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Physiological cellular parameters, such as latency times (lagt), cell production rates (CPR), doubling times (td), relative growth rates (RGR), and yield coefficients (YNe), are only known as endpoint measurements for electroactive microorganisms (EAM). Here we show that these can be gained non-invasively and in real-time for early-stage biofilm formation at electrodes using a microfluidic electrochemical flow-cell (EFC) allowing in vivo optical microscopy. Parameters obtained for early-stage mixed culture biofilm anodes formed at +150 mV vs. Ag/AgCl sat. KCl have lagt of 2.31–4.58 days, CPR of 0.72–1.20 × 105 cells h−1, td of 176.54–1838.65 min, RGR of 0.02–0.27 h−1, and YNe of 5.99–7.94 × 1012 cells mole-−1. However, oxygen permeation into the EFC was the main problem that remained unsolved during the study that provides interesting lessons for future improvements.
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1 INTRODUCTION
Electroactive microorganisms (EAM) use extracellular electron transfer (EET) to exchange electrons for the metabolism with their environment (Lovley, 2012). Solid-state minerals or electrodes are used as the terminal electron acceptor (TEA), the latter enabling coupling of the EAM metabolism to an external electric circuit. EET can be direct, indirect, or mediated (Lovley, 2012; Ikeda et al., 2021; Lovley and Holmes, 2021). When direct EET is used, a physical contact between the outer membrane cytochromes and the electrode is required resulting in the formation of electroactive biofilms. The model organisms for direct EET are Geobacteraceae that form thick anodic biofilms (>100 µm) with high electrical conductivity (Lovley, 2012; Lovley and Walker, 2019; Wang et al., 2019), whereas the other model organism Shewanella can perform both direct and mediated EET (Baron et al., 2009; Ikeda et al., 2021). EAM find several applications in primary microbial electrochemical technologies (MET) (Schröder, 2011; Logan et al., 2019). The beating heart of all primary MET based on EAM performing direct EET is the electroactive biofilm at the anode. However, there is still a significant lack of knowledge on fundamental physiological properties such as cell production rates (CPR), relative growth rates (RGR), and yield coefficients (YNe), particularly for mixed culture electroactive biofilms. These kinds of data are highly relevant for fundamental research, for example, as modeling parameters, and set the foundation for prospective bioprocess development. Reported fundamental physiological parameters for EAM were determined either by studying cells growing planktonically on soluble TEA such as fumarate or Fe(III) or on carbon-based electrodes (Brown et al., 2005; Esteve-Nunez et al., 2005; Heidrich et al., 2016). As polycrystalline carbon or graphite is optically not transparent, markers that allow not only end-point measurements are needed. Recently, using transparent AuPd anodes, we determined latency times (lagt) and YNe for pure-culture early-stage electroactive biofilms of G. sulfurreducens (Scarabotti et al., 2021; Scarabotti et al., 2022). This required cell staining for performing confocal laser scanning microscopy (CLSM) for single-cell determination. Thus, only end-point measurements were possible and the biofilms needed to be “sacrificed” for each measurement. Here, we report determining lagt and YNe determined using an electrochemical flow-cell (EFC), permitting non-invasive and real-time analysis by optical microscopy for in vivo studies.
2 MATERIALS AND METHODS
Chemicals of at least analytical grade from Carl Roth GmbH (Karlsruhe, Germany) and Merck KGaA (Darmstadt, Germany) and de-ionized water (Millipore, Darmstadt, Germany) were used. Provided potentials refer to the Ag/AgCl sat. KCl (+197 mV vs. standard hydrogen electrode, SHE).
2.1 Microorganism, Cultivation Media and Pre-culture
Enrichment cultures derived from wastewater inoculum and mainly dominated by Geobacter anodireducens served as the inoculum (Gimkiewicz and Harnisch, 2013; Korth et al., 2020a; Korth et al., 2020b). Two pre-cultures (pre-cultures 1 and 2) of two biofilm electrodes in double-chamber four-neck round-bottom flasks, hereafter referred to as electrochemical batch reactors (EBR), were used as the inoculum for all experiments (Supplementary Section S1.1).
2.2 Electrochemical Flow-Cell
The electrochemical flow-cell (EFC) was custom built based on a standard flow-cell (BioCentrum, Technical University of Denmark) (Weiss Nielsen et al., 2011), which was modified to host a three-electrode system for the electrochemical cultivation in anaerobic conditions. An Ag/AgCl pseudo-reference electrode (pseudo-RE) (Polk et al., 2006), a titanium wire as the counter electrode (CE), and a transparent AuPd working electrode (WE) (Scarabotti et al., 2021, Scarabotti et al., 2022) were implemented (Figure 1A; for the fabrication procedure, refer Supplementary Sections S3.4–S3.7).
[image: Figure 1]FIGURE 1 | (A) Schematic experimental setup including the anaerobic box (1), medium bottle (2), inoculum (3), bubble trap from Weiss Nielsen et al. (2011) (4), electrochemical flow-cell (EFC) with a pseudo-reference electrode (pseudo-RE), working electrode (WE) and counter electrode (CE) (5), microscope (6), peristaltic pump (7), and waste bottle (8). (B) Chronoamperometric measurement of the biofilm growing on the AuPd WE at +150 mV vs. Ag/AgCl sat. KCl in the EFC. Red and black lines indicate the average value of the current density of the experiments performed with pre-cultures 1 and 2 as the inoculum, respectively (each n = 3). Red and black shadowed areas indicate standard deviations. Blue line: negative control without inoculation; magenta line: biofilm cultivation in the presence of additional 50 mmol L−1 2-BES. (C) Optical microscopy picture of the AuPd WE with cells. Experiments were carried out till a multi-layered biofilm started to appear (Section 2.4 and Supplementary Figure S3).
2.3 Electrochemical Experiments
Figure 1A shows the experimental setup consisting of an anaerobic box (1) containing the medium bottle (2), the inoculum pre-culture (3), the bubble trap from Weiss Nielsen et al. (2011) (4), the EFC (5), the optical microscope (6) (BH2 Olympus equipped with a 40X air objective and an XC30 camera, Olympus), and the peristaltic pump (7) (4-channel pump, ISMATEC REGLO ICC®). The setup was positioned on a grounded electrostatic mat. An electrostatic bracelet connected to the electrostatic mat and to the ground was worn when handling the experiment. Tubing was generally E-3603 Tygon (ID 1.6 mm, OD 3.2 mm, wall 0.8 mm, ACF00002-C, Saint-Gobain performance plastics, Charny, France); tubing for the peristaltic pump and the tubing located in the anaerobic box were made of silicon or PTFE. All the components and the assembled EFC were sterilized under UV light for at least 2 h, while the silicon/PTFE tubing and the medium bottle were autoclaved. The anaerobic box and the medium bottle were continuously purged with nitrogen gas (6 mL min−1). Before each experiment, the EFC was flushed with a sterile anaerobic medium for 30 min at 2.5 mL min−1. Microscopic pictures on the transparent AuPd WE were taken before inoculation of each experiment to ensure the absence of contamination. Subsequently, the EFC was emptied using nitrogen gas and inoculated with the prepared pre-cultures according to Supplementary Section S1.1. Air bubbles were removed, and the flow rate was set to 2.5 μL min−1. Chronoamperometry (CA) at 0 mV (being +150 mV vs. Ag/AgCl sat. KCl, Supplementary Figure S1, Supplementary Section S3.5) or open-circuit potential (OCP) measurements were applied to the EFC using a potentiostat (SP-200, Biologic®, Claix, France) equipped with an ultra-low current detection module. After 24 h of continuous inoculation, a sterile fresh medium supplemented with 5 mmol L−1 acetate was continuously pumped through the EFC. For some experiments, an additional 50 mmol L−1 of 2-BES (2-bromoethanesulfonate) was added to prevent the growth of archaea (Kosse et al., 2016; Webster et al., 2016). As control experiments, chronoamperometric cultivation at +150 mV vs. Ag/AgCl sat. KCl and OCP were performed in the EBR.
2.4 Microscopy Pictures Analysis
Per each time point, ten pictures were acquired (five pictures on the left and right of the WE, respectively; Supplementary Figure S2). The pictures were analyzed (ImageJ 1.45 s, Java 1.8.0_202, 32-bit) for cell counting. Cell counting was possible till a multilayer biofilm started to appear (Supplementary Section S1.2; Supplementary Figures S3, S4).
2.5 Sampling and Microbial Community Analysis
The inoculum was sampled before each experiment (Supplementary Section S1.1), while the biofilms of the EFC and EBR were sampled at the end of each experiment under sterile conditions. Genomic DNA was extracted, and PCR and amplicon sequencing of the bacterial 16S rRNA gene and archaeal mcrA gene were performed (Supplementary Sections S1.3, S1.4).
2.6 Calculations of Latency Times, Relative Growth Rates, Cell Production Rates, Doubling Times, and Yield Coefficients
In line with Scarabotti et al. (2021) and Scarabotti et al. (2022), lagt was defined as the time from inoculation until j ≥ 1 μA cm−2. The cell number (Ncell) at a time point [image: image] was obtained via microscopy (Section 2.4 and Supplementary Section S1.2) and correlated to the charge to calculate the CPR (Eq. 1), td (Eq. 2), RGR (Eq. 3), and YNe expressed in cells mole-−1 (Eq. 4) (Koch and Harnisch, 2016; Scarabotti et al., 2021; Scarabotti et al., 2022).
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with the slope being the angular coefficient of the linear regression from data points plotted with time (t, x-axis) and number of cells (Ncell, y-axis).
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with Ncell,t2 and Ncell,t1 being the number of cells counted at [image: image] and [image: image], respectively. The RGRs were calculated independently for pre-cultures 1 and 2 (Section 2.1).
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with the slope being the angular coefficient of the linear regression on data points plotted as the measured charge (Q, x-axis) versus the cell number (Ncell, y-axis) and F as the Faraday constant (96,485 C mole-−1).
3 RESULTS AND DISCUSSION
3.1 Chronoamperometric Cultivation and Determination of Relative Growth Rates, Doubling Times, and Yield Coefficients
Figure 1B shows the chronoamperometric cultivation of electroactive biofilms in the EFC on AuPd WE at +150 mV vs. Ag/AgCl sat. KCl. The current profiles based on pre-cultures 1 and 2 were similar, but their latency differed significantly. For pre-culture 1, lagt was 2.31 ± 0.20 days (n = 3), whereas for pre-culture 2, lagt was 4.58 ± 1.14 days (n = 3). Thus, lagt are in accordance with our previous studies (Scarabotti et al., 2021; Scarabotti et al., 2022) for G. sulfurreducens cultured in single- or double-chamber reactors on the AuPd WE (Table 1). Only at −200 mV vs. Ag/AgCl sat. KCl in double-chamber reactors G. sulfurreducens did show a lower lagt of 0.24 ± 0.26 days (n = 7). The shortest lagt of 0.05 ± 0.03 days (n = 3) was observed for biofilms on graphite anodes at +200 mV vs. Ag/AgCl sat. KCl in double-chamber reactors, which can be assigned to the different electrode materials (Table 1). Differences in latency were also observed by other researchers and might reflect the intrinsic heterogeneity in the microbial communities and the stochasticity of the initial settling phase during biofilm formation (Molenaar et al., 2018). The 16S rRNA gene sequencing data (Supplementary Section S1.3) show that the bacterial community composition of the biofilms in the EFC strongly differs from the inoculum.
TABLE 1 | Latency time (lagt), relative growth rates (RGR), cell production rate (CPR), doubling times (td), and yield coefficients (YNe) of early-stage mixed culture electroactive biofilms.
[image: Table 1]Non-invasive optical microscopy for determining Ncell of the AuPd WE (Figure 2A) showed an increase in the Ncell with the cultivation time for all CA experiments. To confirm microbial electrochemical activity, an abiotic control was performed showing no current production after 92 h (Figure 1B, blue line). For OCP controls, where the electric circuit was opened and thus the WE did not serve as TEA, a 24.4% increase was observed (Supplementary Figure S5). This was also the case in the presence of 50 mmol L−1 2-BES, being an inhibitor of archaea, where also no current was observed (Figure 1B). One may speculate that this non-electrochemical microbial growth decreases during electrochemical cultivation.
[image: Figure 2]FIGURE 2 | Cell number (Ncell) determined in vivo on a transparent AuPd WE during cultivation at +150 mV vs. Ag/AgCl sat. KCl as the function of time (A) and charge (B). Red and black data points indicate EFC experiments based on pre-cultures 1 and 2 (each n = 3), respectively. Dashed lines indicate linear regression used for the calculation of single-cell yield coefficients (YNe). Error bars indicate the standard error from cell counting. Each data point represents the average of 10 analyzed microscopy pictures (Supplementary Figure S3).
The high standard errors in the Ncell can be assigned to an inhomogeneous cell distribution over the AuPd WE during early-stage biofilm formation. As Supplementary Figure S6 shows, a higher cell density was observed closer to the inflow of the EFC. We hypothesize that this is mainly due to a voltage drop (i×R drop) over the length of the anode (Supplementary Figure S7). Figures 2A,B show the determination of the physiological parameters of the early-stage electroactive biofilms, with a CPR of 1.20 × 105 cells h−1 and 7.21 × 104 cells h−1, td of 1838.65 ± 86.04 min and 176.54 ± 61.39 min, and the RGR being 0.02 ± 0.62 h−1 and 0.27 ± 0.97 h−1, for the EFC based on pre-cultures 1 and 2, respectively (Table 1). Esteve-Nunez et al. (2005) showed that pure cultures of G. sulfurreducens grown on soluble TEA fumarate and Fe(III) exhibited an RGR of 0.04–0.09 h−1, with maximum growth rates of 0.15 ± 0.01 h−1 and 0.1 ± 0.01 h−1, respectively. Similarly, Heidrich et al. (2016) reported for wastewater, acetate, or starch-fed communities RGR of 0.028 ± 0.013 h−1, 0.023 ± 0.005 h−1, and 0.35 ± 0.020 h−1, respectively.
As expected, Figure 2B shows an increase in the cell number with charge (Molenaar et al., 2018; Scarabotti et al., 2021; Scarabotti et al., 2022). The [image: image] obtained in this study are in the same order of magnitude as in previous studies on early-stage biofilms of G. sulfurreducens (Scarabotti et al., 2021; Scarabotti et al., 2022) (Table 1). Furthermore, they are comparable when using different TEA than when using electrodes. For instance, Brown et al. (2005) reported [image: image] for G. sulfurreducens growing on acetate or hydrogen as electron donors and Fe(III) as the electron acceptor of 11.03 × 109 cells mmolacetate−1 and 16.3 × 109 cells mmolhydrogen−1, which is equal to 1.38 × 1012 cells mole-−1 and 8.15 × 1012 cells mole-−1, respectively.
3.2 Microbial Community Composition
Sequencing of partial bacterial 16S rRNA genes and mcrA as the marker gene for methanogenic archaea was applied to analyse the microbial community composition of the pre-cultures and grown biofilms at the end of each experiment. As Figure 3 shows, both pre-cultures were mainly dominated by the genus Geobacter with relative abundances of 91.4 and 85.9%. Interestingly, in all EFC experiments, a community shift was observed. The relative abundances of Geobacter decreased toward the end of each experiment to 13.2 ± 3.5% for EFC experiments based on pre-culture 1 and 8.1 ± 10.3% for EFC experiments based on pre-culture 2. The high standard deviations, especially in the latter case, show that a stable establishment of Geobacter was not possible. The presence of other microorganisms, in particular Pseudomonadaceae, Xanthomonadaceae, and Rhodocyclaceae, strongly indicates that the EFC was not maintained under full anaerobic conditions. However, it is worth noticing that in OCP experiments performed in the EFC, Geobacter was almost absent in the biofilm samples and a high relative abundance of Pseudomonadaceae (72.7 ± 10.1%) and Xanthomonadaceae (22.4 ± 8.3%) was observed. These results confirm that the presence of an anode as the sole TEA is needed for the growth of electroactive biofilms and particularly Geobacteraceae.
[image: Figure 3]FIGURE 3 | Heatmaps showing the relative community composition of bacteria (A) and methanogenic archaea (B) derived from the ILLUMINA sequencing analysis of bacterial 16S rRNA genes and archaeal mcrA gene (B). Gray boxes in (B) indicate samples where no methanogenic archaea were detected. Samples legend: pre-culture 1 and pre-culture 2 indicate the used pre-culture (or inocula); EFC: electrochemical flow-cell; CA: chronoamperometry; OCP: open circuit potential; EBR: electrochemical batch reactor (Section 2.1); pre-culture 2a and 2b indicate the respective inoculum that was used for CA and OCP experiments, respectively, and refer to pre-culture 2. Numbers indicate the replicate number.
Interestingly, Geobacter was only present in low proportions (0.2%) in the presence of 2-BES. As expected, in this case, no archaea were detected in the biofilm. Furthermore, neither current nor a significant Ncell increase was observed under these conditions (Figure 1B, Supplementary Figure S5). It was recently shown that the presence of archaea, and in particular, methanogens, in an electroactive biofilm inhibits Geobacter activity (Dzofou et al., 2021). These results are in contradiction with our observations, albeit being based on, for example, a different anode material. More importantly, we have to assume that our system was not anaerobic, as indicated by the presence of aerophilic microorganisms such as Pseudomonadaceae, which may explain these differences. Interestingly, for all the CA and OCP EFC experiments, no methanogenic archaea were detected in the biofilms, although they were present in the inoculum. This indicates that an establishment of methanogenic archaea in the EFC was not possible; especially as in OCP controls in the EBR, methanogenic archaea (in particular, representatives of the hydrogenotrophic Methanobacteriaceae) were detected. This observation emphasizes that in the EFC experiments, oxygen could permeate into the system. It should be noted that without microbial community analysis, this shortcoming certainly would have been overlooked and may have led to wrong conclusions. That it is a specific shortcoming of the EFC is also underlined by the CA control experiments in the EBR (Figure 3), where anaerobic conditions were maintained and the gained biofilms were dominated by Geobacter (up to 90.2 ± 3.1%). The electrochemical data have already indicated this, as in the biotic OCP EBR control experiments (Supplementary Figure S8, continuous red line), the potential of the AuPd WE stabilized at ∼−400 to 500 mV after ∼24–26 h of cultivation, whereas in the EFC experiments, the levels were ∼ +150 mV (Supplementary Figure S8, dotted und dashed red lines).
4 CONCLUSION
Coupling optical microscopy with chronoamperometric measurements in an EFC allows the correlation of the cell number with time and charge for early-stage electroactive biofilm anodes. This allows obtaining physiological information including replication rates, relative growth rates, and yield coefficients that are needed for process modeling, development, and especially scaling. The introduced EFC shows that the growth of EAM can be monitored in vivo in real-time and nondestructively, being a clear advantage when compared with other analyses (e.g., CLSM requiring staining and SEM) requiring sample preparation. The presented EFC is certainly a good starting point for this kind of analysis. Yet, the gathered data are only preliminary and have to be interpreted with outstanding care, and obtaining conclusive data requires significant improvements, especially to work in strictly anaerobic conditions, for example, by housing the entire system in an anaerobic tent. In this endeavor, numerous lessons can be learned from this study.
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Inoculum Anode material/electron E/mV lagt/d Flow rate/L
acceptor min~!
One-chamber electrochemical flow-cell (EFC) with potentiostatic control
1 Pre-culture 1 Mixed culture AuPd® +150° 231£020(n=23) 25
2 Pre-oulture 2 Mixed culture AuPd® +150° 458 +1.14 (n1=3° 25
Batch reactors with potentiostatic control
3 One-chamber G. sulfurreducens AuPd® +200° 532+ 182(1=5) na
4 Two-chamber G. sulturreducens AuP® -200* 024+026(1=7) na
5 Two-chamber G. sulfurreducens Graphite +200° 0.05+0.03 (1=3) na
Other
6 MFC two-chamber S. oneidensis MR-1 Pure carbon fiver veil / 130-1,200°
7 Chemostat G. sulfureducens Fumarate Fe () / na
8 MFC two-chamber Wastewater-fed community Garbon felt / " na
Starch-fed community
Acetate-fed electrogen
9 - G. sulfureducens/W. succinogenes Nitrate sulfide i / na
G. sulturreducens/D. desulfuricans
RGR/h™ Hina/n™! CPRicells ™' r  Adj. ty/min Yae/oells mol, ™' Ad Ref.
R2 R2
One-chamber electrochemical flow-cell (EFC) with potentiostatic control
002062 / 120x10°+ 096 082 183865+  599x 102 064 039 This study
1 6.43 x 10° 86.04 1.34 x 102
027 +097 / 721x10°+ 095 089 17654 794x10%x 086 072 This study
2 7.10 x 10° 61.39 141 x 10"
Batch reactors with potentiostatic control
/ / T4 / / / 258x10""+ 088 07  Scarabotti et al (2021)
3 8.04 x 10"
/ / / / / / 143x 10+ 086 073 Scarabotti et al. (2022)
4 152 x 10"
7 / / / / / / / / Scarabotti et al. (2021)
5
Other
0.17-0.67 / / 7 / / / / / Greenman et al. (2011)
6
0.04-0.09 0.04-0.09 0.15 £ 0.01 / / / / / / / Esteve-Nunez et al. (2005)
7 0.1+ 001
0.028 £ 0013 0.023 / / / / / / / W/ Heidrich et . (2016)
8 0.005 0.35 + 0.020
0.099 0.023 / / / / / / / / Cord-Ruwisch, Loviey and
9 Schink (1998)

/: Indicates that the information is neither stated nor clear from the manuscript or not determined; . a.: Not applicable.
“Potential values are converted to vs. Ag/AGC sat. KCI.
“Electrode thickness of 25 nm.
“One of the replicates did not reach the current density of 1 A cm 2, but 0.7 A cm™.

Y\alue converted from original units.
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