SPP cage sediment (Table 1 and Supplementary Table 1). The degree and extent of the benthic impact, however, can vary as a function of hydrological factors (e.g., current speed and water depth), sediment type (e.g., fine vs. coarse grains), and production characteristics (e.g., production time and fish density) and thus are particular to each environment (Maldonado et al., 2005; Giles, 2008; Grigorakis and Rigos, 2011; Keeley et al., 2012; Verhoeven et al., 2018). The relatively low TOC values found at the LPP cage therefore suggest that other environmental factors, such as strong local currents or mixing due to storms may wash away part of the surface organic-rich, flocculent layer in Berufjörður. In fact, large shell particles were found in the sediment cores collected from the LPP cluster, up to 150 m away, that might have originated from shell fish growth on the cage structure. The increased input of highly degradable organic matter, as indicated by the highest TOC values in top sediment layers at cages (Table 1), may promote the development of chemoorganotrophic microbes such as the differentially abundant Spirochaete taxon found in cage sediments (Supplementary Figures 4, 5). Spirochaete serve as a bioindicator of highly impacted fish farming sediments (Verhoeven et al., 2018; Quero et al., 2020). Likewise cage sediments were characterized by representatives of the Cloacimonadales and Chitinophagales orders (up to 1.0 and 4.8% of 16S rRNA sequences, respectively), taxa capable of degrading complex organic compounds and long chain fatty acids such as those present in fish feed and fecal material (Shakeri Yekta et al., 2019).

The observed increase in BOD and DOU at cage sediments relative to sediments further away (Table 1) suggests higher oxygen demand for the mineralization of organic matter (Pereira et al., 2004; Piedecausa et al., 2012). Our oxygen consumption rates are comparable to those found in lab incubations with fish farm sediment (∼30 mmol O2 m–2 d–1), in shellfish farms in the Mediterranean (27–54 mmol O2 m–2 d–1, Dedieu et al., 2007) and in coastal eutrofied areas in Denmark [∼20 mmol O2 m–2 d–1, (Valdemarsen et al., 2014)]. More than 50% of the anaerobic mineralization in active, organic-rich sediments can be accounted for by sulfate reduction which leads to high sulfide production that can accumulate in the porewater of the sediment (Holmer and Kristensen, 1996). Cage sediments at both SPP and LPP sites had the highest concentration of free sulfide in the porewater (Figure 1) confirming the higher mineralization rate at these locations. The appearance of sulfide at the sediment surface in concentrations one order of magnitude higher in LPP vs. SPP cage sediments highlights the effect of fish farms on sulfur cycling.

The microbial community structure follows the geochemical trend described, with a clear difference between cage sediments and those more than 50 m away (Figure 2). In cage sediments, sulfate reduction is likely the predominant mineralization pathway, and 5 ASVs from the class Desulfobulbia (Desulfocapsa, Desulfotalea, Desulfobulbus, MSBL8, and one unclassified) known to perform sulfate reduction were identified as differentially abundant taxa (Supplementary Figures 4, 5). In parallel, sulfide oxidizing microbes such as Sulfurovum (0.6 – 4.0% of 16S rRNA gene sequences), Magnetospira (0.04 – 0.5%), and Thioalbus (1.2 – 1.8%) also characterized the sulfidic cage sediments (Supplementary Figure 3). All three genera grow (micro)aerobically and oxidize reduced sulfur compounds (sulfide, thiosulfate, tetrathionate and elemental sulfur) in marine environments (Campbell et al., 2006; Takai et al., 2006; Park et al., 2011; Williams et al., 2012; Kojima et al., 2017). In particular, sulfidic fish farm sediments are well-known for an increased presence of Campylobacterota (Sulfurovum or Sulfurimonas) during the production cycle and fallowing periods (Aranda et al., 2015; Verhoeven et al., 2018; Kolda et al., 2020; Miranda et al., 2020; Quero et al., 2020). Thick mats of filamentous microbes from the Thiotrichaceae family performing sulfide oxidation are also commonly found in sediments near cages (Aranda et al., 2015; Miranda et al., 2020). However, such microbial mats were not observed at the SPP and LPP field sites upon retrieval of the sediment and taxa assigned to this family contributed less than 0.01% of the 16S rRNA gene sequences. The geochemical fingerprint associated with Beggiatoacea is identified by a decrease pH at the sediment surface and a pH increase at the sulfide appearance depth (Seitaj et al., 2015). This fingerprint was also not observed in sediments from the field nor the lab. Overall, the microbial community in cage sediments had a dominance of sulfate reducing and sulfide oxidizing microbes resembling the community typically found in fish farm sediments (Asami et al., 2005; Kawahara et al., 2009; Choi et al., 2018; Kolda et al., 2020) and in organic-rich marine sediments (Mußmann et al., 2005; Wasmund et al., 2017).

A variety of taxa associated with fish diseases, gut microbiomes and wastewater industry were also found, such as Streptococcus in cage sediment, Pseudomonadales, Bacteroidales, Synergistiales, Cloacimonadales in sediments >50 m away, and Pseudomonas, Ruminococcus, Collinsella, Candidatus Accumulibacter, and Flavobacterium in lab incubations (Supplementary Figures 3, 5; Gram et al., 1999; Wexler, 2007; Liu et al., 2015; Møretrø et al., 2016; Ormerod et al., 2016; Martins et al., 2018; Xia et al., 2018). These microbial groups play a key role in anaerobic degradation of organic matter, but due to their pathogenic character, serve as biomarkers for fish farm impacted sediments (Verhoeven et al., 2018; Quero et al., 2020). The presence of potential pathogens and gut-microbiome microbes along the transect studied, highlights the spatial extent of the fish farming activities on the seafloor up to 150 m distance (downstream of prevalent current). The persistence of pathogens surrounding fish farms is one of the main long-term impacts of this industry, that has yet to be resolved (Grigorakis and Rigos, 2011; Martins et al., 2018; Ape et al., 2019).



4.2 Studying the recovery of fish farm sediments

In this study, our aim was to provide insight into the geochemistry and microbial communities in sediments impacted by fish farming activities, but also to focus on the recovery effects through dedicated laboratory incubations. One widely implemented method for fish farm sediment recovery is fallowing, in which the input of organic matter is ceased over a period of months to years. Ceasing fish farm activities at a given location results, over time, in a decreased mineralization of organic matter, and hence a decreased production of sulfide through sulfate reduction. The length of this recovery process varies from months to years depending on the fish farming practices and environmental conditions of a specific area (Pereira et al., 2004; Keeley et al., 2017; Verhoeven et al., 2018). To examine whether this recovery process can be accelerated in the lab, two physical disturbances were implemented to fish farm sediments: (i) removal of the organic-rich top sediment and (ii) mixing of sediments. The removal of the organic-rich surface layer prior to incubation can occur naturally as a result of storms and strong currents. Similarly, sediment mixing has been shown to improve sediment quality by reducing the accumulation of sulfide (Keeley et al., 2017), as mixing causes the pool of reduced metals to become partly oxidized (e.g., FeS or FeS2 are oxidized to FeOOH). These iron- or manganese (hydr)oxides then become readily available to react with the free sulfide that is being produced via sulfate reduction, thus forming sulfide minerals (e.g., FeOOH combines with H2S to form FeS or FeS2). Therefore, our laboratory sediment incubations provide insight in to the potential recovery of fish farm sediments during fallowing (ceasing of organic matter input) or those exposed to strong storms (removal of organic-rich sediment and potential mixing of sediment).

The combined effect of no organic matter input, top layer removal and sediment homogenization in the lab incubated sediments resulted in no measurable accumulation of free sulfide in porewater during the entire incubation period (60 days, Figures 3A, B). At the start of the incubation, both SPP and LPP sediments showed a pH depth profile typical for a sediment dominated by anaerobic organic matter mineralization through sulfate reduction (data not shown). Under these conditions there is a constant production of sulfide in subsurface sediments that can lead to the accumulation of sulfide in porewater as observed in in situ cage sediments (Figure 1).

Interestingly, after a given period of incubation (8 days in SPP and 37 days in LPP), cage sediments developed the geochemical fingerprint of electrogenic sulfur oxidation (e-SOx) by cable bacteria (Figures 3A, B). This fingerprint is characterized by a pH maximum at the oxygen penetration depth (OPD) and a pH minimum centimeter(s) deeper in the sediment (Nielsen et al., 2010; Pfeffer et al., 2012). Cable bacteria grow naturally and in lab incubations (under similar conditions as the ones performed in this study) in a broad range of sediments where ample sulfide is produced through sulfate reduction or iron sulfide dissolution (Risgaard-Petersen et al., 2012; Malkin et al., 2014; Schauer et al., 2014; Burdorf et al., 2017). The rapid development of cable bacteria in the lab incubations and the presence of Ca. Electrothrix related 16S rRNA gene sequences in all sediment samples (both field and in the lab, Figure 5) shows that cable bacteria have the potential to grow in fish farm sediments under conditions that are similar to fallowing. We do note that incubation temperatures in our lab incubations (18°C) were higher than in Icelandic fjords (∼4°C annual average water temperature). Yet, we anticipate that the e-SOx development may still occur within a similar timeframe under field conditions. During incubation of subpolar fjord sediments from Greenland, the e-SOx signature appeared within 26 days of incubation at 0°C (Burdorf et al., 2017), thus demonstrating that low temperatures (∼0°C) do not necessarily delay the development of e-SOx. Under these cold conditions, e-SOx was also sustained for long periods of time (up to 98 days). Thus, the development of e-SOx may still occur within the similar timeframe as in our lab incubations.

Furthermore cable bacteria act as ecosystem engineers by influencing the geochemical cycling in sediments via indirect stimulation of microbial processes such as sulfate reduction, hydrocarbon degradation (toluene, alkanes, and PAHs), iron cycling and denitrification (Müller et al., 2016; Otte et al., 2018; Kessler et al., 2019; Marzocchi et al., 2020; Sandfeld et al., 2020; Liu et al., 2021; Huang et al., 2022; Liau et al., 2022). Indeed, some of the genera that positively correlated to e-SOx activity in our lab incubations (Figure 4) may perform sulfate reduction (Desulfocapsa, SEEP-SRB1, and Sva0081), denitrification (Thauera, Dechloromonas, Rhodoferex, Zoogloea, and Acidovorax) and iron oxidation (Acidovorax). Cable bacteria further displace the oxic-anoxic interface by gliding up and down through the sediment at a microscale while performing e-SOx (Malkin and Meysman, 2015; Bjerg et al., 2016; Scilipoti et al., 2021). Therefore microbes with the ability to move with and sense the changing interface may also be favored in the presence of cable bacteria. Among the genera strongly correlated to e-SOx (Figure 4) several are known to be aerobic, and have motility and chemotaxis genes (Dechloromonas, Thauera, Simplicispira, and Flavobacterium). Additionally, Magnetovibrio, a motile, microaerophilic, sulfur oxidizer (Bazylinski et al., 2013), increased 20 times in abundance in the lab incubations compared to field sediments (Supplementary Figure 3). Similar positive correlation between Magnetovibrio and cable bacteria have been reported in lab incubations, suggesting an adaptive advantage for this microbe potentially linked to the microscale geochemical fluctuations created by cable bacteria activity, in particular related to iron availability (Liau et al., 2022).

The strong O2-H2S gradients in the sediment, produced by the activity of cable bacteria (Nielsen and Risgaard-Petersen, 2015; Meysman, 2018) have led to a proposed metabolic link, over centimeter depths, between cable bacteria and other sulfur-oxidizing microbes belonging to the Campylobacterota or Gammaproteobacteria (Vasquez-Cardenas et al., 2015; Lipsewers et al., 2017). Campylobacterota inhabit niches with low oxygen and high sulfide, while sulfur-oxidizing Gammaproteobacteria tend toward higher oxygen concentrations in environments such as hydrothermal vents and cave waters (Macalady et al., 2008). Steep redox gradients favor the diversification of species, each with their own narrow niche, plausibly related to sulfide:oxygen ratio and the available reduced sulfur compounds (Macalady et al., 2008; Meier et al., 2017; Pjevac et al., 2018). The activity of cable bacteria may therefore have a cascading effect on sulfur cycling that further drives the niche differentiation and co-occurrence of phylogenetically diverse sulfur oxidizing community. In fact, micro-aerophilic, sulfur-oxidizing taxa [Sulfurimonas and Thioalkalispira-Sulfurivermis, (Sorokin et al., 2002; Takai et al., 2006)] were found to increase 9 and 18 times (respectively), exhibiting higher average relative abundances (7.3 and 4.7%, respectively) in our lab incubation compared to field sediments (Supplementary Figure 3). Likewise, a positive correlation between sulfur-oxidizing Gammaproteobacteria (Thiogranum and Sedimenticola) and cable bacteria was recently observed in sulfidic sediments from seasonally hypoxic area in Chesapeake bay (Liau et al., 2022). The potential for improved recovery of fish farm sediments, via efficient sulfide removal by a diverse microbial community enhanced by cable bacteria, is evident from our study. However, the nature of the interactions between the species and the intensity of the synergetic effects remain to be resolved.

Overall our laboratory incubations suggest that ceasing the input of organic matter (fallowing) and removing organic-rich surface sediment (storms and current) can accelerate the recovery of sediments in fish farm impacted areas. Mixing of anoxic sediments (storms, currents, and fauna) as well as the development of cable bacteria significantly reduce or even prevent the accumulation of free sulfide in the porewater. Moreover, the rapid development of cable bacteria in SPP sediment lab incubations indicates that the implementation of shorter production periods at one location may result in a faster sulfur-detoxification during fallowing.



4.3 Absence of strong e-SOx in sediments during the production period

The development of cable bacteria in fish farm sediment incubated in the lab raises the question as to why there was no clear e-SOx geochemical fingerprint in the field during the production cycle, and thus what the functional role of cable bacteria is in fish farm sediments. In coastal marine sediments, the e-SOx signal is typically found in sediments with moderately active sites with sulfide concentrations up to 0.3 mM and DOU rates <35 mmol O2 m–2 d–1 (Malkin et al., 2014; Burdorf et al., 2016, 2017; van de Velde et al., 2016). However, cable bacteria have also been found in sediments with high sulfide concentration (up to 3 mM), high organic matter content (up to 4.4%), and high mineralization rates (35–126 mmol O2 m–2 d–1) such as mussel bed, oyster reefs, mangroves, and seasonally hypoxic basins (Burdorf et al., 2017; Lipsewers et al., 2017; Malkin et al., 2017). In these environments, e-SOx plays a major role in the oxygen consumption and sulfide oxidation of the sediment (Nielsen and Risgaard-Petersen, 2015). The sulfide concentrations next to the LPP cage exceed the higher limit reported for sediments with an e-SOx signal. Thus development of cable bacteria, or that of their associated microbes, may be impeded in these (highly) sulfidic environments. These environmental conditions may rather favor the rapid colonization by microaerophilic, sulfur oxidizing Sulfurimonas and Sulfurovum that characterize steep redox-gradient environments, with high sulfide concentration (Campbell et al., 2006; Han and Perner, 2015; Meier et al., 2017), as observed in sediment below the cages (Figure 4). The lower sulfide concentrations found in the sediments >50 m away from the cages could therefore potentially allow for the growth of cable bacteria. Indeed, sediments from LPP sites at 50 m distance, and to a lesser degree from SPP, showed a diversity and relative abundance of cable bacteria similar to that found in the lab incubations (Figure 5D and Supplementary Table 4). In sediments with a clear e-SOx signature, cable bacteria can account for 0.6% up to 7% of the total 16S rRNA gene sequences, and as low as 0.2% in oxic layers or in suboxic sediment when the e-SOx signal is weakening (Klier et al., 2018; Otte et al., 2018; Geelhoed et al., 2020; Dam et al., 2021; Liau et al., 2022). A recent study further shows a 10-fold higher percentage of cable bacteria sequences, when comparing DNA-based to RNA-based 16S rRNA genes in the same sediment sample (Liau et al., 2022). Therefore relative abundances below 1%, as the ones obtained here for DNA-based sequences, could still represent high metabolic activity of cable bacteria. The 16S rRNA gene sequence abundance of cable bacteria in our lab incubations (0.2–1.2%) and in LPP sediments >50 m away from the cage (0.2–0.5%; Supplementary Table 4) therefore suggest that e-SOx may be occurring in sediments, although it does not dominate the geochemistry of the sediment. Interestingly, more than one species of cable bacteria was found in all sediment samples, with the highest variety of cable bacteria related ASVs in SPP lab incubations (with e-SOx) and in the LPP field sediments (without e-SOx Figure 5D). The coexistence of several species of cable bacteria at one location has been ascribed to non-exclusive competition between species (Marzocchi et al., 2018). However, apart from salinity, little is known about the factors controlling the diversity patterns of cable bacteria (Trojan et al., 2016; Dam et al., 2021).

The lack of a strong e-SOx geochemical signal in sediments near and surrounding the fish cages may be further attributed to the physical disturbance of the sediment. One of the clearest effects of fish farms is the increase in food particles and fish waste below and around the cages, thus increasing the deposition rate. In addition, the cages themselves serve as artificial surfaces for bivalves and barnacles that need to be regularly removed by divers to ensure good water circulation through the cages. Shell debris is carried by the current downstream where it is deposited on the sediment surface as seen in sediment cores 150 m away from the cages (Figure 1 and Supplementary Table 3). The input of particles (fish feed, fecal pellets, and shells) onto the sediment, disrupts the geochemical gradients and changes the microscale niches available for microbes in the top centimeters of the sediment. Cable bacteria filaments orient and glide vertically in the sediment to maintain a connection between the surface oxygen and the deeper sulfide-horizon (Malkin and Meysman, 2015; Bjerg et al., 2016). However, the rate of particle input in fish farm areas is potentially greater than the speed at which cable bacteria glide or grow, and thus a stable, clear e-SOx signature may be impeded. Moreover, the mixing of sediment by macrofauna bioturbation in the fish farm sediment, as seen in SPP sediments (Figure 1) may also break, disorient, or bury cable bacteria filaments, obscuring the e-SOx geochemical fingerprint (Malkin et al., 2014; Burdorf et al., 2016). The presence of cable bacteria related sequences in all our samples and their development in the laboratory incubation (Figures 3, 5) suggests that cable bacteria may be performing e-SOx to some degree in the field, but because of physical perturbations, this processes does not dominate the geochemistry of the sediment. Alternatively, cable bacteria have the complete sulfate reduction pathway encoded in their genome (Kjeldsen et al., 2019), thus they could use this metabolism to live in subsurface sediments until the appropriate conditions arise for them to grow via e-SOx. Nonetheless, the ability for cable bacteria to perform sulfate reduction has not been physiologically demonstrated. The precise environmental requirements and full physiological characterization of cable bacteria remain one of the main fields for further study of this electrogenic microbe (Burdorf et al., 2017; Kjeldsen et al., 2019; Geerlings et al., 2020, 2021; Scilipoti et al., 2021; Malkin et al., 2022).




5 Conclusion

Our study foremost confirms the detrimental geochemical and microbial impacts, both temporal and spatial, of waste particle accumulation on the seabed originating from fish farming activities. A detailed study of the residual organic matter accumulation during repetitive production-fallowing cycles is thus recommended in the SW coast of Iceland to properly constrain the recovery capacity of the benthic system and propose appropriate regulation. Our study suggests that physical manipulation of fish farm sediment such as removal of surface sediment, combined with a period of fallowing (ceased organic matter input) aid in the development of e-SOx by cable bacteria. As a consequence mineralization of organic matter via sulfate reduction may be heightened, as well as the development of potential cooperative interspecies relationships that may further enhance sediment recovery by rapidly consuming sulfide. Therefore we propose that cable bacteria can have a functional role in fish farm sediments, most likely during fallowing periods, resulting in three main remediation processes (1) promotion of efficient sulfur cycling by phylogenetically diverse microbes via interactions with cable bacteria, (2) short-term mitigation of sulfide concentrations via e-SOx due to the rapid consumption of sulfide in the top centimeters of the sediment, thus enabling better colonization conditions for macrofauna, and (3) formation of an iron-firewall which can prevent sulfide build-up in the long-term (Seitaj et al., 2015) once a new production cycle is started at the same location. Our hypothesis awaits in situ validation (e.g., occurrence of e-SOx geochemical fingerprint during fallowing) or targeted organic loading experiments in mesocosms. Application of microbial fuel cells has also recently been proposed as an efficient sulfide removal strategy in fish farm sediments (Algar et al., 2020). Interestingly, the use of sediment microbial fuel cells can also induce the appearance of the e-SOx geochemical fingerprint (Reimers et al., 2017; Li et al., 2020; Marzocchi et al., 2020). Potential microbial remediation of sulfidic fish farm sediments may thus be achieved with a combination of physical alterations to sediments, shorter production periods, and microbial fuel cells (if upscaling is feasible, Algar et al., 2020). The synergetic effect of these approaches may lead to more environmentally sustainable practices, with lower long-term adverse impacts, for this growing industry.
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Cable bacteria are centimeters-long filamentous bacteria that oxidize sulfide in anoxic sediment layers and reduce oxygen at the oxic-anoxic interface, connecting these reactions via electron transport. The ubiquitous cable bacteria have a major impact on sediment geochemistry and microbial communities. This includes diverse bacteria swimming around cable bacteria as dense flocks in the anoxic zone, where the cable bacteria act as chemotactic attractant. We hypothesized that flocking only appears when cable bacteria are highly abundant and active. We set out to discern the timing and drivers of flocking over 81 days in an enrichment culture of the freshwater cable bacterium Candidatus Electronema aureum GS by measuring sediment microprofiles of pH, oxygen, and electric potential as a proxy of cable bacteria activity. Cable bacterial relative abundance was quantified by 16S rRNA amplicon sequencing, and microscopy observations to determine presence of flocking. Flocking was always observed at some cable bacteria, irrespective of overall cable bacteria rRNA abundance, activity, or sediment pH. Diverse cell morphologies of flockers were observed, suggesting that flocking is not restricted to a specific, single bacterial associate. This, coupled with their consistent presence supports a common mechanism of interaction, likely interspecies electron transfer via electron shuttles. Flocking appears exclusively linked to the electron conducting activity of the individual cable bacteria.

KEYWORDS
 flocking, cable bacteria, electron conduction, succession, interspecies electron transfer, time series, microprofiles


1. Introduction

Cable bacteria are multi-cellular filaments that can become several centimeters in length and can be found globally in freshwater and marine sediments (Pfeffer et al., 2012; Risgaard-Petersen et al., 2015; Burdorf et al., 2017; Liu et al., 2021; Xu et al., 2021). Electrons are transported upwards through the filament and this results in their ability to physically separate the oxidation of sulfide in the deeper layers from oxygen respiration at the oxic zone. Cable bacteria have a strong influence on sediment geochemistry including the formation of a gradually widening suboxic zone between the retreating oxygen penetration depth (OPD) and increasing sulfide appearance depth (SAD; Pfeffer et al., 2012; Risgaard-Petersen et al., 2012; Meysman et al., 2015; Liu et al., 2021). This is coupled with a distinctive pH peak, congruent with the cable bacteria’s activity and their growth pattern, which is described by a lag phase that rapidly changes into an intense exponential phase and it ends in a trailing decline (Pfeffer et al., 2012; Schauer et al., 2014; Xu et al., 2021).

Besides geochemistry, the activity of cable bacteria has been shown to also influence associated microbial communities, such as iron-cycling bacteria and sulfur-oxidizing Epsilon-and Gammaproteobacteria in marine sediments (Vasquez-Cardenas et al., 2015; Otte et al., 2018). The sulfide oxidizers were found to be active below the oxic zone and were proposed to connect with the cable bacteria’s electron transport through the oxidation of sulfide and subsequent transfer of the gained electrons to cable bacteria (Vasquez-Cardenas et al., 2015). Another example of association are flocking bacteria, which were discovered to swim around cable bacteria as a nimbus, in enrichments with the freshwater cable bacteria Candidatus Electronema aureum GS (Thorup et al., 2021; Bjerg et al., in press). These flocking bacteria, or flockers, displayed chemotactic behavior toward the cable bacteria, without clearly touching or attaching to the filaments (Bjerg et al., in press). The flockers were only observed around actively electron-conducting cable bacteria, and when the cable bacteria were physically cut (removing the cable bacterium’s connection to oxygen and thus stopping electron conduction) the flockers dispersed (Bjerg et al., in press). The flocking bacteria are proposed to be aerobes, yet they were discovered in a hypoxic environment (suboxic/anoxic zone), where most high energy electron acceptors have been depleted (Bjerg et al., in press). The flockers are therefore hypothesized to donate electrons to the cable bacteria through interspecies electron transfer. Cable bacteria could be seen as an alternative electron acceptor (with a direct link to oxygen) for the flocking bacteria.

With this phenomenon’s very recent discovery in mind, any study into it is exploratory in nature. Little is currently known about what causes flocking and whether it is related to cable bacteria succession, for example, does it show up at a particular phase of the lifetime of a cable bacteria enrichment, or is it lifetime-unrelated? So far, flocking has only been observed when cable bacteria were very abundant and active, suggesting that the interaction is a consequence of some limitation of cable bacterial growth. To test this hypothesis, we set out to elucidate the occurrence of flocking and its relationship to cable bacteria succession, activity, and geochemical changes. We combined microsensor measurements in sediment cores with sequencing, to describe the biogeochemical succession of a single strain enrichment of Candidatus Electronema aureum GS (Thorup et al., 2021), including their activity (inferred from an electric potential (EP) microsensor), changes in pH profile, and relative abundance of cable bacteria. This was compared to microscopy observations of flocking behavior around cable bacteria from the profiled cores, in two replicate time series (TS1 and TS2) each lasting 3 months to resolve how often flocking appears and to determine the amount of flockers and their morphology.



2. Materials and methods


2.1. Sediment preparation, inoculation, and incubation

Black freshwater sediment was retrieved, in June 2019 (TS1) and October 2020 (TS2), from a pond at Aarhus University campus (Vennelyst Park), Denmark (56.164672, 10.207908) at a water depth of 0.5–1 m. The sediment was stored with overlying water at 15°C for 2 weeks.

Before inoculation, sediment was homogenized, sieved (pore size: 0.5 mm) and autoclaved in 2 L bottles for 20 min as described in Thorup et al. (2021) and Marzocchi et al. (2022). Cooled down sediment (15°C) was distributed into 20 and 10 ethanol-cleaned Plexiglas core liners that were closed with a rubber stopper at the bottom. After 24 h settling time, the stoppers were pushed upwards to align the sediment surface with the core liner edge. The cores were inoculated by transferring a clump of sediment from a two-week-old, pre-grown single-strain enrichment culture of Ca. Electronema aureum GS (Thorup et al., 2021) and submerged in an aquarium with autoclaved tap water. The aquarium was covered with aluminum foil to prevent algae formation, equipped with aeration and a lid to prevent excessive evaporation, and kept at 15°C. Overlying water was replenished and refreshed several times during the incubation periods.

During the first time series (TS1), O2, pH, and EP profiles were measured combined with 16S rRNA sequencing and microscopy observations over 80 days, due to technical issues, the videos could not be used for flocking observations. The sequencing and microscopy observations were repeated in the second time series (TS2) with O2 and EP measurements over 81 days, and additionally the pH was measured on day 81. Following microsensor measurements (of both TS1 and TS2), 1–2 of the measured cores were sliced based on geochemical zone: the oxic layer (determined by the oxygen penetration depth) and the anoxic layer (below the oxygen penetration depth). Samples for light microscopy and 16S rRNA amplicon sequencing were taken from the anoxic layer of each core, of which the latter were frozen at −80°C until RNA extraction.



2.2. Microprofiling and analysis

At each time point, profiles were made of 1–3 randomly chosen core(s). Microprofiles were measured, with the aeration turned off, by moving in-house made O2, pH and EP microsensors (Revsbech and Jørgensen, 1986; Revsbech, 1989; Damgaard et al., 2014) stepwise (100–500 μm) downwards from ~3,000 μm above the sediment–water interface (SWI) to a depth of ~35,000 μm using a motorized micromanipulator (Unisense A/S, Denmark). At each step there was a 2 s waiting time before measuring a value for 2 s. All profiles were acquired using a four-channel multimeter with built-in A/D converter (Unisense). For the EP and pH sensors an in-house made millivoltmeter (resistance >1014 Ω,), and for the O2 sensor a picoamperemeter (Unisense) that was digitized with a 16-bit A/D converter (ADC-216, Unisense), was used. The software SensorTrace PRO (Unisense) was used to control the micromanipulator and acquire measurements.

EP was used as a proxy for cable bacteria activity (Damgaard et al., 2014) and was measured downwards combined with an upwards profile. EP and pH profiles were measured against a general-purpose reference electrode (REF201 Radiometer Analytical, Denmark).

O2 profiles were calibrated using Na-ascorbate in alkaline anoxic tap water and air-saturated (15°C) overlying water. The pH sensor was calibrated by a 3-point calibration (pH 4.0, 7.0, 10.0) with AVS TITRINORM buffers (VWR Chemicals, Denmark), and pH profiles were always measured in the dark. The reach of the anoxic zones was derived by determining the oxygen penetration depth from the O2 measurements after the profiles were adjusted to the SWI. Two EP profiles (downwards and upwards) were made for each core, and were drift corrected, using the measurements from the overlying water and the time between the up and down profiles. Current densities were calculated per core and averaged per time point (1–3 profile pairs/cores), as showcased in Risgaard-Petersen et al. (2015), using a sediment conductivity of 0.04 S m−1 (water conductivity of 0.05 S m−1 and sediment porosity of 0.87).

The cathodic oxygen consumption (COC) of cable bacteria, which is the contribution of the cable bacterial cathodic cells to the total oxygen consumption performed in the sediment, and the (electric) current density (mA m−2) in the sediment generated by the cable bacteria, used for this purpose were calculated as described in Risgaard-Petersen et al. (2015) from the EP and O2 microsensor measurements of the exact cores that were subsequently sampled for flocking observations.



2.3. Cable bacteria rRNA sequencing

Samples from the anoxic zone, in duplicate when possible (at certain time points laboratory access time was limited due to COVID-19 prevention measures), underwent three freeze–thaw cycles increasing from 0.5 to 1.5 h. RNA was extracted using RNeasy Powersoil Total RNA kit (Qiagen), with DNase treatment (Turbo DNA-free kit, Ambion) and confirmation of RNA contents with Qubit (Thermo Fisher Scientific). Reverse transcription and PCR amplification of cDNA was performed with the OneStep RT-PCR kit according to instructions, RNase inhibitor or 5× Q-solution addition were not carried out (Qiagen), using primers Bac341F, Bac805R (Herlemann et al., 2011), 55°C annealing temperature and 30 PCR cycles. The 16S rRNA libraries were prepared according to the manual for 16S Metagenomic Sequencing Library Preparation (Illumina, United States), using AMPure XP Bead 0.8× and 1.12× (Beckman Coulter) for PCR clean-up. The 16S rRNA libraries were 2 × 300 bp paired-end sequenced on the Illumina MiSeq platform following the standard Illumina protocol for MiSeq reagent kit v3 (Illumina, United States).

Data processing started by removing low-read (<500) samples. Amplicon data was primer-trimmed with cutadapt (Martin, 2011). The DADA2 (Callahan et al., 2016) manual was followed with slight deviations; read dereplication after read clustering and read length filtering before chimera removal were added. Trimming was performed based on quality of the sequencing run and paired end merging was done with minimal overlap of 12 bp and 0 mismatch allowance. The Silva 138.1 database (Quast et al., 2012) was used for classification of the ASVs (amplicon sequence variants) to species level. Cable bacteria percentages of Ca. Electronema were extracted with Phyloseq (McMurdie and Holmes, 2013). 16S rRNA sequences from both time series experiments can be found under accession number PRJNA837365 in the Sequence Read Archive (SRA) at the NCBI.

Correspondence between the current density and relative abundance of cable bacterial 16S rRNA were determined by calculating the correlation coefficients for these two datasets with Pearson’s correlation method in R, on the datasets from TS1 and TS2.



2.4. Microscopy of flocking bacteria and video analysis

During incubation, the population of cable bacteria and the presence of flocking bacteria was followed using phase contrast microscopy. For this, we used in-house made ‘trench slides’ as described in Thorup et al. (2021). The central trench of the microscopy slide was filled with sediment from the anoxic zone, and the slide was covered with anoxic tap water and a coverslip. In the second time series, the edge of each trench slide coverslip was covered with polydimethylsiloxane (PDMS) as a seal against evaporation and to minimize water movement. The trench slides were kept in an enclosed chamber with a moist paper cloth to prevent dehydration at 15°C for the first day and subsequently at room temperature. These trench slides were then observed for up to 4 days for the presence of flocking bacteria. Microscopy was performed at room temperature using a ZEISS Observer Z1 (Zeiss, Göttingen, Germany) inverted microscope equipped with a phase contrast lens and a PALM automated stage. Images and videos were taken at 100, 200, or 400× magnification, with the Zen Black edition software (Zeiss, Germany) over 1–8 h.

To assess the presence of flocking bacteria, 5 trench slides were prepared per time point during TS2 and observed intermittently over a period of 4 days. Flocking behavior is hard to discern the first day after preparing a trench slide, because gradients of oxygen, sulfide need to establish, so that the cable bacteria can align themselves from sulfidic to oxic zone, and the two zones need to be delineated by a microaerophilic veil (Scilipoti et al., 2021; Bjerg et al., in press). Presence of flocking was therefore, with a few exceptions (days 2, 27, and 32), assessed on the second and fourth day of the trench slides incubation.

Bjerg et al. (in press), clearly describe that the flocking behavior of bacteria occurs around on the anoxic side of the microaerophilic veil of the free-laying cable bacteria spanning the oxic and anoxic zone on trench slides (Supplementary Figure S1). However, sometimes the presence of multiple cable bacteria hinders visual inspection of the flocking behaviors, although a haze of bacteria is often seen (Supplementary Figure S1). The presence of higher bacterial abundance (>100) around a cable bacteria can overcome this shortcoming. Based on the aforementioned previous observations, the following set of criteria was defined to confirm the presence of bacterial flocking behavior: (1) the presence of free-laying cable bacteria spanning from the oxic zone to the anoxic zone, and (2) high bacterial count around the cable bacteria (>100; Supplementary Figure S1). The detection of the phenomenon is therefore a conservative estimate of its prevalence, especially at time points where cable bacteria density on the slides was high. Each slide was inspected by following the microaerophilic veil clockwise around the slide. The microaerophilic veil was discerned by its high visibility as a dense collection of chemotactic bacteria that represent a quivering line of fast swimming bacteria that follow their preferred oxygen concentrations and the shape of the trench slide. A slide would only be marked as having flocking present if any cable bacteria fit both abovementioned criteria.

Videos for counting and morphology were recorded with frames 88 milliseconds apart. Only videos of sufficient quality, length, with a single cable bacterium present, and without major sediment particles, were used for subsequent analysis in FIJI (Schindelin et al., 2012). Videos were processed by removing the median pixel value from each pixel, in essence removing any parts of the video which were not moving. Morphology was assessed by eye, while length and width were measured using the line tool (FIJI). Counts were done by selecting a random 50 μm segment along the length of the cable bacteria filaments and counting all moving bacteria within 50 μm from the cable bacteria filament, i.e., all moving bacteria in a 100 × 50 μm box. For morphology counts, 5 categories were used: spirillum (short spirals with at least one full turn of the helix, and no more than 6), coccus (ovoids, almost as wide as long), spirochaete (at least 20 μm long, and more than 6 helical turns), rod (predominantly large, curved rods at least 4 μm long), and vibrioid (small curved rods with a tapered end), however these cells were mostly below 0.8 μm wide and 1.5 μm long, and the shape was often difficult to make out. As a result, the vibrioid category encompasses any very small bacteria (≤1 × 1.5 μm). Morphology counts were normalized against cable bacteria cells for each video and averaged per time point.




3. Results


3.1. Geochemical development in freshwater sediment

The two time series incubations (TS1, TS2) proved to be comparable in their geochemical developments (Supplementary Figure S2). Differences in the current density (activity), generated by the cable bacteria, between the two time series are visible. Yet, the in-and decreases in cable bacteria activity followed the same trend (Figure 1A; Supplementary Figure S2). The trend described low cable bacteria activity at the start (days 3–11), with no current on day 3 for TS1. From day 6 on, the activity increased to reach the highest current density (79 mA m−2) on day 22, then it appears to vary a little (days 26–40) before it slowly declines to zero (day 81; Figure 1A).
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FIGURE 1
 (A) Cable bacteria activity over 81 days of incubation displayed in current density (mean ± SD, n = 1–3 pairs of up and down microprofiles) between sediment surface and maximum EP within the sediment; blue circles, first time series (TS1); yellow triangles, second time series (TS2). (B) Relative abundance of cable bacteria 16S rRNA in anoxic zone over time; blue, first time series (TS1); yellow, second time series (TS2). (C) Cathodic oxygen consumption (COC) of cable bacteria over time calculated from the cores sampled for microscopy during TS2 (yellow); gray, calculated from TS1. (D) Examples of depth profiles of oxygen (red diamonds), pH (black dots), and EP (green crosses) at day 6, 17, 46 (TS1), and 81 (TS2). The dotted gray line indicates the sediment surface.


The cathodic consumption of oxygen (COC) by cable bacteria started low with ~5% (day 2) and increased to ~75.5% (day 17), followed by a dip toward 32%–26% and another increase to 65% (day 40), only to decrease to a trailing 14%–28% toward the end of the experiment (Figure 1C).

The OPD varied during the 81 days from ~1.5 ± 0.2 mm at the start, where after it decreased to ~0.5 ± 0.15 mm on day 33 (data not shown), only to deepen again at the end to ~3 mm (Figure 1D). The depth of the cable bacteria activity based on the EP, increased from 1 mm (day 6) to 6 mm (day 17), and further increased to a maximum depth of 10–13 mm (day 33; data not shown), before retreating to 7 mm (day 46), ending in non-detectable EP (day 81; Figure 1D). The cable bacteria-created pH peak and minimum were not visible until day 11 and were strongest between day 17 and 33 (9 and 5.5), while the acidity mellowed out at the end, the pH peak increased again to around 8 (Figures 1D, 2A).
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FIGURE 2
 (A) Range of pH minima and maxima in the anoxic zone (down to 13 mm) where cable bacteria and flockers were observed (mean ± SD, n = 2–4). (B) Flocking observed over 1–4 days (on trench slides during TS2) in x/y where x is number of trench slides with successful flocking observations with y as total observation attempts, circles show individual time points with lines indicating the time points the sediment originated from; red, no detected flocking. (C) Flocking was often observed in multiple instances on a single trench slide, each instance is represented by a star. Each star indicates the number of flocking bacteria per cable bacterium cell within 50 μm on each side of the cable bacteria filament in a single still frame of a high-quality video of the given time point.




3.2. Cable bacteria relative abundance

A trend similar to that of the activity and geochemistry development was present in the relative abundance of the 16S rRNA specifically for Ca. Electronema aureum GS (Figure 1B). Cable bacteria relative abundance started with a near-zero lag phase (day 2–6) followed by a strong incline until they reached 49 and 37% (TS1, TS2) of the sequenced 16S rRNA as the highest relative abundances (TS1: day 33, TS2: day 27). The relative abundance of cable bacteria declined very slowly to 13% (day 81), but never reached zero within this timeframe (Figure 1B). At every sampled time point, cable bacteria rRNA was present (Figure 1B). This corresponded with microscopy observations of moving, living, cable bacteria filaments at each time point in both time series experiments (Supplementary Figure S3). Clear differences between amounts of actively moving (and therefore presumed to be living) cable bacteria were seen during microscopy observations (Supplementary Figure S3).



3.3. Flocker occurrence and morphology

At every time point, except for day 33 and 56, flocking was observed during one or more of the 4 observation days, and most often on days 17, 22 and 40 (Figure 2B). The number of flocking cells per cable bacteria cell varied between observations of individual flocking occurrences, but also between time points from ~1–2.2 at the lowest (days 2 and 22), to ~6.8 (day 12), with the highest counts observed as ~12.6 and ~16 (day 81 and 27; Figure 2C). Besides occurrence and number of cells, we derived cell shape, width, and length from the microscopy observations. Five different cell morphologies were identified: rods, cocci, vibrioids, spirochaetes, and spirillae (Figure 3). Vibrioids appeared at every time point that had flocking and were the most abundant flocker morphology (0.08–6.7 cells/cable cell) at all observations except for day 2, when rods were most prominent (Figure 4). Rod shaped flockers were the second most abundant type (0.22–0.07 cells/cable cell) and were observed at every time point except for day 81 (Figure 4). Rod-shaped flockers also appear to decrease in amount over time from being the most observed morphology on day 2 to day 81, where the rod-shaped flockers were absent (Figure 4). Cocci only appeared on days 16 and 40. On the second day, 0.55 coccus-shaped flockers were observed per cable cell (Figure 4). The other morphologies were very rare or restricted to few time points (Figure 4). Cell sizes of the flocking bacteria ranged from tiny (~0.5 × 1.6 μm) to large cells (~1.4 × 6.1 μm; Supplementary Figure S4).
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FIGURE 3
 Four examples of the observed flocker morphologies. (A) Large curved rods, (B) Coccoids, (C) Spirillae, and (D) Vibrioids. “Line” in the middle is the cable bacteria filament. Scale bar, 5 μm.


[image: Figure 4]

FIGURE 4
 Morphologies of flocking cells normalized against cable bacteria cells observed per time point of TS2. Inset shows y-axis zoomed onto 0–1.0 flocking cells/cable bacteria cells until day 40 for low abundancy flocking morphologies. Absence of a morphology-indicator at a certain timepoint depicts zero observed cells of that morphology, with n showing the number of video-frames used for cell counting.





4. Discussion


4.1. Freshwater cable bacteria development

The geochemical development in our Ca. Electronema aureum GS enrichment is generally comparable to what was previously seen in cable bacteria succession experiments: a decrease in OPD, a pH peak at the near-surface and a pH minimum in the anoxic zone indicative of cable bacteria activity (Figures 1D, 2A,B; Schauer et al., 2014; Xu et al., 2021). This activity corresponded to the changes in cable bacteria density (Figure 1B; Supplementary Figure S2). The formation of a pH peak indicated rapid sulfide oxidation, resulting in more electrons to transport evident in the concurrent increase in current density, which eventually pushes the OPD toward the surface (Supplementary Figures 1B,D). The succession pattern of Ca. Electronema aureum GS rRNA showed an increase, then a long stable phase, followed by a decline, though this decline is slower than seen in other studies (Schauer et al., 2014; Xu et al., 2021). At every sampling point, cable bacteria were observed both in relative abundance numbers and to be moving in trench slides (Figure 1B; Supplementary Figure S3), suggesting that even in absence of a clear geochemical fingerprint, cable bacteria persist.

The cable bacteria’s COC shows that the majority of oxygen is consumed by cable bacterial respiration at these time points. This COC, combined with a retreating OPD, may push (micro-) aerobic bacteria, that live at the oxic-anoxic interface, to resort to alternatives such as donating their electrons through interspecies electron transport to the cable bacteria, instead of directly to oxygen. If donor concentrations are higher below the oxic-anoxic interface, this might be a favorable option for a flocking bacterium. Bjerg et al. (in press) suggested that the electron donors might be either sulfide, organic compounds or even Fe+2 with an unknown soluble mediator as an intermediary. A closer look at the gradients of these electron donors below the oxic-anoxic interphase might shed light on why these flocking bacteria are attracted to cable bacteria rather than trying to find oxygen.



4.2. Flocker occurrence and morphology

In each observation of flocking, we identified different morphologies and sizes of flockers as previously described by Bjerg et al. (in press). Out of the five different morphologies of flockers, the most prominently present were vibrioids, however this category also encompassed cells that were too small to determine differences in morphology by light microscopy (Figures 3, 4). The second largest group was described by rod-shaped flockers and followed a downward trend while the vibrioids were increasing over time and were the sole morphology observed on day 81 (Figures 3, 4). The other morphologies: cocci, spirilla, and spirochaetes, were only sporadically present and in low abundances (Figures 3, 4). The different morphologies we described were present at almost every time point in this study, which shows that the flocking community was not made up of a singular species of bacterium (Figure 4). Most of the observed flocking cells were small (0.5–1 × 0.9–2 μm; Supplementary Figure S4). Cell sizes of flockers that we recorded in this study diverge from Bjerg et al. (in press), who reported more medium sized cells (1 × 2–3 μm) than we do here (Supplementary Figure S4). Such a clear majority of small cells could be explained by a lower motility cost for smaller cells (Mitchell, 2002). The diverse cell sizes and morphologies do not provide specific taxonomic information but underline previous findings of high taxonomic diversity among the flockers, which suggests that they use a common mechanism of interspecies interaction. One such mechanism could be interspecies electron transfer, provided by electron shuttles not produced by specific bacterial species but intrinsic to the sediment, for example humic substances or flavins (Monteverde et al., 2018; Bjerg et al., in press).

Contrary to our initial expectation, flocking was present for the majority of the cable bacteria’s succession in the sediment (Figures 1A,B, 2C). Flocking appeared already on day 3 of the cores’ lifetime suggesting that the flocking bacteria are carried over when the core is inoculated. Cable bacteria are unlikely to be limited in electron donors at such an early stage in the life of the core. This is evident from the rapid increase in cable bacterial density in the first days and suggests an exponential increase congruent with low to no resource limitation. Flocking thus does not appear limited to periods of low electron donor availability for the cable bacteria. The disappearance of flocking on days 33 and 56 is puzzling, as these appear not any different from days where flocking is present, according to the measured parameters. This absence could be due to the limitations of flocking detection, as the trench slides became very crowded around 20–40 days into the incubation period (Supplementary Figures S1, S3), and very seldom free-laying cable bacteria were encountered. Finally, flocking was observed on the last days of the incubation. Non-moving cable bacteria, without connection to oxygen, and sometimes fragmented with partially degraded cells (therefore presumed dead), were often encountered in these trench slides, likely washed out from the central sediment trench when the slide was made. Flocking was never observed around these dead cable bacteria but was very prevalent around the few remaining living filaments, which were characterized by their high motility, length, and with almost always flocking on them. If the flockers were beneficial to cable bacteria, this could explain the perceived health of these surviving filaments, suggestive of the flockers’ providing electron donors to the cable filament at what is likely starving conditions. Alternatively, a parasitic relationship between flocker and cable bacterium would have the flockers attracted to the few remaining active cable bacteria in the slide.

There is no apparent pattern between the measured parameters in this study: pH, EP, O2, and the appearance of flockers around cable bacteria. This strongly suggests that flocking is governed by parameters not measured yet or not measured at sufficiently fine scale. Flocking occurs in a zone around 50–100 μm distance from a cable bacterium (Bjerg et al., in press). It is currently unknown and difficult to measure how the fine scale gradients in the trench slides directly around the cable bacteria filaments and thus in the ‘flocking ranges’ are. Especially, when we consider the cable bacterial metabolism of sulfide oxidation, strongly influencing both sulfide and sulfate availability and pH due to proton release within the “flocker range,” possibly generating strong gradients close to the filaments. A better understanding of the fine scale gradients of pH and sulfide around the cable bacteria, in the flocking area, which are created by the cable bacteria’s metabolism would tell us whether these environmental parameters are relevant for the flocker community. It may be more useful to do manipulation experiments in the starvation phase near the end of the incubation as a response to addition of a suitable electron donor for cables, or flocking bacteria should be more evident. With flocking showing up so early and so late in the incubation’s timeline, it is increasingly likely that any electron shuttle is endemic to the sediment, rather than produced by cables or flockers. Electron shuttle usage is highly dependent on the presence of shuttles, therefore we suggest to measure this as a parameter, combined with on-slide fine scale geochemistry, to get a step closer to whether flocking is a form of shuttle-based IET.



4.3. Conclusion

Candidatus Electronema aureum GS showed activity and succession patterns comparable to enrichments of marine and freshwater cable bacteria populations.

Diverse flocking bacteria were observed around cable bacteria throughout the succession of Ca. Electronema aureum GS, independent of relative abundance or sediment pH. Our main conclusion is that as long as there are actively electron-conducting cable bacteria filaments present, flockers can be seen around these.
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Chromosome Plasmid

Genome completeness (%)? 99.39 N/A
Est. contamination (%) 0.15 N/A
Quality®
# contigs 1 1
Largest contig (bps) 4,267,812 127,662
Total length (bps) 4,267,812 127,662
GC (%) 63.87 59.98
# Mismatches (N characters) 0 0
Features®
CDS 4,014 125
With assigned function 3,470 95
Hypothetical 544 30
tRNAs 524 0
rRNA operons 3 0
ncRNA 3 0
CRISPR arrays 0 0
Pseudogenes 72 18
Signal Peptides®
Genes with Sec/SPI signal peptides’ 383 7
Genes with Sec/SPII signal peptides? 89 2
Genes with Tat/SPI signal peptides” 72 1

aDetermined with CheckM v1.0.18 (Parks et al., 2015).

b Determined with QUAST v4.4 (Gurevich et al., 2013).

®Determined with the NCBI Prokaryotic Genome Annotation Pipeline (Tatusova
etal., 2016; Haft et al., 2018).

dComprises all 20 amino acids.

®Determined with SignalP 5.0 (Almagro Armenteros et al., 2019).

fSec/SPI denotes signal peptides transported by the Sec translocon and cleaved
by Signal Peptidase I (Lep).

9Sec/SPIl denotes lipoprotein signal peptides transported by the Sec translocon
and cleaved by Signal Peptidase Il (Lsp).

NTat/SPI denotes Tat signal peptides transported by the Tat translocon and cleaved
by Signal Peptidase I (Lep).
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Essential Growth Non- Growth Uncertain
defect essential advantage

LBS + lons 563 105 3,270 15 108
SWB + Acetate 584 105 3,249 10 113
Pre-Electrochemistry 580 99 3,250 11 121
Open Circuit 598 73 3,188 6 196
Electrochemistry 618 37 3,059 1 346

The “Uncertain” category represents the number of genes that had discrepancies
in essentiality calls between all replicates.
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Locus tag Product KEGG Localization (Score) Homologs identified in other

Orthology electrotrophic Thioclava species!
AKLO2_09955 HIyC/CorC family transporter - Cytoplasmic Membrane (10) A B,C
AKLO02_00835 rubrerythrin family protein K22737 Cytoplasmic Membrane (10) A B,C
AKL02_02090 Na®/H* antiporter subunit G K05564 Cytoplasmic Membrane (10) A B,C
AKLO2_12420 CDP-diacylglycerol-serine K17103 Cytoplasmic Membrane (10) A B C
O-phosphatidyltransferase
AKL02_06280 ribosome biogenesis GTPase Der K03977 Cytoplasmic Membrane (7.88) A B,C
AKLO02_20245 ParA family protein K03496 Cytoplasmic Membrane (7.88) A B,C
AKLO2_00700 flagellar basal body-associated FliL family K02415 Cytoplasmic Membrane (9.82) A*, C*
protein
AKLO2_16390 quinone-dependent dihydroorotate K00254 Cytoplasmic Membrane (9.82) A B* C
dehydrogenase
AKLO2_11895 ABC transporter ATP-binding protein K02013 Cytoplasmic Membrane (9.82) A B,C
AKLO2_14895 hypothetical protein - Cytoplasmic Membrane (9.86) A, B, C
AKLO2_10975 PAS domain-containing sensor histidine K13598 Cytoplasmic Membrane (9.99) A B, C
kinase
AKLO2_06725 biopolymer transporter ExoD K03559 Unknown (2.5) A*, C*
AKLO02_06520 NADH:ubiquinone oxidoreductase subunit - Unknown (2) A B, C
NDUFA12
AKLO2_07710 DUF59 domain-containing protein = Unknown (2) A B,C

1 Electrotrophic Thioclava species: A, T. atlantica 13D2W-27; B, T. dalianensis DLFJ1-17; C, T. indica DT-234". Proteins are considered conserved if BLASTP resuits
indicate > 80% AAl and > 80% query coverage.

*60-80% AAl with > 80% query coverage.

"60-80% query coverage with > 80% AAI.
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Cumulative flux Solid-phase inventory change

(mmol m-2) (mmol m~2) in the upper 1 cm
March May August March May August
dAs Core 1 024 028 0.004 0.841 0.436 0.135
Core 2 020 0.48 0005
Core 3 006 0.18 0007
dfFe Core 1 134 52 0.33 491 141 —45.4
Core 2 12 60 0
Core3 69 40 021
SHS Core 1 335 100 368
Core 2 106 29 385
Core 3 450 23 242

Positive values indicate net loss; negative values indicate net gain. All units are in mmol m=2. Sofid-phase inventory changes were calculeted from ascorbate extractable Fe and As
concentrations before and after incubation (Figure 2).
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EET

Only found in cultures with Fe3+ citrate vs. Fe3+ oxides (Ding
et al.,, 2008)

Upregulated in cells grown on Fe3* and Mn“+ oxide compared
to Fe3+ citrate (Aklujkar et al., 2013)

Gene knockout deficient in the reduction of US+ and Fe®+
hydroxide (Shelobolina et al., 2007)

Upregulated by growth on Fe* and Mn** oxide compared to
Fe3+ citrate (Aklujkar et al., 2013)

Upregulated by growth on Mn“+ oxide compared to Fe3+
citrate (Aklujkar et al., 2013)

Upregulated by growth on Fe3+ and Mn*+ oxide compared to
Fed* citrate (Aklujkar et al., 2013)

Deletion mutant affected growth in Fe3+ citrate and on Fe
oxides (Aklujkar et al., 2013)

Required for Fe®* reduction (Butler et al., 2010).
Downregulated in Fe oxides (Kato et al., 2013)

Upregulated by growth on Fe3™ oxides (Aklujkar et al., 2013)
Not involved in EET (Embree et al., 2014)

Upregulated by growth on Mn“+ oxide (Aklujkar et al., 2013)
ExtEFG deletion mutant presented lower levels of Fe®+ citrate
reduction (Otero et al., 2018)

Upregulated on Mn oxides. Knockout mutant: slow growth on
Fe citrate or oxide (Aklujkar et al., 2013)

Essential for iron reduction together with OmabcB (Otero et al.,
2018)

Upregulated by growth on Fe3+ oxide compared to Fe®+
citrate (Ding et al., 2008)

Upregulated by growth on Fe3* oxides. Mutant had phenotype
as wild type (Aklujkar et al., 2013)

Predicted cellular location

Periplasm

Periplasm

IM (Predicted by Loctree)

Periplasm

Periplasm

Periplasm

Periplasm,
OM-bounded (Predicted by
Loctree)

Periplasm
Periplasm
OM complex ExtEFG

IM/Periplasm

OM complex OmabcC

Periplasm

Periplasm

The annotation number for each c-cytochrome encoding gene is given in parenthesis. IM is the abbreviation for inner membrane, and OM for outer membrane.
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Cytochromes Secondary structure elements (%) Number of residues Number of heme groups

a-Helix p-Sheet Turn Disordered
Cbel (25°C)" 29 18 15 37 250 9
PpcA2 28 16 41 17 ksl 3
GSU19962 19 12 52 18 318 12

The percentage of secondary structure elements of Chcl. was determined by CD spectroscopy in the far-UV region. Data for PpcA and GSU1996 is also
presented for comparison.

" According to the results obtained from the DichroWeb online platform.

2According to the results obtained from the online platform STRIDE (Frishman and Argos, 1995) using the PDB files: 2MZ9 (Pokkuluri et al., 2004b) and 30V (Pokkuluri
et al., 2011) for PpcA and GSU1996, respectively.





OPS/images/fmicb-13-883807/cross.jpg
3,

i





OPS/images/fmicb-13-883807/fmicb-13-883807-g001.jpg
depth (um)

depth (um)

| log(Esi)

R KR A

cell 2

13C1“N/("2C"*N+"3C"“N) C 180Q/(10+180) D 3P/(12C'“N+'3C"“N)

3 pm

1.2e-2 1.6e-2 - 24e-2 2.8e-2

length (um) Iength (pm)
7 8 9

1
2

13C14N/ 12014N +13C14N)

—
E
=

N

=
=1
0)

e

3
0 i

depth (um)

A —=cell-d —a=eelld

3 31 P/(1ZC14N +13C14N)

3 31 P/(12C14N +13C14N)





OPS/images/cover.jpg
& frontiers | Research Topics.

Electromicrobiology —
from electrons to
ecosystems,

volume Il

Nz Risgaard-Petersen and Amelia-Elena Rotaru

Published in
Frontiers in Mic






OPS/images/fmicb-13-909824/cross.jpg
3,

i





OPS/images/fmicb-13-872610/fmicb-13-872610-g001.gif
PilA Recovered when

G. sulturreducens

Purlfied Filaments. =
Disassociated

Antibodies Recognizing.

PIlA Bind to Filaments —
Emanating from

6. sullurreducens

Conductivity of mmm.
Tuned >10%-fold by
Changing Aromatic
Abundance in PiIA

Heterologous Exvmslon
of G. sulturrecucens

PIIA Gene in 2. aeruginosa r = m—p
or . coll Yields. Eener
Conductive Pill

e ﬂt

nmm Ul et i 2020
e G

ooyt etal. 2011
Tan atal 2010
ing etal 2017
Wang etal 2010

Caoong etal 2011
U etal. 2019

Vorgas etol 2013
Lisotal 2014
Steicel ot 31 2016
gkt otal 2018
T etal 2018
Lisetal 2021,2022

Lisotal 2010





OPS/images/fmicb-13-906363/cross.jpg
3,

i





OPS/images/fmicb-13-906363/fmicb-13-906363-g001.jpg
BIODEGRADABLE ELECTRONICS

Substrates Emerging (semi)conductors

; 4 . — Bacterial nanowires
'\ ¥ / f" . k ’ X "\ b
" 2 \‘? Y 5,&*‘ "
"\ : k.‘- v ay
\ )ﬁ () )‘ (Q y{
S& 9 " %
gj

Paper Glucose

Dielectrics Semiconductors






OPS/images/fmicb-13-906363/fmicb-13-906363-t001.jpg
(Semi) Conducting materials

Material Cond. length Conductivity Transistor Mobility References
(nanowires) (S/cm) properties (cm?/Vs)
Biodegradable Indigo 0 n-type 0.01 Vautier et al., 2001; Bouzidi et al., 2017
semiconductor B-carotene 1078 p-type 0.0004 Suryana et al., 2013b
Eumelanin sfome n-type 0.01 Ambrico et al., 2011; di Mauro et al., 2021
Quinacridone {04 p-type 0.001 Inokuchi and Akamatu, 1961; Enengl et al., 2015
Perylene diimide 10~" (Doped, n-type 0.01 Gregg and Cormier, 1998
redox cond.)
Polymer nanowire P3HT 10 pm 10 (Doped) p-type 0.1 Briseno et al., 2008; Paterson et al., 2018
PEDOT:PSS 10 pm 10 p-type 10 Groenendaal et al., 2000; Wei et al., 2013
Bacterial nanowire Geobacter sulfurreducens 10 pm 5 p-type 0.03 Reguera et al., 2005; Lampa-Pastirk et al., 2016
(wild type) Shewanella oneidensis 10 pm 1 p-type 0.1 El-Naggar et al., 2010; Leung et al., 2013
Cable bacteria 1cm 10 n-type 0.1 Meysman et al., 2019; Bonné et al., 2020

Substrate materials

Material Dielectric constant Breakdown field (MV/cm) References
Paper (with oil) 2.3 0.3 Feng et al., 2020
Caramelized glucose 6.4 1.5 Irimia-vladu et al., 2010a
Silk 2.7 2.5 Townsend et al., 1997
Silk (treated) 4.6 4.0 Dickerson et al., 2013
Shellac 3.1 8 Irimia-Vladu et al., 2013

Ecoflex® 2.2 0.2 Siegenthaler et al., 2012b
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Name

frac_180

frac_13C
Cell
Filament

Core

Zone
labeling period

Description

180 atom fraction in the ROI defined as a
poly-P granule

13C atom fraction of the cell cytoplasm
unique label for each cell

unique label for each individual filament
fragment

the core from which the measurement was
extracted

redox zonation
labeling period of the polyphosphate granule

Type of variable

continuous response

continuous response
categorical random explanatory
categorical random explanatory

categorical random explanatory

categorical fixed explanatory
categorical fixed explanatory

Levels in model 1

1761

855
196

Levels in model 2

704

164
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6h 24h

Oxic transition suboxic oxic transition suboxic

Minimally active 5 2 0 0 0 0

Only 13C labeled 4 1 1 0 0 0

Only 180 labeled 8 20 6 3 0 1

Both 13C & 8O labeled 9 66 7 6 3 22

Total 26 89 14 9 3 23
129 35

Numbers are shown separately for each incubation period and redox zone. Details
of the classification are explained in Methods. Images of filaments from each class
are shown in Supplementary Figure 2.
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Excess 80/0

% of variance explained
by differences

Excess 13C/C

% of variance explained
by differences

Labeling Redox 02 ICCcei  ICCfilament among among cells within o2 ICCfijlament a@mong among cells
period zone filaments within filaments cells filaments within filaments
oxic 0.00021 0.96 0.8836 88.4% 7.6% 4.0% 0.00018 0.992 99.2% 0.8%
6h transition  0.00049 0.8133 0.7485 74.9% 6.5% 18.7% 0.00057 0.956 95.6% 4.4%
suboxic 0.00043 0.8477 0.7802 78.0% 6.8% 15.2% 0.00065 0.965 96.5% 3.5%
oxic 0.00047 0.8274 0.7615 76.2% 6.6% 17.3% 0.00039 0.96 96.0% 4.0%
24h transition  0.00062 0.7248 0.6671 66.7% 5.8% 27.5% 0.00060 0.929 92.9% 71%
suboxic 0.00090 0.5882 0.5146 51.5% 4.5% 44.1% 0.00069 0.864 86.4% 13.6%

The values of o2 and the intraclass correlation coefficient (ICC) were determined by fitting the data with linear mixed models (see Supplementary Methods for details).
The ICC values indiicate that the largest portions of the variance can be explained by differences among filaments (52-88% for 180 labeling and 86-99% for 13C labeling)
and there is little variation among cells within a filament (5-8% for 180 labeling and 1-14% for 13C labeling). Since for most cells the 80 labeling was determined in more
than one poly-P granule, there is also a variation within a cell, i.e., an unexplained variance (4-44%).
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6h incubation 24h incubation

core 1 core 2 core 3 core 4

redox zone oxic transit subox oxic transit subox oxic transit subox oxic transit subox control total

180 atom fraction # poly-P 147 432 164 121 333 42 64 66 260 101 15 16 126 1887
# cells 51 166 45 82 243 24 30 33 110 50 10 11 29 884
# filaments 8 35 8 22 64 6 8 5 25 9 3 3 7 203
3¢ atom fraction # cells 32 117 45 82 243 24 - - 101 50 10 - - 704
# filaments 4 25 8 22 64 6 - - 23 9 3 - - 164

Porewater 80 atom fraction 0.0234 0.0164 0.0151 0.0160 0.002

Numbers are shown separately for the two replicate cores, three redox zones, two incubation periods, and two isotope labels used. Note that the 13C labeling data is
available for a subset of filament fragments for which the 180 labeling data is available.





