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Abstract

:

Cathode-associated microbial communities (caMCs) are the functional key elements in the conversion of excess electrical energy into biomass. In this study, we investigated the development of electrochemical caMCs based on two-chamber microbial electrolytic cells (MECs) after optimization of media composition. Microbial communities obtained from a historical soil sample were inoculated into the cathode chamber of MECs. The inorganic medium with (A) carbon dioxide in air or (B) 100 mM sodium bicarbonate as carbon source was used in the absence of any organic carbon source. After 12 days of operation, the experimental results showed that (1) the bacterial community in group B exhibited lush growth and (2) a single strain TX168 Epilithonimonas bovis isolated from group A indicated electrochemical activity and synthesized large volumes of biomass using sodium bicarbonate. We also analyzed the caMCs of the MECs and reference samples without electro-cultivation using 16S rRNA gene sequencing. The results showed that the caMCs of MECs in groups A and B were dominated by the genera Acinetobacter and Pseudomonas. The caMCs were further inoculated and cultured on different agars to isolate specific electroactive bacterial strains. Overall, our study highlights the possibility of converting excess energy into biomass by electro-cultivation and the importance of selecting appropriate media to enrich specific microbial communities and single strains in MECs.
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1. Introduction


Electroactive microorganisms (EAMs) are very interesting for coupling microbial physiological activities with technical processes converting energy. On the one hand, EAMs can oxidize organic matter in microbial fuel cells (MFCs), generating electric potential [1]. On the other hand, EAMs are used in microbial electrolysis cells (MECs) to produce methane or hydrogen [2]. The key step in these processes is the microorganisms involved in electron transfer [3]. This transfer can occur either through direct contact between biological cells and the electrode surface or through an electrochemical active mediator. Some bacteria are, in principle, capable of transferring electrons from the cathode to inorganic species, reducing inorganic ions or generating biomass and producing valuable biomolecules [4].



One focus of research is the application of MFCs or MECs to search for and evaluate suitable electroactive bacterial strains and consortia [5]. Among others, Geobacter sulfurreducens can be used in MECs as a biocatalyst for hydrogen formation at the cathode [6]. The production of acetate by microbial electrosynthesis using sulfate-reducing bacteria has been reported [7]. Pseudomonas putida has been proved to be suitable for the bioelectrochemical production of rhamnolipids [8].



Efficient EAMs are not only used to produce specific chemicals in electrochemical synthesis. They are also used to convert electrical energy into biomass, which is a promising strategy for storing energy from green energy production [9]. In both cases, microbial communities can play a crucial role in addition to single strains [10]. The communication and physiological interaction between electrochemically active and redox-active bacteria are key issues for stimulating biomass production [11].



Until now, only a tiny fraction of potentially electroactive bacteria have been cultivated. Many species can only be identified by the presence of their genes. However, finding and cultivating electroactive strains are essential for biotechnological processes. In principle, electroactive bacteria can be found in different soil environments [12]. However, finding the most suitable strains in the vast soil microbial community is like finding a needle in a haystack. It is assumed that special soils and sites may be more suitable than others for such a search. This is because the input of special substances and the high density and diversity of special groups can promote the formation of different bacterial communities in soil, such as nitrate- and sulfate-reducing or ammonia-oxidizing bacterial communities, methanogenic bacteria, and bacteria with high tolerance to redox-active heavy metals [13,14,15]. Among recently contaminated soils, soil bacterial communities from sites with ancient human impacts appear promising for tailored searches [16,17,18]. Soil samples from archaeological excavation sites with a complex spectrum of former exposure factors could be particularly attractive for this search. Ancient tannery sites represent such a type of formerly massively polluted ancient environment, presenting animal residues, tools, and chemicals, including the release of chromium and other toxic metals. It is known that tannery waste is characterized by particular types and communities of bacteria [19,20]. Therefore, the possibility of finding cathodically active bacteria has been investigated using a soil sample from a historical tannery area [21].



The main objective of this study was to investigate and demonstrate the suitability of the presented MEC for searching for cathodically activated and CO2-binding bacteria, on the one hand, and to show the potential of soil samples from a place with ancient human impact for such a search for and isolation of promising bacterial strains, on the other hand. In the following, the experimental setup, the electro-cultivation procedure, and the electroactive strains found are reported. Our study used two-chamber MECs with air-fixed carbon dioxide or sodium bicarbonate as the carbon source for cathodic electrochemical screening of bacterial communities from a historical tannery site. After electrochemical or non-electrochemical cultivation, the cathode-associated microbial communities were analyzed using 16S rRNA gene sequencing, and single strains of cathode-associated electroactive bacteria were isolated and identified. The electrochemical properties of the identified single strain Epilithonimonas bovis were characterized.




2. Materials and Methods


2.1. Soil Sample Preparation


The soil sample HB35 (pH: 8.1, conductivity: 512.3 µS/cm) was collected during an archaeological excavation from wet, buried soil in a medieval suburb of the city of Jena. After collection, the soil samples were air-dried under sterile conditions. HB35 has a pH value of 8.1 and a conductivity of 512.3 µS/cm. For the experiment, 2 g of soil was mixed with 10 mL of inorganic medium and vortexed thoroughly. Following centrifugation at 200× g for 20 min, the supernatant was passed through filter paper of size 20 µm (VWR, Germany) to remove excess soil particles. A final concentration of 75 mg/L of cyclohexane (BioChemica, Sauerlach, Germany) was added to prevent the growth of soil-borne fungi during incubation.




2.2. Chemicals and Medium


For the electrochemical and non-electrochemical cultivation of media-dependent bacterial communities, an inorganic medium was utilized with 0.1 g/L NH4NO3, 0.5 g/L K2HPO4, 0.2 g/L MgSO4·7H2O, and 0.01 g/L FeSO4·7H2O (all chemicals from Merck, Darmstadt, Germany). To precisely control the carbon source during the mixture culture, the inorganic medium was optimized by using carbon dioxide fixed from air and 100 mM sodium bicarbonate as the carbon source. For the enrichment of mixed cultures after electrochemical and non-electrochemical cultivation, minimal medium (CMM1) and modified actinomycete minimal medium (AM), which was modified to AM1 and AM2, were utilized, as well as the rich media Luria-Bertani (LB) and Trypticase soya agar (TSA) (Table 1). Mixed colonies grown on these solid media were isolated and purified by using a TSA agar medium.




2.3. Electrochemical Experiment Concept and Arrangement


In this study, we constructed a two-chamber H-type MEC system, which consisted of an anode chamber and a cathode chamber separated by a 1.5 cm diameter proton exchange membrane (Nafion® N117, Ion power, München-Flughafen, Germany) (Figure 1). The effective volume of the system was 40 mL (20 mL each for the anode and cathode sides). The electrodes of the cathode were stainless-steel electrodes with a length of 5 cm and a diameter of 0.8 mm. The anode was made of a platinum electrode and had a length of 15 cm and a diameter of 0.25 mm. Both electrodes were connected by a digital power source meter (Hameg, Frankfurt, Germany).



Unlike conventional two-chamber MECs, we completed the experimental setup with an additional mini-peristaltic pump (DC12V, G528 32 × 23 mm, Chongqing, China). Its functions were (1) to circulate the bacterial culture solution and electrolyte at the cathode and anode, respectively; (2) to speed up the transfer of ions, especially protons, from the anode to the cathode, which sped up the electron transfer rate; (3) to promote the fresh exchange of culture solution in the cathode chamber; and (4) to export the gas produced at the electrode surfaces. First, 100 mM of sodium bicarbonate was circulated in the anode chamber for ionic equilibration with a bacterial culture solution containing 100 mM of sodium bicarbonate in the cathode chamber. The pH of the anode and cathode chambers during the reaction was measured using pH indicator papers (GE Healthcare, Amersham, UK). The change in pH during the reaction was observed to, on the one hand, facilitate reaction with any protons that were transported from the anode to the cathode and, on the other hand, prevent the production of excess hydrogen gas at the cathode due to the decrease in pH affecting the bacteria involved in electron transport at the electrode surface.



For electrochemical cultivation, bacteria were inoculated in the cathode chamber and subjected to electrochemical reactions at a constant voltage of 1.6 V. This voltage was found to be the most suitable voltage after our experiments, beyond which a large amount of hydrogen gas was produced on the electrode surface. This affected the electron transport of the bacteria at the electrode surface in the cathode chamber. In the anode chamber, a lot of oxygen was produced due to the oxidation reaction taking place. Therefore, the culture flask connected to the valve was not sealed. The whole reaction took place at room temperature over 12 days. The electrochemical processes can be described as follows:



Anodic reaction:


2·H2O → 4H+ + O2 + 4e−



(1)







Possible cathodic reactions:


HCO3− + n·e− (bacteria) → CxHyOz (biomass)



(2)






Mediator(oxidation) + n·e− → mediator(reduction)



(3)






HCO3− + mediator(reduction) (bacteria) → CxHyOz (biomass) + mediator(oxidation)



(4)







In the cathodic chamber, on the one hand, bicarbonate could be converted into organic substances with the assistance of bacteria. On the other hand, the oxidation mediator (Mox) in the medium could accept electrons at the cathode surface and be converted into a reduction mediator (Mrd), which bacteria could use, and then converted into Mox again to form a cycle. Therefore, the bacteria in the cathode chamber could not only metabolize bicarbonate to grow but also participated in the redox cycle related to the mediator.




2.4. Next-Generation Gene Sequencing and Data Processing


All samples were investigated using NGS (Illumina) according to the following procedures. The microbial DNA of the soil sample HB35 was extracted and purified from a 250 mg soil sample using the Power Soil Isolation Kit (Qiagen, Hilden, Germany). The cultured microbiome of each 0.5 µL sample of DNA extracted was used for the Illumina PCR.



The amplification of the V4 region of the 16S rRNA was carried out in an Edvocycler (94 °C for 5 min, 30 cycles of denaturation at 94 °C for 30 s; annealing at 50 °C for 30 s; extension at 72 °C for 30 s; and a final extension at 72 °C for 5 min). The sequence of the adaptor primer A519F-Ad was 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCMGCCGCGGTAA-3’ and that of the reverse adaptor primer Bact_805R-Ad was 5’–GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATC; both were obtained from Eurofins Genomics (Ebersberg, Germany) in concentrations of 1 µM. The presence of the desired 353 bp DNA fragment was confirmed by gel electrophoresis. Per the manufacturer’s instructions, PCR products were purified using proNex beads (Promega, Madison, WI, USA).



For the index PCR, the total volume of the master mixture was 25 µL and it contained 2.5 µL of the amplified PCR described above, 25 mM MgCl2, 10 mM PCR nucleotide mixture, 5 units of GoTaq®Mdx Hot Start DNA polymerase, nuclease-free water (all reagents from Promega, Madison, WI, USA), and 125 nM of each primer. The index PCR program was set up as follows: 95 °C for 3 min, 8 cycles (denaturation at 95 °C for 30 s; annealing at 55 °C for 30 s; extension at 72 °C for 30 s), and a final extension at 72 °C for 5 min. Index PCR products were first purified with proNex beads, then pooled and purified again using proNex beads. Finally, the prepared samples were sent to Eurofins for next-generation sequencing with an Illumina HiSeq system.



For data processing, the obtained fastq files for the forward- and reverse-aligned 16S rRNA data were first converted to fasta-format contig files and quality files (mothur (version 1.39.5)) in the open-source Galaxy platform (https://usegalaxy.org; accessed on 18 May 2022). The contig files were then aligned to the NCBI cloud-based rRNA databases using the SILVAngs data analysis service (https://ngs.arb-silva.de/silvangs; accessed on 18 May 2022). Furthermore, for all analyses, the preset parameter configurations from the SILVAngs database, version 138.1, were used [22]. Sequencing data allowed assignment to genus-level taxonomic groups in most cases. However, there were cases where only higher taxonomic levels could be identified, such as family, order, class, or phylum. The lowest level of each distinguished bacterial type was called an operational taxonomic unit (OTU).




2.5. Single Strain Isolation and Identification


Mixed colonies grown on different solid media were characterized by Sanger sequencing after successful isolation on TSA agar. The protocol for the sample preparation for Sanger sequencing and sequence data analysis was as follows. First, for DNA extraction, one or two single colonies on agar plates were transferred to PCR tubes containing 50 µL of nuclease-free water (Promega, Madison, WI, USA) and vortexed. The cells were then heat-lysed in an Edvocycler (Edvotek, Washington, DC, USA) at 95 °C for 5 min, which was followed by centrifugation of the samples at 10,000× g for 2 min. Then, 2 µL of DNA template solution was taken and mixed with 2 mM MgCl2, 250 µM PCR nucleotide mixture, 1.25 units of GoTaq G2 Flexi DNA polymerase, nuclease-free water (all reagents from Promega, Madison, WI, USA), and 0.5 µmol/L of the two primers. The primers addressing the 16S rRNA from the V1–V9 region used—namely, primers Bakt_27f (5′-AGAGTTTGATCMTGGCTCAG-3′) and Bakt_1492r (5′-TACGGYTACCTTGTTACGACTT-3′)—were obtained from Eurofins Genomics (Ebersberg, Germany) at concentrations of 100 pmol/µL. After mixing, PCR amplification of 16S rDNA fragments (95 °C for 2 min, 30 cycles of denaturation at 94 °C for 30 s; annealing at 52 °C for 30 s; extension at 72 °C for 90 s; and a final extension at 72 °C for 7 min) was performed with the Edvocycler. The extracted DNA was then purified with the proNex beads. Finally, the presence of the desired DNA fragment of approximately 1500 bp was confirmed using gel electrophoresis. The DNA samples were sent to Eurofins (Ebersberg, Germany), where a second PCR reaction was performed with primers Bakt_27f and Bakt_1492r, respectively, and sequenced with an ABI 3730xl DNA analyzer system.



The received ab1-files of the 16S rRNA sequences were processed with SeqTrace software, version 0.9.0, which processed the related fwd and rev DNA sequences into a contig file in fasta format [23]. For the item settings in the program, we chose 32 as the minimum confidence score; i.e., the Bayesian consensus algorithm used to generate the contig sequences. The trimming parameters of the sequence were defined until 9 out of 10 bases were called correctly, and the ends of the sequences were set to be automatically trimmed. The obtained fasta files of the sequences were uploaded to the BLAST identification service, where the sequences were matched with the target genes in a quality-controlled 16S rRNA sequence database. According to the literature, a minimum of 99% similarity is required to achieve species-level identification, and for genus-level identification, a minimum of 97% similarity is required [24].




2.6. Confirmation of the Dry Weight of the Microbial Biomass


Microbial biomass is an essential variable in microbial research [25]. Biomass expressed as dry weight is a basic parameter for determining growth kinetics [26] and the metabolic quotient [27]. To obtain the biomass of individual strains after electrochemical or non-electrochemical cultivation, after 10 days of cultivation, a cell suspension of 50 mL was collected in a sterile 50 mL tube (Labsolute, Renningen, Germany) and then centrifuged at 200× g for 15 min. The supernatant was removed, and the remaining biomass was exposed in the biosafety cabinet (Thermo, Dreieich, Germany) and dried at room temperature. The biomass was weighed after two days of drying.





3. Results


3.1. Growth Kinetics and pH Development during Electrochemical Incubation with Soil Sample HB35


The bacterial community in the soil sample HB35 cultured in the cathodic chamber showed growth kinetics that depended on the electrode activity and culture medium. In group B, after 12 days of electrochemical incubation in an inorganic medium with 100 mM sodium bicarbonate as the only carbon source, a continuous increase in optical density up to 0.5 could be observed, related to the increase in bacterial growth and cell density. Analysis of the carbon balance and determination of carbohydrates, fatty acids, fats, and other lipophilic bioproducts should be the task of further metabolism-related studies. Here, the main focus was using an MEC to search for cathodically active bacteria.



Electrochemically stimulated physiological activity is not only detected from increasing absorbance inside the cultivation solution but is also reflected by the pH change. During the fast-growing time, the pH value changed from 9.5 to 8 (Figure 2, circle). Regarding the use of carbon dioxide in the air as the only carbon source (group A), HB35 grew slightly and showed lower optical density between 0 and0.05, and its pH gradually increased from 6.5 to 7.5 within 12 days (Figure 2, square). In parallel, the reference group (ref. A without NaHCO3 and ref. B with NaHCO3) was also treated in the same medium in culture flasks without additional voltage. However, in both reference experiments, HB35 bacterial communities appeared to develop co-aggregation and deposition at the bottom of the culture flasks, forming a small number of fine co-aggregation pellets. Thus, the change in optical density was not measurable in the culture medium. The pH values of refs. A and B also did not change after 12 days of culture (Figure 2a, triangles).



In general, when the community in HB35 was cultured without an electrochemical power supply, negligible biomass was seen to be synthesized and co-aggregation occurred with and without the addition of 100 mM sodium bicarbonate. When the bacterial community in HB35 was cultured electrochemically in the cathode chamber, a 10 times greater amount of biomass was synthesized in the presence of 100 mM sodium bicarbonate compared to the sample without addition of NaHCO3. The reasons could have been that (1) when sodium bicarbonate was added to the culture medium, it could react with water to produce CO2, which could have been utilized by the electroactive microorganisms in the electrochemical system; (2) sodium bicarbonate could have increased the concentration of inorganic carbon in the medium [28], which was metabolized by the microorganisms that used it; or (3) sodium bicarbonate could have helped to buffer the pH of the culture medium and, by maintaining the pH within the appropriate range, NaHCO3 could have promoted the growth of certain microorganisms.




3.2. Comparison of the Microbial Community Abundance of HB35


3.2.1. With and without Electrochemical Incubation


The 16S rRNA sequences of the HB35 bacterial communities obtained under four groups of culture conditions (A, B, ref. A, and ref. B) were analyzed with NGS (Figure 3). The NGS analyses showed the following: (1) The total numbers of reads in the four groups (40,000 reads in average) after incubation were about 75% lower than in the soil sample (about 160,000 reads). (2) Compared with the HB35 soil sample, the bacterial community structures of the four groups after incubation changed significantly and were reduced to mainly four phyla: Firmicutes, Bacteroidota, Actinobacteriota, and Proteobacteria. Chloroflexi and Acidobacteria, which were highly abundant in the soil, were almost invisible here. (3) They also showed that the relative abundances of Proteobacteria were 91% and 86% higher in electrochemical culture groups A and B than the values of 56% and 77% in the non-electrochemical culture groups ref. A and ref. B, and they dominated all groups. (4) The relative abundances of Actinobacteriota in groups A and B under electrochemical cultivation were only 4% and less than 1%, whereas in ref. A and ref. B, significantly higher relative abundances were found (40% and 10%). (5) Bacteroidota had 3% and 2% relative abundances in groups A and ref. A, while its relative abundances in groups B and ref. B were less than 1%. (6) The relative abundances of Firmicutes were 14% and 13% in groups B and ref. B, significantly higher than in groups A and ref. A (2% and 1%).



The phylum Proteobacteria was dominant in all four groups of culture conditions, while Actinobacteriota, Bacteroidota, and Firmicutes were selectively enriched under different culture conditions. Proteobacteria—as a dominant phylum for bioelectrochemical studies, especially α- and γ-proteobacteria—are involved in microbial extracellular electron transfer [29]. Firmicutes can be enriched on biocathodes and are involved in bio-electrochemical denitrification [30]. Bacteroidota and Actinobacteriota were present in the biofilm growing on the electrode, but the exact electroactive function is unknown [31]. Moreover, bacterial community structure is mainly influenced by the environment [32], suggesting that these four phyla may have been screened from the bacterial community by the culture medium and electrochemical incubation method applied here.



In general, the bacterial communities differed in structure and abundance at the phylum level when using CO2 in air and sodium bicarbonate as the carbon sources, respectively. In contrast, microbial communities cultured in the same inorganic medium with either electrochemical or non-electrochemical methods were structurally identical and differed only in abundance.




3.2.2. Comparison at the Genus Level


The distribution of the HB35 bacterial communities at the genus level was compared for the aforementioned four groups of culture conditions (Figure 4). (1) Compared to the non-electrochemical culture group (ref. A and ref. B), the electrochemical culture group showed significant specificity; i.e., 70% Acinetobacter in group A (CO2 in air as carbon source) and 80% Pseudomonas in group B (NaHCO3 as carbon source). (2) Comparison of group B with ref. B showed that Pseudomonas was dominant in both cases, indicating that it is likely to be able to use sodium bicarbonate for metabolism. (3) Ref. A showed almost no Acinetobacter compared to group A, suggesting that it can be enriched with CO2 from the air as a carbon source during electrochemical incubation. (4) Chryseobacterium, which belonged to group A, was not present in any of the other three groups. Chryseobacterium can form biofilms of metabolized chlorobenzenes in MECs [33].



The high abundances of Acinetobacter and Pseudomonas suggest that they can be enriched in the bacterial community after electrochemical cultivation. Pseudomonas sp. has been found to exhibit high rates of furfural degradation in wastewater samples pretreated electrochemically at 2.0 V [34]. Pseudomonas aeruginosa has been found to be associated with the production of current [35]. Acinetobacter calcoaceticus can perform a reduction reaction at the cathode of an electrochemical reactor [36].



Overall, the distribution at the genus level (1) clarified the specific distribution of the community under various conditions, as well as (2) the differentiates of the culture conditions, especially when using carbon dioxide from air and when incubating with sodium bicarbonate, and (3) provided the possibility of subsequently isolating multiple single strains from the community.




3.2.3. Comparison of the Unique OTUs of HB35


The unique OTUs of the bacterial community in HB35 found in four groups of culture conditions are listed in Table 2, and these OTUs were found in only one culture condition and not in the other three. Compared to the non-electrochemical incubation group (ref. A and ref. B), less unique OTUs were found in groups A and B with electrochemical incubation. This is because electrochemical incubation conditions in microbial electrochemical systems are optimized for the growth and activity of electrochemically active microorganisms, which may be a subset of the total microbial community. Delftia, Diaphorobacter, and Methylophilaceae were the unique OTUs belonging to group A. Species of the genus Delftia are known for their special ability to metabolize different pollutants; for example, herbicides [37], chloraniline [38], and polycyclic aromatic hydrocarbons [39]. In addition, some Delftia strains are known to tolerate and bind toxic heavy metals, such as cadmium [40]. The genus Diaphorobacter has been described with a strain from active sludge capable of degrading environmentally polluting polymers, such as polyhydroxybutyrate and hydroxybutyratehydroxyvalerate copolymers [41]. Methylophilaceae are a family of methylotrophic Betaproteobacteria. For example, they metabolize C1-compounds, such as formic acid, methanol, formaldehyde, and methylamine [42]. The electron transport capacities of Delftia, Diaphorobacter, and Methylophilaceae in MECs have been of interest in the field of bioelectrochemistry because these bacteria have been shown to exhibit high electroactivity and can efficiently transfer electrons to the anode surface [43,44,45]. The unique OTU Paenisporosarcina in group B had a significantly high number of reads (5370), and strains under this genus have been reported by Harris et al. to form biofilms [46], which are essential for electron transport in electrochemical systems. Some species of the Sporosarcina group can decompose urea and are observed in urine-contaminated soils with high abundances [47]. In group B, Achromobacter had a high number of reads (1340). Achromobacter is a genus of bacteria that includes both electroactive and non-electroactive species. In this genus are found species able to use molecular hydrogen as an electron source [47]. This is important for cathodically stimulated bacterial growth because hydrogen typically evolves under cathodic polarization and could act as an electrochemical mediator metabolized by bacteria in the near-electrode solution. Some strains of Achromobacter have been shown to have electrochemical activity and can transfer electrons to solid surfaces, including electrodes. For example, a recent study found that Achromobacter xylosoxidans isolated from wastewater could produce a significant amount of current in a microbial electrochemical cell [48]. Kohzuma et al. have reported that Achromobacter stains are involved in reduction reactions connected with electrochemical processes [49].



Some unique OTUs in group B belonged to genera described up to now as uncultured. They belonged to different families (i.e., Planococcaceae, Bacillaceae, Nitrosomonadaceae, and Colwelliaceae), which means they were related to genera and species that were not specified in the applied database.



Among the strains found under electrochemical processing (A and B in Table 2) were types that reflected the historical environmental conditions of the sampling site. The ability to degrade different hydrocarbons, the ability to degrade urea, and tolerances against toxic metals are typical properties that could be expected from bacteria communities from soil contaminated by tannery activities. Thus, on the one side, the appearance of taxonomic groups related to such organisms can be interpreted as an ecological echo of the former use of the sampling place, with tannery activities dating back for centuries. On the other hand, this finding confirmed the strategy of searching for new bacterial strains with interesting metabolic features in such places with specific ancient human impacts.





3.3. Comparison of the Community Abundances in HB35 Related to Different Culture Agar Media


3.3.1. Comparison at the Phylum Level


The structure of the HB35 bacterial community under the four groups of conditions was clarified with 16S rRNA analysis to isolate and purify as many single strains with electroactivity or medium specificity from them as possible. Mixed cultures from the four groups of samples were inoculated onto three synthetic solid media (AM1, AM2, and CMM1) and two complex solid media (LB and TSA) for incubation. After 7 days of incubation at room temperature, the 16S rRNA sequences of the grown mixed colonies were analyzed and their selective specificities on the five media were compared.



Figure 5 shows the phylum-level classification of the microbial communities in relation to the five different solid media. The bacterial community compositions on the AM1, AM2, and CMM1 solid media were identical (i.e., Proteobacteria, Actinobacteria, and Bacteroidota), differing only in abundance. While the abundance of Bacteroidota was significantly higher (AM1: 20% AM2: 35%, and CMM1: 58%), the abundance of Actinobacteriota was slightly higher (11%, 7%, and 10%). The abundance of Proteobacteria was lower (70%, 57%, and 32%) compared to the initial mixed culture (group A, 91%). The abundance of Firmicutes with the complex solid media was more than five times higher than that in the initial mixed culture A on LB and TSA media.



These NGS data suggest that inoculation onto different solid media favors the enrichment of low-abundance bacteria from mixed cultures. It can be concluded that here the low abundances of the electrochemically cultured Bacteroidota and Actinobacteriota could be enriched on AM1, AM2, and CMM1 agar, while the electrochemically cultured Firmicutes could be enriched by using complex agar (LB and TSA).




3.3.2. Comparison at the Genus Level


To characterize the structure and abundance of mixed colonies grown on the five solid media, they were analyzed with a smaller taxonomic unit at the genus level (Figure 6). Compared to the initial sample (group A), the abundances of Pseudomonas, Lysobacter, and Bacillus increased on the complex solid media LB and TSA, and the abundances of Chryseobacterium, Pseudarthrobacter, and Sphingopyxis increased on the synthetic solid media AM1, AM2, and CMM1. The increased abundances suggest that these genera can be enriched on the corresponding solid media. In contrast, 10% of Ramlibacter and 5% of Aminobacter were found only on AM1 agar, while both genera had very low abundances in the initial sample A. These data suggest that AM1 has a specific selectivity for them.



The genus structure of the mixed cultures of group A cultured on five solid media confirmed that (1) the mixed cultures of group A with low growth density could not only be cultured on different solid media but could also (2) expand species abundance and (3) retain diversity. In addition, (4) the low-abundance communities were more detailed in the genus-level analysis after expanding their abundance on solid media, which facilitated comparison with the real isolates (Table 3).





3.4. Electrochemical Incubation of Isolated Strains


After isolation and identification, 16 strains were identified. These strains were characterized specifically in terms of the initial culture conditions, the solid medium that was enriched, and the identification results after comparison with the genetic database (@BLAST) (Table 3). Ten of them were strains from electrochemical cultures and six were isolated from the non-electrochemical reference group.



Chryseobacterium bovis was observed in group A cultures after cultivation on CMM1. It was first described as Epilithonimonas bovis, which was transferred to the genus Epilithonimonas in 2020 [50]; in 2008, it was isolated from raw cow’s milk and identified as Chryseobacterium bovis [51]. The abundance of Chryseobacterium was significantly high, with up to 58% on CMM1 (Figure 7). On TSA agar, Acinetobacter johnsonii and Arthrobacter humicola were isolated, and the abundance of Acinetobacter on TSA was 46%, while the abundance of Arthrobacter was less than 1%, and it is not visible in Figure 6. Sphingopyxis chilensis was isolated on AM2, and the abundance of Sphingopyxis on AM2 was 2% (Figure 6).



A literature search revealed that, of the 16 strains isolated here, Pseudomonas alcaliphila can also show denitrification activity in a two-chamber bioelectrochemical system with electrodes as the sole electron donor [52]. Pseudomonas stutzeri can use cytochromes for electron transfer [53]. Acinetobacter johnsonii has been isolated from electroactive cathodic biofilms [54]. Very few studies on the electroactivity of other isolated strains have been reported.



In short, on the one hand, single strains could be isolated and characterized after enrichment on different solid media. On the other hand, the electroactive characteristics of several strains isolated here have already been reported, and the electroactive characteristics of other strains isolated by electrochemical culture deserve specific study.





[image: Table] 





Table 3. Information on the isolated strains.






Table 3. Information on the isolated strains.





	Name
	Culture Condition
	Agar Medium
	Phylum
	Identification Result





	TX166
	A
	CMM1
	Bacteroidota
	Epilithonimonas bovis DSM 19482



	TX167
	A
	CMM1
	Bacteroidota
	Epilithonimonas bovis DSM 19482



	TX168
	A
	CMM1
	Bacteroidota
	Epilithonimonas bovis DSM 19482



	TX169
	A
	TSA
	Actinobacteriota
	Arthrobacter humicola



	TX183
	B
	AM1
	Proteobacteria
	Pseudomonas alcaliphila



	TX184
	Ref. B
	AM1
	Proteobacteria
	Pseudomonas stutzeri



	TX185
	B
	CMM1
	Proteobacteria
	Pseudomonas azotoformans



	TX186
	Ref. A
	LB
	Actinobacteriota
	Arthrobacter humicola



	TX187
	Ref. A
	TSA
	Proteobacteria
	Lysobacter caeni



	TX188
	Ref. B
	TSA
	Actinobacteriota
	Pseudarthrobacter oxydans



	TX190
	A
	AM2
	Proteobacteria
	Sphingopyxis chilensis



	TX191
	A
	TSA
	Proteobacteria
	Acinetobacter johnsonii



	TX296
	Ref. A
	CMM1
	Actinobacteriota
	Arthrobacter humicola



	TX297
	Ref. A
	LB
	Actinobacteriota
	Arthrobacter humicola



	TX298
	B
	TSA
	Proteobacteria
	Pseudomonas alcaliphila



	TX299
	B
	TSA
	Proteobacteria
	Pseudomonas sp. J380








To verify the electrochemical characteristics of an example of the isolated individual strains, strain TX168 was again inoculated into an electrochemical cathodic culture with 100 mM sodium bicarbonate as a carbon source in an inorganic medium. The reference group was cultured in the same medium in culture flasks without additional voltage. During the 10 days of cultivation, it was observed that the biofilm formed during electrochemical cultivation increased significantly with the incubation time, while the TX168 strain in the reference group automatically aggregated at the bottom of the culture flask.



Figure 7 shows the weight of the biomass after 10 days of cultivation and the weight after 2 days of drying at room temperature. After two days of drying, the biomass of TX168 was 2.45 ± 0.15 mg compared to 0.94 ± 0.035 mg for the reference group. This difference in biomass suggests that (1) weighing biomass via direct drying is meaningful, (2) TX168 can not only be cultured in an electrochemical cathode chamber but also metabolize sodium bicarbonate as an inorganic carbon source, and (3) electrochemical incubation can support biomass production by TX168. In addition, Chryseobacterium is known to play a role in removing tetrachloroethylene enrichment and nitrate with cathodic enrichment biofilms [55]. Besides the electrochemical processes, biofilms play an important role in electron transport [56].





4. Conclusions


The study suggests that the growth media used in MECs can significantly impact the microbial communities associated with the cathode. A microbial community from the soil sample HB35 collected during an archaeological excavation grew better when cultured under cathodic polarization in MECs using sodium bicarbonate as a carbon source than when using carbon dioxide from air only. In addition, the non-electrochemical batch culture of the bacterial communities from HB35 (reference experiment) showed only weak growth. It seems that adding sodium bicarbonate promotes the growth of soil bacterial communities during electrochemical cultivation. This is a strong argument for cathodically supported biological fixation of carbon from carbonate.



The analysis based on the 16S rRNA gene identified OTUs from the HB35 bacterial community after two-chamber MEC culturing using NaHCO3 as a carbon source. Proteobacteria (86%) and Firmicutes (14%) were the dominating phyla and, among them, 80% belonged to the genus Pseudomonas and 10% to Paenisporosarcina in terms of abundance. When carbon dioxide from air was used as the carbon source, an abundance of 74% for Acinetobacter at the genus level was identified. It is well-known that both Acinetobacter and Pseudomonas are highly abundant bacteria in anode biofilms and play important roles in energy production [57]. The analysis of the unique OTUs showed that many different uncultured species could be found under electrochemical cultivation conditions with NaHCO3 as a carbon source. In addition, this study showed that a soil sample from a historical tannery site was able to supply new, interesting strains. Our results support the idea of using soil microbial communities from places with special ancient human impacts as promising sources in the search for bacteria applicable to new biotechnological processes.



To obtain the pure isolate, the microbial communities were inoculated onto five solid media. The 16S rRNA gene analysis showed that bacteria with low abundance in the mixed cultures (air as carbon source) could be enriched on different solid media; among them, Chryseobacterium and Bacillus were significantly enriched on synthetic agars (AM1, AM2, and CMM1) and complex agars (LB and TSA), respectively. Finally, a total of 16 strains were isolated. Further characterization with TX168 Epilithonimonas bovis showed high biomass production using the MEC setup compared to non-electrochemical cultivation.



Overall, our findings have important implications for optimizing MEC performance, as different microbial communities may have different electrochemical properties and efficiencies. Additionally, the study highlights the potential of MECs for the study of microbial ecology and bioremediation applications. First, future research will focus on the investigation of specially composed soil bacterial communities from other places with ancient human impacts due to their potential to provide new cathodically active strains. This will include soil bacterial communities from medieval or pre-industrial copper mining areas, as well as from prehistoric settlement places. Furthermore, the MEC setup will be improved to enable efficient searching for new cathodically stimulable bacteria with CO2-fixation potential. To this end, the MEC cell will be combined with the microfluidic screening process and microsegmentation operations to (1) automatically modify the composition of the medium, (2) optimize the screening process for new strains, and (3) optimize biomass production using excess current.
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Figure 1. Setup of the two-chamber MECs. (a) The scheme shows, from left to right, that the bacterial population or individual strains in the culture flasks could be circulated via pumping into the cathode chamber. A constant voltage was applied to the MECs. Electrolytes from an additional bottle were pumped into the anode chamber for recycling. (b) Laboratory setup. 
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Figure 2. Growth kinetics of HB35 with and without sodium bicarbonate after 12 days of culturing in cathode chamber with MECs at a constant voltage of 1.6 V (A and B) and in culture flasks (refs. A and B). Development of (a) pH value and (b) optical density of HB35 during 12 days of culture. 
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Figure 3. Phylum-level classification. (a) Comparison of microbial communities at the phylum level: A—sample cultured with electrochemical incubation and CO2 in air as carbon source, ref. A—reference sample without electrochemical incubation and with CO2 in air as carbon source, B—sample with electrochemical incubation and NaHCO3 as carbon source, ref. B—reference sample without electrochemical incubation and with NaHCO3 as carbon source, and soil sample. The relative abundance shows the percentage of reads for each phylum compared to the total number of reads. (b) Total number of reads in each group. 
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Figure 4. Genus-level classification. Comparison of microbial communities at the genus level: A—sample cultured with electrochemistry and CO2 in air as carbon source, ref. A—reference sample without electrochemistry and with CO2 in air as carbon source, B—sample cultured with electrochemistry and NaHCO3 as carbon source, and ref. B—reference sample without electrochemistry and with NaHCO3 as carbon source. The relative abundance refers to the percentage of reads for each genus compared to the total number of reads. 
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Figure 5. Phylum-level classification. Comparison of microbial communities at the phylum level by inoculating electrochemically cultured bacteria from group A with CO2 in air as a carbon source onto AM1, AM2, CMM1, LB, and TSA solid media. The relative abundance indicates the percentage of reads for each phylum compared to the total number of reads. 
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Figure 6. Genus-level classification. Comparison of microbial communities at the genus level by inoculating electrochemically cultured bacteria from group A with CO2 in air as a carbon source onto AM1, AM2, CMM1, LB, and TSA solid media. The relative abundance indicates the percentage of reads for each genus compared to the total number of reads. 
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Figure 7. Biomass of TX168 Epilithonimonas bovis cultured under electrochemical and non-electrochemical conditions for 10 days using 100 mM sodium bicarbonate as a carbon source. Both culture sets started with the same inoculum cell density of 3 × 106 cells/mL. The biomass was weighed after 48 h drying at room temperature. 
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Table 1. Ingredients and composition of solid media.
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	Name
	Ingredient and Composition





	AM1
	0.1 g/L NH4NO3, 0.5 g/L K2HPO4, 0.2 g/L MgSO4·7H2O, 0.01 g/L FeSO4·7H2O, and 20 g/L agar



	AM2
	0.1 g/L NH4NO3, 0.5 g/L K2HPO4, 0.2 g/L MgSO4·7H2O, 0.01 g/L FeSO4·7H2O, 2g/L glucose, and 20 g/L agar



	CMM1
	0.1 g/L K2HPO4, 0.1 g/L (NH4)2SO4, 1 g/L MgSO4·7H2O, 0.02 g/L CaCl2·7H2O 1% methanol, 1 mL/L trace element solution (5 g/L NaEDTA, 2 g/L FeSO4·7H2O, 0.1 g/L ZnSO4·7H2O, 0.03 g/L MnCl2·4H2O, 0.2 g/L CoCl2·6H2O, 0.1 g/L CuCl2·5H2O, 0.02 g/L NiCl2·4H2O, 0.03 g/L Na2MoO4), and 16 g/L Gelrite



	LB
	10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, and 15 g/L agar



	TSA
	15 g/L tryptone, 5 g/L soya peptone, 5 g/L NaCl, and 15 g/L agar
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Table 2. Unique OTUs found in each group. Comparison of unique OTUs found in A: sample with electrochemical incubation and CO2 in air as carbon source, ref. A: reference sample without electrochemical incubation and with CO2 in air as carbon source, B: sample with electrochemical incubation and NaHCO3 as carbon source, and ref. B: reference sample without electrochemical incubation and with NaHCO3 as carbon source. Numbers show the exact numbers of sequences for each OUT; only OTUs with more than two reads are listed.
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A

	
ref. A

	
B

	
ref. B






	
Delftia

	
137

	
Terrimonas

	
586

	
Paenisporosarcina

	
5370

	
Salipaludibacillus

	
280




	
Diaphorobacter

	
10

	
Alphaproteobacteria uncultured

	
163

	
Achromobacter

	
1340

	
Fontimonas

	
95




	
Methylophilaceae OM43 clade

	
6

	
Chitinophagaceae Edaphobaculum

	
162

	
Planococcaceae Uncultured

	
356

	
Solimonadaceae uncultured

	
15




	
Delftia

	
137

	
Chitinophagaceae uncultured

	
107

	
Sporosarcina

	
162

	
Nitrosarchaeum

	
13




	

	

	
Panacagrimonas

	
72

	
Bacillaceae uncultured

	
125

	
Marmoricola

	
10




	

	

	
Pedobacter

	
45

	
Nitrosomonadaceae uncultured

	
46

	
Xanthomonadaceae

	
9




	

	

	
Desulfovibrio

	
25

	
Morganellaceae Candidatus Hamiltonella

	
11

	
Heimdallarchaeia

	
8




	

	

	
Chitinophagaceae Taibaiella

	
21

	
Colwelliaceae uncultured

	
3

	
Thermoanaerobaculaceae Subgroup 10

	
6




	

	

	
Gemmatimonadota BD2-11 terrestrial group

	
16

	

	

	
Paracoccus

	
5




	

	

	
Bdellovibrio

	
14

	

	

	
Gammaproteobacteria uncultured

	
5




	

	

	
Oxalobacteraceae Undibacterium

	
12

	

	

	
Planctomycetales uncultured

	
5




	

	

	
Gammaproteobacteria JTB23

	
11

	

	

	
Candidatus Nitrosotenuis

	
4




	

	

	
Rickettsiales Candidatus Jidaibacter

	
9

	

	

	
Clostridium sensu stricto 13

	
3




	

	

	
Aquicella

	
8

	

	

	
Ruminiclostridium

	
3




	

	

	
Rickettsiaceae uncultured

	
8

	

	

	
Xanthobacteraceae uncultured

	
3




	

	

	
Candidatus Paracaedibacter

	
8

	

	

	
Holosporaceae uncultured

	
3




	

	

	
Defluviicoccales uncultured

	
7

	

	

	
Anaerolineae RBG-13-54-9

	
3




	

	

	
Candidatus Accumulibacter

	
6

	

	

	
Anaerolineae SBR1031

	
3




	

	

	
Bradyrhizobium

	
6

	

	

	

	




	

	

	
Cytophaga

	
6

	

	

	

	




	

	

	
Iamiaceae

	
6

	

	

	

	




	

	

	
Methyloligellaceae uncultured

	
6

	

	

	

	




	

	

	
Sphingobium

	
5

	

	

	

	




	

	

	
Candidatus Obscuribacter

	
5

	

	

	

	




	

	

	
Falsarthrobacter

	
5

	

	

	

	




	

	

	
Fimbriimonas

	
5

	

	

	

	




	

	

	
Procabacter

	
5

	

	

	

	




	

	

	
Rurimicrobium

	
5

	

	

	

	




	

	

	
Rhizobiales Incertae Sedis uncultured

	
5

	

	

	

	




	

	

	
Actinomarinales uncultured

	
5

	

	

	

	




	

	

	
Acidobacteriae Subgroup 2

	
5
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