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ABSTRACT  11 

Anaerobic digestion (AD) and microbial electrochemical technologies (MET) can be combined in 12 

manifold ways. Recent studies show negative influences of AD effluents on the performance of 13 

pre-grown Geobacter spp. dominated biofilm anodes. In this study, it was investigated how such 14 

biofilm anodes are affected by AD effluents. Therefore, experiments using AD effluent in different 15 

concentrations (0% - 100%) at biofilms of different age were performed. Furthermore, the activity 16 

of methanogens was inhibited and minimized by application of 2-Bromoethanesulfonate (2-BES) 17 
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and microfiltration, respectively. Biofilms pre-grown for 5 weeks show higher resistance against 18 

AD effluents compared to biofilms pre-grown for only 3 weeks. Nevertheless, adaptation of 19 

biofilms to AD effluents was not successful. Biofilm activity in terms of CE and jmax dropped by 20 

factor 32.2 ± 3.2 and 38.9 ± 8.4, respectively. The application of 2-BES as well as microfiltration 21 

had positive effects on the biofilm activity. The results support the assumption that methanogens 22 

or further compounds not studied here, e.g., protozoans, which may have been inhibited or 23 

removed by 2-BES application or microfiltration, have an immediate influence on the stability of 24 

Geobacter spp. dominated biofilms and may limit their practical application in AD environments. 25 

GRAPHICAL ABSTRACT 26 

 27 

Introduction  28 

Anaerobic digestion (AD) is a common and well established environmental biotechnology 29 

for wastewater and sludge treatment or transformation of organic waste into biogas. In AD organic 30 

residues, e.g., organic household waste, manure and agricultural residues are broken down in a 31 

four-stage microbiological process (including hydrolysis, acidogenesis, acetogenesis and 32 

methanogenesis) and are converted to a mixture of carbon dioxide (CO2) and methane (CH4)
1,2. 33 
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This mixture can, due to the high caloric value of CH4, be used to produce electrical power and 34 

heat or be upgraded by CO2 removal to CH4 being injected into the gas grid1.  35 

In contrast to the well-established AD, microbial electrochemical technologies (MET) are a 36 

much younger and less developed environmental biotechnology3. MET are defined as technologies 37 

or applications that utilize the electrochemical interaction of microorganisms and electrodes3–5. 38 

This includes oxidative (anodic oxidation) as well as reductive (cathodic reduction) processes 39 

where electroactive microorganisms (EAM) act as biocatalyst. For example the oxidation of 40 

volatile fatty acids (VFA) to carbon dioxide, electrons and protons at the anode or reduction of 41 

CO2 to CH4 and water at the cathode6–8. MET are discussed to be used in anaerobic wastewater 42 

treatment4,9–11, soil remediation12, AD process monitoring13, or the production of methane3 and 43 

hydrogen13–19, amongst others. The use of, e.g., microbial fuel cells (MFC) for anaerobic 44 

wastewater treatment provides advantages over aerobic wastewater treatment in terms of energy 45 

and sludge reduction when compared to aerobic treatment 13. 46 

Due to similar fields of application, substrates (e.g. wastewater) or process conditions (e.g. neutral 47 

pH, mesophilic temperature, high salinity), AD and MET can be combined in manifold ways: 1) 48 

to remove monovalent ions such as ammonium from AD20, 2) to polish the effluent from AD 49 

reactors in terms of COD removal21, 3) to increase the CH4 concentration in biogas22 or 4) to 50 

monitor AD with microbial electrochemical sensors23. However, recent studies showed also 51 

negative influences of AD effluents on the performance of anodic electroactive biofilms23. In this 52 

specific example, the performance (current density, j), of pre-grown Geobacter spp. dominated 53 

biofilm anodes, i.e., biofilms of Geobacter spp. embedded in its self-produced matrix of 54 

exopolymeric substances (EPS) on an electrode, decreased within 8 days after integration in a lab 55 

scale AD reactor. Visual examination of the biofilms after removal from the AD reactor indicated 56 
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disintegration of the biofilm morphology. Decreased current density is also observed in anodic 57 

chambers of MFC where AD occurs. Very often, this behavior is discussed as substrate 58 

competition between methanogens and electroactive bacteria, e.g., reported by Tartakovsky et 59 

al.24.  60 

In AD, manifold different microorganisms as well as dissolved chemical compounds and solids 61 

are present that can interfere with EAM. Interference can range from substrate competition with 62 

methanogens, e.g., for acetate, over the use of available terminal electron acceptors (TEA) others 63 

than the anode, to toxicity of specific compounds, as shown, e.g., for ammonium25. Using TEA 64 

others than the anode enables survival of EAM outside of biofilms, likely with fewer constraints 65 

in terms of substrate availability or mass transfer23,26,27. Alternative TEA that occur in AD are 66 

manifold, including for instance humic substances, iron and sulphur minerals or even other 67 

microorganisms like methanogenic archaea that enable direct interspecies electron transfer 68 

(DIET)28–33. Using DIET, some methanogenic archaea, e.g., Methanosarcina barkeri, or M. 69 

horonobensis34, are able to accept electrons directly from Geobacter spp. to produce CH4. DIET 70 

does not only improve the diversity of electron acceptors, it also introduces new syntrophic 71 

interactions between bacteria and archaea, in complex environments that may improve the stability 72 

of the microbial community7,35–37.  73 

Interaction of electroactive microorganism in biofilm anodes with compounds or 74 

microorganisms within the AD process are so far not well understood, whereas the advantages of 75 

AD and MET combinations are evident. Therefore, deeper understanding of these interactions is 76 

of great interest to increase the stability of electroactive biofilms in AD environments. 77 

In the present study we show that beside substrate competition also structural degradation of 78 

Geobacter spp. dominated biofilm anodes can occur under AD conditions and that this behavior 79 
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is most probably induced by methanogens. Consequently, we investigate if and how effluents from 80 

AD reactors affect the stability of Geobacter spp. dominated biofilm anodes and the strategies to 81 

adapt these biofilms to real AD process conditions. In particular, the effect of biofilm age as well 82 

as presence and activity of methanogens on the biofilm stability was studied. Biofilm age is of 83 

specific interest, as it alters the composition and activity of electroactive biofilms38. Several shock 84 

and adaptation experiments using AD effluents in different concentrations (0% - 100%), filtration, 85 

and inhibition of methanogens using 2-BES39 were performed on Geobacter spp. dominated 86 

biofilm anodes of different age. Potential inhibition of syntrophic acetogenic bacteria or 87 

electroactive bacteria by 2-BES39,40 is taken into account in the discussion of the results including 88 

control measurements.  89 

 90 

Material and Methods 91 

All reported potentials refer to the Ag/AgCl sat. KCl reference electrode (+ 0.197 V vs. standard 92 

hydrogen electrode (SHE)). All chemicals were analytical or biochemical grade. Experiments were 93 

performed as independent biological in triplicates (n = 3). In total, 141 independent biofilm 94 

experiments were conducted.  95 

- Experimental setup 96 

The experimental setup (Figure S1) consisted of a three-electrode setup, integrated into 250 mL 97 

three-neck round bottom flasks that were used as single-chamber microbial electrolysis cells 98 

(MEC). The working and the counter electrodes were made of graphite rods (anode: d = 10 mm, 99 

L = 20 mm, A = 7.1 cm2, cathode: d = 10 mm, L = 30 mm, A = 10.2 cm2
,
 quality CP-2200, CP-100 

Graphitprodukte GmbH, Germany). The graphite rods were connected to current collectors made 101 

of stainless steel (d=0.5 mm, Goodfellow GmbH, Germany) using epoxy glue (Toolcraft, Conrad 102 
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Electronic SE, Germany). The current collectors were isolated with a shrink tube made of modified 103 

polyolefin (ABB Ltd, Switzerland) that were fixed to the electrode using epoxy glue. The three-104 

neck round bottom flasks were closed with silicon and chloroprene stoppers. To avoid 105 

overpressure due to the production of gas (H2, CO2, CH4), hollow needles connected to tygon®-106 

tubes (E 3603, inner d: 1.6 mm, Saint - Gobain Performance Plastics, France) were inserted in the 107 

stoppers. The produced gas was released continuously into serum bottles, half filled with distilled 108 

water serving as a water lock. 109 

- Media and Inoculum 110 

The growth media was a phosphate buffer adjusted at pH 7 amended with vitamins and trace 111 

elements42,43. Sodium acetate was used as sole carbon source and electron donor. The media 112 

contained: 2.69 g L-1 NaH2PO4.H2O, 5.43 g  L-1 Na2HPO4.2H2O, 0.31 g  L-1 NH4Cl, 0.13 g  L-1 113 

KCl, 0.82 g  L-1 CH3COONa × 3H2O, 12.5 ml L-1 vitamin solution, 12.5 ml  L-1 trace element 114 

solution42. Vitamin solution, trace mineral solution and a 2 mol L-1 acetate stock solution were 115 

stored at 4 °C and added just before the start of the experiments. The medium was purged with 116 

nitrogen gas (Nitrogen 5.0, Linde AG, Germany) for 30 minutes prior to each experiment to ensure 117 

anaerobic conditions. 118 

Re-suspended, wastewater-derived Geobacter spp. dominated biofilm anodes were used as 119 

inoculum for all experiments. The inoculum biofilms were initially grown according to 120 

Gimkiewicz et al. 42 using wastewater from of a primary clarifier of a local wastewater treatment 121 

plant (AZV Parthe, 04551 Borsdorf, Germany) followed by an electrochemical enrichment 122 

according to Liu et al. 44. In more detail, 50 ml L-1 of primary waste water were used to inoculate 123 

growth medium supplemented with 10 mmol L-1 of sodium acetate. The biofilms obtained where 124 

scratched from the anode using a spatula, suspended in fresh growth medium, and thus served as 125 
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inoculum for a second inoculation of a fresh graphite anode. Repeating this electrochemical 126 

enrichment procedure at least three times yields Geobacter spp. dominated biofilms42,44.  127 

- Biofilm formation and maturation 128 

Electroactive biofilms were grown under anaerobic conditions by inoculating the growth medium 129 

with re-suspended Geobacter spp. dominated biofilm anodes. The electrochemical cells were 130 

placed into an incubator hood (Unihood 650, UniEquip, Germany) at a temperature of 38°C to 131 

resemble mesophilic AD conditions. To maintain homogeneity and reduce mass transfer 132 

limitations, the media was stirred using a magnetic stirrer (Variomag Poly 15, Thermo Scientific, 133 

USA) at 250 rpm. All MECs were connected to a multipotentiostat (AUTOLAB 10, EcoChemie, 134 

The Netherlands for biofilm growth and PARSTAT MC, AMETEK Inc., USA for the 135 

experiments). 136 

Biofilm formation was performed in MEC using consecutive and repeated cycles of 137 

chronoamperometry (CA) at 0.2 V for ~23 h followed by three cycles of cyclic voltammetry (CV) 138 

with vertex potentials at –0.5 V and 0.3 V and a scan rate of 1 mV s–1. Depending on the 139 

experiment, less mature and more mature biofilms were grown in batch mode. These are further 140 

denominated as “young biofilm” for a pre-growth over a period of three weeks and “old biofilm” 141 

for five weeks pre-growth, respectively. Commonly one batch cycle was lasting one week, 142 

regardless of the residual acetate concentration in order to always ensure its sufficient availability. 143 

- AD effluent 144 

AD effluent was taken from a mesophilic, semi-continuous 12 L up-flow fixed bed reactor, 145 

operated on a hemicellulose fraction originating from a pulping process. The AD reactor setup 146 

(Figure S2), operation conditions, process parameters as well as composition of the used AD 147 

effluent (Table S1) is provided in the SI. 148 
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- Experiments 149 

Pre-grown biofilm anodes were used for five sets of experiments that are summarized in Table 1. 150 

All experiments were conducted in batch mode with one batch lasting one week. Two additional 151 

batches denoted as controls were conducted with young and old biofilms with only growth medium 152 

amended with vitamin, trace element and acetate as electron donor. Regardless the AD effluent 153 

concentration in the growth medium, 12.5 ml L-1 vitamin solution, 12.5 ml L-1 trace element 154 

solution and 10 mmol L-1 acetate were always added before the start of each batch.  155 

Table 1. Parameters of the performed experiments. 156 

Name of the 

experiment 

Age of the 

biofilms / 

weeks 

AD effluent concentration in 

the growth media /  

% (v/v) 

New biofilms for 

each AD effluent 

concentration 

Duration /  

batch cycles 

(weeks) 

AD shock young 3 (young) 0, 10, 25, 50, 75, 100 Yes 2 

AD shock old 5 (old) 0, 10, 25, 50, 75, 100 Yes 2 

AD adaptation 5 (old) 0, 10, 25, 50, 75, 100 No 2 

2-BES  5 (old) 50 No 4 

Filtration  5 (old) 50 No 5 

 157 

First, shock experiment with young and old biofilms were performed to examine the effect of the 158 

biofilm age on its resistance. For shock experiments, the biofilms were exposed to different 159 

concentrations of AD effluent for two batch cycles (Table 1, AD shock young/old). Furthermore, 160 

during adaptation experiments, old biofilms were exposed stepwise to increasing concentrations 161 

of AD effluent (Table 1, AD adaptation).  162 

To evaluate the interaction between methanogens in AD effluent and Geobacter spp. dominated 163 

biofilms, a fixed concentration of AD effluent (50 %) pre-treated with 50 mmol L-1 sodium 2-164 

bromoethanesulfonate39,45 (2-BES, 98 %, Sigma-Aldrich, China) was applied to old biofilms 165 

(Table 1, 2-BES). For pre-treatment, the mixture of AD effluent, growth medium and 2-BES was 166 

incubated under anaerobic conditions for 24 h at 6°C and adapted to room temperature before use.  167 
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Finally, a filtration step was applied to the AD effluent to examine the effect of removal of 168 

particles and microorganisms from AD effluent on old biofilms (Table 1, Filtration). Filtration of 169 

AD effluent was conducted stepwise using cellulose acetate filter papers with three different pore 170 

sizes (1.2 µm, 0.45 µm and 0.2 µm, Sartorius Stedim Biotech GmbH, Germany).  171 

Since the AD effluent had a low concentration of VFA, 10 mmol L-1 acetate was added throughout 172 

all experiments to assure sufficient supply with electron donor and carbon source (see also Table 173 

S1).  174 

- Analysis  175 

Biofilm activity was monitored by CA and CV measurements as described above (CA for ~23 h 176 

followed by three CV cycles). CV measurements were analyzed towards 1) overall changes of 177 

maximum current density (jmax,) and 2) changes in the formal potential (Ef) of the extracellular 178 

electron transfer site (cytochromes). For the latter, the 1st derivative of selected CV scans were 179 

examined (only 3rd cycle and only one out of three replicates from the beginning of a batch cycle). 180 

CA data was analyzed towards 1) jmax and 2) coulombic efficiency (CE, percentage of the electrons 181 

present in the substrate acetate that is recovered as current8,46). Maximum current density was 182 

reported by normalizing the maximum current to the projected surface area of the working 183 

electrode (mA cm-²). CE was determined for each batch cycle using equation (1).  184 

𝐶𝐸 =
𝑀𝐴𝑐 ∫ 𝑖𝑑𝑡

𝑧𝐹𝑉∆𝑐
× 100                                                                (1) 185 

MAc = 59.04 g mol-1 is the molar mass of acetate, V = 250 mL is the buffer volume in the MEC, F 186 

is the Faraday constant (F = 96485.34 C mol-1), z = 8 is the released number of electrons during 187 

oxidation of acetate, Δc = c0-c1 is the difference in exact acetate concentration that is acetate 188 

consumption in g L-1 (method described below) and ∫ 𝑖𝑑𝑡 the transferred charge, calculated by 189 

integrating the current over time 42.  190 



 10 

The exact acetate concentration that is preexistent plus spiked acetate was determined by high 191 

performance liquid chromatography (HPLC, Model CBM-20A, Shimadzu, USA) equipped with a 192 

refractive index detector RID 20A, a prominence diode array detector SPD.M20A and a CTO-193 

20AC prominence column oven. 5 mmol L-1 sulfuric acid was used as isocratic mobile phase with 194 

a flow rate of 0.5 mL min-1 at 50 °C, over a total run time of 30 min. 1 mL of media was taken 195 

from each electrochemical cell at the beginning and end of each batch cycle. The samples were 196 

centrifuged at 10.000×g for 10 min and filtered using a 0.2 µm syringe filter (Nylon, VWR, 197 

China). The samples were stored at -20 °C until measurement. 198 

Beside continuous electrochemical characterization and acetate measurement, headspace gas 199 

composition in each electrochemical cell was determined at the end of each batch cycle to check 200 

for differences in methane production in the replicates and the different conditions. Therefore, 201 

1 mL gas samples were taken from the headspace of the MECs using a syringe. The samples were 202 

injected into glass vials pre-flushed with argon (Argon 4.8, Linde AG, Germany). Gas composition 203 

was measured using a gas chromatograph (GC) equipped with an autosampler (Perkin Elmer Inc, 204 

Waltham, USA). The GC was equipped with HayeSep N/Mole Sieve 13X columns and a thermal 205 

conductivity detector. The oven and detector temperatures were 60 °C and 200 °C, respectively. 206 

The carrier gas was argon. Every gas sample was analyzed within 24 h after sampling. 207 

Furthermore, NH4
+-N (colorimetric Nessler test47, Photometer Hach DR 3900), pH (pH 3310, 208 

WTW, Germany) and conductivity of the media (Cond 3110, WTW, Germany) were measured 209 

prior and after each batch cycle.  210 

- Statistical Analysis 211 

For statistical analysis, confidence interval (CI) at 95 % confidence was used to deduce significant 212 

differences of different treatments within one experiment, this is indicated by non-overlapping CI 213 
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bars in the graphs. Additionally, one-way analysis of variance (ANOVA) with post-hoc Tukey test 214 

at the significance level α = 0.05 was performed (Origin Version 2021, OriginLab Corporation, 215 

Northampton, MA, USA,Version 9.8.0.200) to assess significant differences between experiments 216 

conducted under different conditions, e.g. AD shock young/old or filtration/2-BES experiment. 217 

CE and jmax of first week’s batches were compared with each other as well as second week’s 218 

batches, respectively. 219 

Microbial community analysis 220 

At the end of the two batches (shock experiment) and at the end of all batches (adaptation, 2-BES 221 

and filtration experiments) biofilms from each of the three independent replicates were harvested 222 

from the electrode surface using a spatula. The biofilms were put into 2 mL microcentrifuge tubes, 223 

spinned down at 10.000×g for 10 min (centrifuge 5430 R, Eppendorf AG, Germany) and stored at 224 

-20 °C until analysis. Microbial community analysis (18 samples) was performed on DNA level 225 

to determine changes in the bacterial communities during the experiments. DNA extraction was 226 

performed with the NucleoSpin Soil® kit (Macherey-Nagel) following the manufacturer's 227 

instruction. Terminal restriction fragment length polymorphism (T-RFLP) analysis was based on 228 

partial amplification of the 16S rRNA gene according to standard procedures as described by Koch 229 

et al. 48. PCR was performed with the Fluorescein-amidite labelled primer set UniBac27f and 230 

Univ1492r, and restriction digestion using RsaI and HaeIII. 231 

 232 

Results and discussion 233 

- AD shock on young and old: The effect of age on biofilm resistance 234 

Figure 1 shows the CE and jmax observed for young and old biofilms after being exposed to AD 235 

effluent of different concentration (see also Table 1, AD shock young/old). CE values higher than 236 
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100% are a consequence of the used one-chamber configuration49. Hydrogen from the cathode is 237 

used as substrate either by methanogens50,51 or Geobacter spp.52. Therefore more electrons are 238 

transferred to the anode than can be derived from oxidation of acetate leading to a CE > 100% 52. 239 

Furthermore, residual acetate and other VFA in the AD effluent can bias the CE that is calculated 240 

on total acetate only (see also Table S1). 241 

Figure 1a shows that CE as well as jmax of young biofilms decreased significantly during the second 242 

batch cycle using 25%, 50%, 75% and 100% AD effluent. Visual examination of the biofilms after 243 

the end of the second batch cycle provided evidence that the biofilms detached from the electrode 244 

surface and moved into the planktonic phase (Figure S3a). Only during experiments with 10% AD 245 

effluent, no significant loss of the CE and jmax of young biofilms was observed during the second 246 

batch cycle. Therefore, it was decided to continue this experiment for two more batch cycles. From 247 

the third batch cycle onwards, both CE and jmax also dropped significantly, indicating the same 248 

behavior as described for higher AD effluent concentrations (Figure S4a). The CE at the end of 249 

the fourth batch cycle was 12.53±12.10%. When considering the value at the end of the first batch 250 

cycle of 102.93±3.57% this indicates a drop by factor 8.2±3.4 which corresponds to a loss of ~88% 251 

of the biofilm activity based on the CE. Similar behavior was observed with jmax for the same 252 

concentration which decreased from 0.63±0.07 mA cm-2 (first batch cycle) to 0.12±0.08 mA cm-2 253 

(fourth batch cycle) corresponding to a drop by factor 5.4±1.1 which indicates a loss of ~81% of 254 

the biofilm activity based on jmax. Thus, for young biofilms, the transition from biofilm to the 255 

planktonic state seems to be the main reason for the loss of electrochemical biofilm activity when 256 

being exposed to AD effluent (Figure S4b) which is in line with previous observations23.  257 

Figure 1b shows the average CE and jmax observed for old biofilms during the same shock 258 

experiments as described above for young biofilms. In contrast to young biofilms, the performance 259 
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of old biofilms was maintained for each used AD concentration. In comparison to the CE at the 260 

end of the first batch cycle, the value at the end of the second batch cycle sometimes increased, 261 

e.g., 75% and 100% AD effluent, albeit insignificantly. This increase could also be caused by 262 

slightly increased VFA concentrations in AD effluent (see Table S1).  263 

Noteworthy, old biofilms remained intact on the electrode surface (Figure S3b), clearly indicating 264 

that a maturing period of additional 2 weeks or 5 weeks in total improves the resistance that is the 265 

ability of Geobacter spp. dominated biofilms to resist against inhibition by components originating 266 

from AD effluent compared to young biofilms that have been grown for 3 weeks, only. 267 

Turnover CVs of young biofilms in Figure S5a reveal a formal potential of an electron transfer site 268 

of Ef = -0.35±0.01 V (data calculated from CVs taken after the first batch cycle for 10%, 25%, 269 

50%, 75% and 100% AD effluent). This data is in good accordance with literature data on turnover 270 

CVs of Geobacter sulfureducens biofilms53 and most likely shows the outer membrane 271 

cytochrome OmcB. In the second week of exposure to AD effluent of the young biofilms, the 272 

current and hence the peak of the first derivative for each single concentration dropped, except in 273 

the case of 10% AD effluent, making it impossible to determine a defined Ef (see Figure 1a & S5a). 274 

It was also impossible to determine a distinct Ef in old biofilms (Figure S5b). Here, the 275 

identification of a single redox system was not possible due to increased peak width and shift to 276 

higher potentials, maybe caused by increased presence of redox active molecules that are not 277 

necessarily involved in extracellular electron transfer. This likely increase in redox active 278 

molecules can be the result of a higher amount of extracellular polymeric substances that are more 279 

abundant in old biofilms compared to young biofilms54. 280 
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Using ANOVA to compare CE and jmax of the first and the second batch cycles of AD shock young 281 

and AD shock old experiments (from 10% AD effluent concentrations onwards) showed p values 282 

higher than α when comparing the first batches and p values lower than α when comparing the 283 

second batches (Figure S8). This means that at the significance level of α=0.05, the population 284 

means are not significantly different in the first batches, but in the second batches. In other words, 285 

regardless of the AD effluent concentration, first batches show no influence of AD effluents on 286 

the biofilm activity. The results from this experiment show that old Geobacter spp. dominated 287 

biofilm anodes are by far more resistant towards AD effluent, indicated by no significant difference 288 

in CE and jmax values from the first to the second batch cycle in contrast to CE and jmax for the 289 

experiment using young Geobacter spp. dominated biofilm anodes. A reason for the observed 290 

behavior could be that complex microbial communities can be formed55–57. In this complex 291 

microbial community, for instance, fermentative bacteria and non-planktonic methanogens 292 

dominate the outer layers of the biofilm electrode, which means that in older biofilms they are 293 

more prominent, thus possibly protecting the electroactive bacteria located in the inner layers to a 294 

certain extend from potential inhibitors or alternative electron acceptors present in the AD 295 

effluent37. Another reason could be the higher abundance of extracellular polymeric substance in 296 

old biofilms that protect the bacteria from unfavorable environmental conditions54. 297 
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Figure 1. CE and jmax during: (a) shock experiments with young biofilms (Table 1, AD shock 298 

young) (b) shock experiments with old biofilms (Table 1, AD shock old). C: control with only 299 

acetate as carbon source, ' indicates second week (second batch), n=3, error bars indicate CI. 300 

- Increasing resistance of mature electroactive biofilms without adaptation  301 

Figure 2 shows the average CE and jmax observed when old biofilms were subsequently exposed 302 

to increasing concentrations of the AD effluent (10% - 100%, see also Table 1, AD adaptation). 303 

The biofilm activity in terms of CE and jmax remains stable when using 10% and 25% AD effluent. 304 

From the first week of 50% AD effluent concentration onwards, both CE and jmax gradually 305 

decrease. The CE calculated for experiments using 100% AD effluent (of 2.74±0.81%) dropped 306 

by ~97% compared to the CE of the control (88.08±2.61%). Visual examination of the biofilms 307 

revealed electrodes with massive biofilm detachment, similar to the shock experiments with young 308 

biofilms (Figure S3a). Therefore, biofilm adaptation to AD effluent was not successful but old 309 

biofilms remained active for 4 more weeks when being exposed to up to 25% AD effluent, which 310 

is 2 weeks more compared to young biofilms in the AD shock experiments. Their performance 311 

gradually decreased when exposed to AD effluent concentrations > 25%. 312 
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The CV measurements of the biofilms of the most defined peaks of the adaptation experiment 313 

(10% and 25% AD effluent) show a Ef at -0.340±0.006 V (Figure S6) that is comparable to the Ef 314 

observed for young biofilms (Figure S5a). Calculation of Ef for other AD effluent concentration 315 

was not possible as the first derivatives showed no defined peaks. The peak intensity gradually 316 

decreased over time, indicating a concomitant loss of the biofilm from the electrode (Figure S6), 317 

albeit not suddenly, rather gradually.  318 

The electroactive biofilm anodes have shown only a limited stability in AD effluent. However, the 319 

exact cause of the observed biofilm loss or inactivation is still unclear. It seems that components 320 

of the AD effluent interact with the electroactive bacteria in the biofilm and cause a dispersal of 321 

bacteria from the biofilm into the planktonic phase. Old biofilms can withstand longer than young 322 

biofilms, and we speculate that it is due to a more pronounced protective or shielding layer of 323 

microorganisms (bacteria and archaea) on the outer layers of the biofilm. Beside protecting the 324 

EAM against toxic compounds or grazing protozoans58, such a layer may limit the interaction of 325 

Geobacter spp. with alternative TEA, e.g., methanogens in terms of direct interspecies electron 326 

transfer59, solid mineral particles or dissolved compounds, that may cause an interaction leading 327 

to detachment. TEA may allow the bacteria to live in a planktonic state gaining access substrate 328 

and limiting negative aspects of living in a biofilm, e.g., pH-shift due to high proton and CO2 329 

concentration at the surface of the electrode (thermodynamic limitations due to high product 330 

concentration and low pH), substrate mass transfer limitations as well as competition for substrate 331 

in general33. However, potential interaction between Geobacter spp. dominated biofilms and, e.g., 332 

TEA or grazing protozoans as reported for electroactive biofilms58 have not been studied here and 333 

therefore, one may speculate that these also contribute to the observed loss of activity. 334 
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 335 

Figure 2. CE and jmax during stepwise adaptation of old biofilms from 10% to 100%, each 336 

concentration run for two batch cycles (Table 1, AD adaptation). C: control with only acetate as 337 

carbon source, ': second week (second batch), n=3 and error bars indicate the CI. 338 

- Do methanogens affect the electrochemical performance of Geobacter spp. dominated 339 

biofilms 340 

For investigating the hypothesis that methanogens and/or solid particles present in the AD effluent 341 

cause the observed loss of activity or biofilm of Geobacter spp. dominated biofilm anodes, further 342 

experiments using old biofilms were conducted: (1) the activity of methanogens in the AD effluent 343 

was inhibited using 50 mmol L-1 2-BES and (2) methanogens and solid particles were excluded by 344 

filtration. As shown in Figure 1 and Figure 2, 50% AD effluent causes a decrease of biofilm 345 

activity of young and old biofilms, even if old biofilms are able to withstand the inhibitory effects 346 

of AD effluent for a period of ≥4 weeks. Figure 3a shows the average CE and jmax of old biofilms 347 

when exposed to 50% AD effluent treated with 50 mmol L-1 2-BES. Here, CE and jmax do not 348 

significantly change, as inhibition of methanogens using 2-BES prevents loss of biofilm activity 349 

or biofilm from the anode. In contrast to shock and adaptation experiments, where CH4 production 350 
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was always observed (see Figures S7a, S7b and S7c), no CH4 was detected after application of 2-351 

BES (Figure S7d, red squares). This indicates a complete inhibition of methanogens by 2-BES. 352 

Therefore, it is more than likely that methanogens have a negative influence on young and old 353 

biofilms in terms of jmax and CE. The observed increase of CE to values >100% during application 354 

of 50% AD effluent can thus likely be attributed to bacteria in the AD effluent that contribute to 355 

substrate formation, e.g., acetate via homoacetogenesis or utilization of hydrogen produced at the 356 

cathode or by syntrophic bacteria. For instance, Li et al. proposed a similar reasoning, showing 357 

that EAM can use certain fatty acids when they are not hindered by substrate-competing processes 358 

such as methanogenesis9. Furthermore, application of 2-BES inhibits methanogens present in the 359 

biofilm. As reported by Rozendal et al. 4, mainly hydrogenotrophic methanogens colonize the 360 

upper part of the anodic biofilms, where they generate CH4 from electron donors such as H2 or 361 

acetate and therefore, competing with Geobacter spp. in the deeper parts of the biofilms. Since 362 

non-planktonic and planktonic methanogens were completely inhibited during the application of 363 

2-BES, substrate competition was circumvented and all of the acetate and H2 produced at the 364 

cathode could be used as electron donor by the EAM, hence the high CE observed45,49.  365 

According to Figure 3b, the filtration and therefore the exclusion of bacteria, archaea and/or 366 

particles with a diameter >0.2 µm from the AD effluent also prevents the prior observed loss of 367 

biofilm or reduced biofilm activity. The CE was constant over the 5 batch cycles with a mean value 368 

of 101.8 ± 2.5 % that is much more homogenous compared to the experiment using 2-BES 369 

(Figure 3a). However, a slight increase in jmax was observed in figure 3b, which may be a result of 370 

increased acetate availability by acetogenesis from remaining VFA in the AD effluent. Adding 2-371 

BES also inhibits syntrophic acetogenic bacteria responsible of acetogenesis as described 372 

elsewhere39,40. We can exclude inhibition of the biofilms by application of 50 mmol L-1 2-BES to 373 
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a certain extend as we performed a control measurement using old Geobacter spp. dominated 374 

biofilms in combination with 50 mmol L-1 BES that shows no significant inhibition of the biofilm 375 

activity for a period of two batches (two weeks, see Figure S10). Therefore, the difference in jmax 376 

between the figure 3a and 3b can be related to the fact that filtration excludes potential inhibitors 377 

without influencing syntrophic acetogenic bacteria. 378 

Using ANOVA to compare CE and jmax of the experiment performed with 2-BES and filtration at 379 

0.2µm showed p values lower than α (Figure S9). This means that at the significance level of 380 

α=0.05, the population means are significantly different, although both pretreatments contribute to 381 

increase the resistance of the biofilms. In other words, at 50% AD effluent concentration, the 382 

biofilm activity is not affected when applying 2-BES and microfiltration, even if the population 383 

mean differs.  384 

The results shown in Figure 3 lead to the conclusion that methanogens and/or solid particles 385 

>0.2 µm in the AD effluent induce the observed inhibition of Geobacter spp. dominated biofilm 386 

anodes. As CH4 was detected in the headspace at the end of each batch cycle of the filtration 387 

experiment (Figure S7d, black squares) it is reasonable to assume that methanogens present in the 388 

biofilms are responsible for the observed methane production. To provide a detailed picture on the 389 

exact mechanisms, experiments using effluent from other AD processes accompanied with a 390 

detailed qualitative and quantitative analysis of the microbiological community in the biofilm and 391 

the bulk liquid are required. 392 
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Figure 3. CE and jmax during: (a) 2-BES application to inhibit methanogens (Table 1, 2-BES), (b) 393 

AD effluent filtration at 0.2 µm to remove solid particles and microorganisms (Table 1, Filtration). 394 

C: control with only acetate as carbon source, ' indicate second week (second batch), 1, 2, 3, 4 and 395 

5 indicate the successive batch cycles with 50% AD effluent, n=3 and error bars indicate the CI. 396 

- Microbial community analysis  397 

To monitor the changes in the composition of electroactive biofilms induced by AD effluent in all 398 

experiments presented above, TRFLP analysis60 of the bacterial 16s RNA gene in biofilms was 399 

performed at the end of each experiment. The results were compared to the composition of the 400 

primary Geobacter spp. inoculum. Figure 4 shows the relative abundance (RA) of Geobacter spp. 401 

on the biofilm anodes. According to other studies Geobacter spp. can be assigned to TRF (239)240 402 

for Rsa I 61. Analysis of the inoculum (control) indicated that Geobacter spp. accounts for 403 

81.42±13.55% RA and only about 18.58% RA for other bacteria that were not further analysed. 404 

RA of Geobacter spp. dropped to, e.g., 3.42±3.38% after the shock experiment using 75% AD 405 

effluent in combination with young biofilms (Table 1, AD shock young). This reduced RA is rather 406 

due to the observed biofilm loss than a real change of the microbial community in the biofilm. The 407 

more resistant old biofilms show, e.g., 70.78±4.66% RA of Geobacter spp. in AD shock 408 
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experiments with old biofilm using 75% AD effluent. In combination with the visual examination 409 

of the biofilm electrodes at the end of the experiments (Figure S3), the results confirm that the 410 

inhibitory effect of the AD effluent on the integrity and community structure is more pronounced 411 

for young biofilms than for old biofilms.  412 

Analysis of samples taken from the anodes at the end of the AD adaptation experiments (Table 1) 413 

show nearly no RA of Geobacter spp., supporting again the results of the visual examination that 414 

showed total loss of electroactive biofilm from the electrode. Therefore, bacteria attached to the 415 

electrodes surface that were scraped off might be other microbial species not involved in current 416 

generation or simply bacteria from the planktonic phase that remained and thus apparently 417 

accumulated during biofilm dispersal. 418 

By inactivating and minimizing methanogens using 2-BES and filtration, respectively (see Table 419 

1), the RA of Geobacter spp. remained almost identical compared to the control (inoculum). RA 420 

of Geobacter was 75.99±1.48% and 80.01±9.61% respectively for both cases. Therefore, the 421 

results of this study show that methanogens and/or particles with diameter >0.2 µm present in the 422 

AD effluent have a distinct influence on the activity, stability as well as the microbial community 423 

of Geobacter spp. dominated biofilm anodes. The question, if Geobacter spp. is still active in the 424 

planktonic phase cannot be answered here, since the medium of each cell was changed at the end 425 

of each batch cycle, making it inappropriate to specifically quantify the biofilm loss over each 426 

batch cycle and hence whether and for how long EAM might remain active in the planktonic phase. 427 

This would require, e.g. daily or at least weekly quantitative analysis such as RT–qPCR. 428 
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 429 

Figure 4. Microbial community taxonomic plots based on the mean relative abundance of the16S 430 

rRNA gene. C: primary inoculum (control), Y: AD shock with 75% AD effluent and young 431 

biofilms (Figure 1a), O: AD shock with 75% AD effluent and old biofilms (Figure 1b), A: AD 432 

adaption experiments with old biofilms (Figure 2), I: inhibition experiment with 2-BES using old 433 

biofilms (Figure 3a), F: Filtration experiments with old biofilms (Figure 3b), ’ and '' indicate 434 

independent biological replicates, Brown: Geobacter spp., Misc colors: others TRFs. 435 
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