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Effects of storage on mixed-culture 
biological electrodes
Soroush Saheb Alam1, Frank Persson1, Britt-Marie Wilén1, Malte Hermansson2 & 
Oskar Modin1

Storage methods are important to preserve the viability and biochemical characteristics of microbial 
cultures between experiments or during periods when bioreactors are inactive. Most of the research on 
storage has focused on isolates; however, there is an increasing interest in methods for mixed cultures, 
which are of relevance in environmental biotechnology. The purpose of this study was to investigate the 
effect of different storage methods on electrochemically active enrichment cultures. Acetate-oxidizing 
bioanodes generating a current density of about 5 A m−2 were enriched in a microbial electrolysis cell. 
The effect of five weeks of storage was evaluated using electrochemical techniques and microbial 
community analysis. Storage by refrigeration resulted in quicker re-activation than freezing in 10% 
glycerol, while the bioelectrochemical activity was entirely lost after storage using dehydration. The 
results showed that the bioelectrochemical activity of bioanodes stored at low temperature could be 
retained. However, during the re-activation period the bioanodes only recovered 75% of the current 
density generated before storage and the bacterial communities were different in composition and 
more diverse after storage than before.

Storage of microorganisms is essential in microbiology and biotechnology1. For example, researchers must be able 
to store microbial cultures between experiments and in industrial or environmental applications of biotechnology 
it is important to be able to maintain the viability and biochemical characteristics of specific strains or enrichment 
cultures during inactive periods.

Previous research on storage methods has mainly focused on pure cultures. Cryopreservation and drying 
methods are the most common and various techniques have been investigated1–3. It is generally accepted that a 
large fraction of the microbial cells will die during prolonged storage, but by having a high initial concentration 
(> 107 cell mL−1) some cells will survive and can be used to maintain the culture2. This is acceptable for pure cul-
tures, but in the case of microbial consortia varying viability of different microorganisms during storage can affect 
the relative abundance of the different microorganisms and thereby the biochemical characteristics of the culture. 
In the field of environmental biotechnology, enrichment cultures are often used and several workers have pointed 
out that further research on preservation techniques for complex microbial consortia is needed1,4.

Recently, several studies have investigated storage of microbial mixed cultures of relevance in environmental 
biotechnology. For example, investigations of the effect of storage temperature on anaerobic sludge showed that 
anaerobic granules could be stored for 10 months at room temperature5 and storage of anaerobic sludge at room 
temperature or refrigerated conditions (4 °C) allowed faster re-activation than freezing (− 20 °C) or freeze-drying6. 
For aerobic granular sludge, temperature was shown to have an important effect with storage at low temperature 
(4 °C or freezing) allowing better preservation of granule structure and activity than storage at room temperature7,8. 
Lv, et al.9 developed an acetone dehydration method for storage of aerobic granules. The granules were dried in 
acetone gradients to less than 1% water content. Upon re-activation, the granules could retain their organic deg-
radation capacity in 12 hours. Wan, et al.10 showed that storage of aerobic granules for over one year was possible 
in deionized water, acetone, acetone/isoamyl acetate, and saline water, but not in formaldehyde solution. Heylen, 
et al.4 developed a cryopreservation method for anammox enrichment cultures using dimethyl sulfoxide as the 
cryoprotectant.

To our knowledge, there are no investigations of storage methods for electrochemically active enrichment 
cultures. Research on microbial electrochemical technologies has developed rapidly during the last 15 years11. The 
most well-known examples are the microbial fuel cell (MFC) and the microbial electrolysis cell (MEC), which both 
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could be used to recover energy from wastewater organics. Microorganisms oxidize organic substances and transfer 
electrons to an anode. The electrons are circuited to the cathode where a reduction reaction takes place. In the 
MFC, oxygen is reduced and electrical energy can be harvested from the external circuit because of the favourable 
difference in redox potential between organics oxidation and oxygen reduction12. In the MEC, an electrical energy 
input is needed to drive the electrons to the cathode where hydrogen ions are reduced to hydrogen gas13. Other 
applications of microbial electrochemical technologies include e.g. recovery of various metals14, stimulation of the 
degradation of polycyclic aromatic hydrocarbons15, production of hydrogen peroxide16,17 and caustic18, recovery 
of ammonium19, and use as BOD- 20 or toxicity sensors21. Systems with biological cathodes have been used e.g. for 
denitrification22 or for reducing carbon dioxide to methane23 or acetate24,25.

Investigating storage of biological electrodes is relevant for several reasons. Researchers sometimes want to store 
electrochemically active enrichment cultures in between experimental runs and in engineering applications it may 
be relevant to store well-functioning biological electrodes during periods of inactivity. Biological electrodes are also 
significantly different from the other types of mixed microbial cultures that have previously been investigated in 
storage studies, i.e. anaerobic and aerobic granules, anaerobic sludge, and anammox cultures. Both the viability of 
the microorganisms involved and the structure of the biofilm formed on the electrode surface are very important 
for the bioelectrochemical activity. The bacteria must be able to establish electrical contact with the electrode, e.g. 
through nanowires or soluble shuttles26–28. If electrical contact is broken because the storage method e.g. results 
in a dead layer of biofilm near the electrode surface or causes structural damage to the biofilm, bioelectrochemical 
activity may be lost despite the presence of some viable bacteria. Thus, storage methods that have worked for e.g. 
granular sludge may not work for biological electrodes.

The goal of this study was, therefore, to investigate if storage of mixed-culture, acetate-oxidizing anodes was 
possible using three different methods that have previously been used to store other types of mixed microbial cul-
tures. The investigated storage methods are (1) refrigeration at 4 °C, (2) freezing at − 70 °C in 10% glycerol solution 
and (3) acetone dehydration. Refrigeration is a method that is easy to carry out and is assumed to preserve the 
culture by reducing the rate of the metabolic processes at low temperature. Freezing in 10% glycerol is a common 
method to store microbial cultures1. The low temperature halts all metabolic activities and the glycerol protects 
the cells from damage caused by the formation of ice crystals. The acetone dehydration method was developed by 
Lv, et al.9 and was shown to be a convenient method for storage of aerobic granules. For assessment of the effects 
of storage on the biological electrodes in this study, the activity before and after storage was analysed using current 
measurements and electrochemical tests. Furthermore, the bacterial community composition of the enrichment 
cultures was investigated before storage and after re-activation using high throughput amplicon sequencing of the 
V4 region of the 16S rRNA gene.

Results
Overall current production in the reactor. Figure 1 shows the total current produced by the eight anodes 
in the MEC. Bioelectrochemical activity was observed after 100 hours with the current increasing up to about 
22 mA in the following 48 hours. After that, there was a drop in current due to a decrease in the acetate concen-
tration. The medium was replaced at this point. The current increased to 35 mA after 300 hours of operation and 
then reached a stable level of around 28 mA for the rest of the operation before storing the electrodes.

After five weeks of storage, the MEC was restarted. The total current produced in the MEC increased to 
around 8 mA after 154 hours with two temporary drops in current (Fig. 1). The first drop occurred because of 

Figure 1. Current and acetate concentration with time in the reactor when the anodes were controlled 
at 0 V vs SHE. Arrows show when the nutrient medium was replaced and vertical lines show when normal 
operation was stopped and electrochemical tests were carried out.
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electrochemical tests that were performed after 62 hours of operation. Electrochemical tests can have effect on the 
bioelectrochemical activity of the electrodes due to variation in potential applied to the cell during the tests29. The 
second drop after 154 hours occurred when the reference electrode was not working properly for a few hours. At 
around 330 hours after restarting the reactor, the current reached about 85% of the stable values generated before 
storage.

The acetate concentration was measured in samples taken from the reactor. During the first feeding cycle before 
storage (0–174 h), the current dropped significantly after the acetate concentration had decreased to 0.3 mM. 
During the rest of the experimental run, the nutrient medium was replaced before the acetate had decreased to 
concentrations that would cause severe drops in currents. In general, the acetate concentration was kept above 
4 mM. Somewhat elevated acetate concentrations were measured in the reactor when samples were collected in 
association with electrochemical tests. The reason for this is unclear; however, acetate production by homoaceto-
gens from hydrogen generated at the cathodes during the tests and insufficient mixing of the liquid in the reactor 
when the sample was taken are factors that could have contributed.

Electrochemical tests. The effects of storage methods was investigated on duplicate electrodes, i.e. two 
anodes and two cathodes were stored using refrigeration, two using freezing, and two using acetone dehydra-
tion. At the time of storage, two anodes and two cathodes were also harvested for microbial community anal-
ysis and microscopy. These were replaced by new graphite rods when the reactor was restarted after storage. 
The bioelectrochemical activity of the electrodes was evaluated using cyclic voltammetry (CV) and linear sweep 
voltammetry (LSV). The anodes clearly showed bioelectrochemical activity by attached biofilms. The cathodes, 
on the other hand, did not appear to catalyze any bioelectrochemical reaction during operation of the reactor (see 
Supplementary Fig. S2 online); however, biofilm also developed on these electrodes. The cathode biofilms likely 
utilized the H2 gas that was abiotically generated on the cathode surfaces.

The results from the CV tests of the anodes are shown in Fig. 2. Before storage the anodes had a steep rise in 
current at about − 0.17 V indicating that acetate was biologically oxidized. After storage, the anodes stored by 
refrigeration immediately showed biological activity, as seen by the rise in current at − 0.17 V vs SHE. For the other 
stored anodes as well as the newly inserted anodes, no activity was observed until after 334 hours when also the 
anodes stored by glycerol-freezing showed bioelectrochemical response. The last test was done after 358 hours of 
operation since the restart. The results showed a similar pattern in CV curves for the anodes stored by refrigeration, 

Figure 2. Cyclic voltammograms of anodes in the reactor. The dashed lines show the average cyclic 
voltammograms for all eight anodes in the reactor obtained during the second test before storage (see Fig. 1 
for the times of these tests). The solid lines shows the average cyclic voltammograms for duplicate electrodes 
exposed to the three storage methods: acetone dehydration, refrigeration, and freezing in 10% glycerol solution. 
New refers to new graphite rod anodes placed in the reactor when the system was restarted after storage. The 
cyclic voltammetry was carried out between − 1.0 and 0.5 V vs SHE; however, only the region between − 0.5 V 
and 0.2 V is shown in the figure.
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glycerol-freezing, and the new anodes, with noticeable rises in current at − 0.17 V vs SHE. However, the anodes 
stored using the acetone dehydration method did not show any bioelectrochemical activity during the whole 
re-activation period (see Supplementary Fig. S3–S5 online for the first derivative of the CV curves and the cyclic 
voltammograms for each individual anode in the reactor).

Figure 3 shows the results for LSV tests of the anodes in the reactor. The tests before storage showed that all 
anodes had similar biological activity. Right after storage, different anodes exposed to different storage methods 
showed varied response to LSV. The anodes stored by refrigeration instantaneously showed biological activity, 
corresponding to 43 ±  3% (average value of duplicate electrodes) of the current measured at 0 V vs SHE before 
storage. At 62 hours of operation after storage, the anodes stored by the glycerol-freezing method showed some 
activity, corresponding to 7 ±  3% of the level before storage. After 334 hours of operation, the anodes stored by 
glycerol-freezing and refrigeration had increased their biological activity and reached 51 ±  7% of the level before 

Figure 3. Linear sweep voltammograms from six different tests of the anodes in the reactor. Two tests 
(1st–2nd) were done before storage (see Fig. 1 for the times of these test) and the rest (3rd–6th) after storage. The 
figure legends refer to the three storage methods used: acetone dehydration, refrigeration, and freezing in 10% 
glycerol solution. New refers to new graphite rod anodes placed in the reactor when the system was restarted 
after storage.
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storage. Current production by the new electrodes was also observed at this time. The final test, after 358 hours of 
operation, showed that the biological response of anodes stored by refrigeration and glycerol-freezing reached about 
75 ±+ 4% of the level before storage, while the new anodes produced 54 ±  3% of the pre-storage current density. 
However, there was no significant progress observed for the electrodes stored using acetone dehydration. These 
electrodes produced, however, currents of about 2 A m−2 at a potential of about 0.2–0.4 V vs SHE in the 3rd and 4th 
LSV test, but these temporary increases in current occurred at a higher potential compared to the anodes before 
storage and are not likely caused by biological oxidation of acetate by microorganisms. Instead, abiotic oxidation 
of organic substances released by inactive biofilms on the surfaces of the electrodes may have been responsible for 
the observed increases in current at these particular occasions.

The bioelectrochemical activity of the anodes was also evaluated using the open circuit potential (OCP) and 
the kinetic factor (K), which is a measure of the kinetic facility of electrode reactions (see Supplementary Methods 
online) (Fig. 4). After storage, K dropped for all storage methods; however, the anodes stored using refriger-
ation all had a significantly larger K than the anodes stored in other ways. K of the new anodes were around 
135 times lower than those stored by refrigeration right after storage (Fig. 4A). This shows the higher catalytic 
ability of the anodes stored by refrigeration in comparison to bare graphite rods. In the test after 358 hours of 
re-activation, the anodes stored using refrigeration, glycerol-freezing, and the new anodes had reached kinetic 
factors of about 16–28 A V−1 m−2, whereas those exposed to the acetone-dehydration method still showed a low 
K of about 1 A V−1 m−2.

The acetate/CO2 redox couple has a standard reduction potential of − 0.28 V and a biological anode oxidizing 
acetate would have an OCP near this value. Before storage the OCP was around − 0.21 V vs SHE for all anodes 
(Fig. 4B). The anodes stored by refrigration showed biological activity directly after storage. The OCP of the anodes 
stored by glycerol-freezing reached − 0.22 V vs SHE 334 hours of operation after storage. The new anodes reached 
− 0.22 V vs SHE 358 hours of operation after storage, while the anodes dehydrated in acetone never recovered 
their original low OCP.

Microbial community analysis. Scanning electron microscopy (SEM) showed that all anodes were cov-
ered by a thick layer of biofilm whereas the cathodes were covered by a thinner layer of microbial cells (see 
Supplementary Fig. S6 online). The biofilms on the electrodes were investigated with Illumina MiSeq 16S rRNA 
amplicon sequencing of the whole bacterial community. Biofilm samples were collected after 489 hours of oper-
ation of the reactor prior to storage and after the 358-hour re-activation period. The diversity of the anode- and 
cathode microbial communities was higher for the samples after storage and for the new electrodes, compared to 
the anodes and cathodes before storage, as indicated by the OTU richness and the inverse Simpson diversity index 
(see Supplementary Table S1 online).

To visualize differences between the microbial communities, ordination by non-metric multidimensional 
scaling (NMDS) on distances based on You-Clayton dissimilarities was used (see Supplementary Fig. S7 online). 
The microbial communities on the anodes before storage and after the different storage methods separated in the 
ordination. Likewise, the microbial communities on the cathode before storage and the new cathode after storage 
separated from each other and from the anode communities, indicating quantitative differences between the 
investigated microbial communities.

The most abundant sequences were affiliated to the phyla Proteobacteria, Firmicutes, Bacteroidetes and 
Synergistetes, with some additional phyla present in lower relative abundance (Fig. 5A). In total, 28 bacterial phyla 
were observed in the anode biofilms and 27 in the cathode biofilms. Many of the phyla contained one or a few 
dominant OTUs assigned to a particular genus or family (Fig. 5B). Among Proteobacteria, the major contributors 

Figure 4. (A) Kinetic factor (K), which corresponds to i0F/RT, for different tests after storage. (B) Open circuit 
potential (OCP) of the eight different anodes placed in the reactor after storage. The grey regions show the 
variation in K and OCP of the eight anodes before storage. The figure legends refer to the three storage methods 
used: acetone dehydration, refrigeration, and freezing in 10% glycerol solution. New refers to new graphite rod 
anodes placed in the reactor when the system was restarted after storage.
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were OTUs within Geobacter sp. and Desulfovibrio sp. Within Firmicutes, OTUs belonging to Clostridiales were 
dominating, with many OTUs affiliated to Acetobacterium sp. Also the phyla Spirochaetes and Synergistetes had 
major OTUs, Treponema sp. and the vadinCA02 genus within Synergistaceae, respectively.

Discussion
The electrochemical tests showed that all the eight anodes in the MEC performed almost identically before storage 
(e.g. Fig. 3), which suggests they can be considered as replicates regardless of being placed in different positions 
within the reactor. This means that the microbial community on the anode harvested for analysis before storage 
could likely be considered as representing the community on all anodes in the reactor. Before storage, the current 
density was around 5 A m−2 at 0 V vs SHE. This is comparable to a previous study by Torres, et al.30, which reported 
current densities of about 3 A m−2 generated by graphite rod anodes enriched at a potential of + 0.02 V vs SHE with 
acetate-containing nutrient medium. They also showed that higher current density, reaching 10.3 A m−2, could be 
obtained with anodes enriched at − 0.15 V vs SHE.

The bacterial community on the anodes prior to storage was dominated by Geobacter sp. which made up 71% 
of all sequences in the anode biofilms. Geobacter species are well-known for their ability of extracellular electron 
transfer via pili (nanowires)31. In microbial electrochemistry, G. sulfurreducens has received particular attention, 
due to their efficient direct electron transfer to anodes32 resulting in high power output and high columbic efficiency 
in MFCs33. Predominance of Geobacter sp. has previously been observed in anode biofilms of acetate-fed MFCs34,35 
and in MECs with mixed culture inoculum operated at anode potentials in the range of − 0.15 to 0.02 V vs SHE30. 
The enrichment of Geobacter sp. on the anodes in this study further confirms that this type of bacteria are highly 
selected for at anode potentials of around 0 V vs SHE and lower.

A microbial community, clearly different from the anode communities, developed on the cathode surfaces (see 
Fig. 5 and Supplementary Fig. S7 online). There was a high abundance of Acetobacterium sp., which are capable 

Figure 5. Relative abundance of 16S rRNA gene sequences in the electrode biofilms. (A) Distribution of 
phyla with relative abundance > 0.5% in any of the samples. (B) Distribution of major taxa (relative abundance 
> 5% in any of the samples) at highest possible taxonomic determination using the Greengenes taxonomy.
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of oxidizing H2 and producing acetate36. Clostridiales and Desulfovibrio sp. were also present at the cathode and 
anode biofilms at considerable relative abundances. Interestingly, several acetogenic Clostridium species24 as well 
as Desulfovibrio species37 have been shown to directly accept electrons from cathodes producing organics acids 
or H2. Although CV tests indicated that the cathode biofilms contained redox-active components, there was no 
evidence that the biofilms were able to grow on electrons directly harvested from the cathodes (see Supplementary 
Fig. S2 online). Instead, it seems likely that the bacteria present on the cathodes mainly utilized the abiotically 
generated H2. This has been shown for Desulfovibrio species, which can use hydrogen as electron donor, e.g. when 
being supplied with acetate as carbon source38.

After five weeks of storage of the bioelectrochemically active anodes, results from the different electrochemi-
cal tests showed that the anodes stored using refrigeration could revive faster than the anodes stored using other 
methods. Indeed, immediately after storage, the refrigerator-stored anodes showed bioelectrochemical response in 
the CV and LSV tests (Figs 2 and 3), had open-circuit potentials similar to before storage and kinetic factors about 
half of pre-storage levels (Fig. 4). Anodes stored by refrigeration and glycerol-freezing both showed higher elec-
trochemical activity than new anodes that were installed in the reactor. This shows that the surfaces of the anodes 
stored by refrigeration and glycerol-freezing both had some viable biofilms which could be revived after storage. 
This biofilm probably served as inoculum for the new electrodes placed in the reactor after storage. The acetone 
dehydration method has been shown to be suitable for storage of aerobic granular sludge9; however, it appears to 
be unsuitable for storage of biological anodes since the bioelectrochemical activity was completely destroyed and 
could not be revived during the 358 hours re-activation period after storage. The SEM micrographs showed that 
also the anodes stored using acetone dehydration had a thick biofilm layer at the end of the study. The reason that 
this biofilm was not electrochemically active could be a dead layer of biofilm on the surface of the electrodes, which 
would prevent a new biofilm from establishing electrical contact with the electrode surface.

The microbial analysis results showed that the microbial communities that developed on the stored anodes after 
358 hours of re-activation were distinctly different from the microbial community on the anodes prior to storage 
(see Supplementary Fig. S7 online). In particular, the relative abundance of Geobacter sp. decreased and more 
diverse communities developed (see Fig. 5 and Supplementary Table S1 online) with higher relative abundance of 
sequences belonging to the phyla Bacteroidetes, Synergistetes, and Spirochaetes as well as Desulfovibrio sp. within 
Proteobacteria and Clostridiales within Firmicutes (Fig. 5). Although there are several representatives of electrogenic 
bacteria among these taxonomic groups39, the bioelectrochemical activity of the stored anodes was lower than on 
the anodes prior to storage. In mixed inoculum anode microbial communities, the relative Geobacter abundance 
was previously shown to reflect bioelectrochemical activity30,40, which indicate the particular efficiency of this 
bacterium for electron transfer.

A reason for the increased microbial diversity in the reactor after storage could be a higher availability of alter-
native organic substrates caused by an increased amount of dead biomass on the electrodes. All the storage methods 
likely killed some of the microbial cells on the anodes. Before storage, bacteria capable of oxidizing acetate with 
the anode as electron donor (e.g. Geobacter sp.) were highly selected for in the reactor. After storage, many of these 
bacteria were probably killed and other bacteria capable of using material released from the dead biomass would 
have opportunity to grow and increase in relative abundance. Desulfovibrio sp. increased in relative abundance on 
all electrodes after storage. Since they increased also on the cathode and the acetone-treated anode, which lacked 
bioelectrochemical activity, they were probably not highly important for current generation on the anode. Instead, 
it appears that these bacteria could survive the storage methods and grow in the reactor using fermentation or 
sulfate as electron acceptor38.

One open question is why the MEC did not regain its previous performance after the storage period. Not even 
the new anodes installed after the storage period reached the bioelectrical activity of the anodes prior to storage. 
The microbial community both on the new anodes and the new cathode was also clearly different with a higher 
diversity and a different composition. The differences may partly be explained by the shorter operation time avail-
able for selection of the new electrode specific communities (358 h vs 489 h). Surprisingly, this did not lead to a 
more uniform community. Different inocula have resulted in different performance of MFCs41,42, indicating that 
the founding bacterial community is important for the process performance. However, convergence of microbial 
communities and similar production of voltage and power density of MFCs with different inocula have indicated 
that good performance and selection of the desired microorganisms can be independent of the inoculum source 
at long term operation (two months)35. It should also be noted that considerable temporal dynamics of electrode 
microbial communities has been described even after long term operation, for anodes43 and cathodes44, presum-
ably shifting with changes in functional activity. Hence, it is not too surprising that the microbial communities 
developing on the new electrodes were different in composition compared to the ones prior to storage.

In conclusion, refrigeration allowed the best retention of bioelectrochemical activity of the tested methods. 
However, pre-storage levels could not be recovered during the re-activation period. This has different implications 
depending on the purpose of storage:

•	 For a start-up of a new reactor, it is faster to enrich a new high-performing biological anode from a wastewater 
inoculum than to re-use a biological anode stored using any of the methods tested in this study.

•	 For demonstration purposes, storage using refrigeration is satisfactory since bioelectrochemical activity was 
observed immediately upon re-start of the reactor.

•	 For a researcher who wishes to preserve a specific microbial community composition for future experiments, 
one has to realize that storage methods exert a selection pressure on the biological electrodes. The methods 
tested here all resulted in a more diverse microbial communities after storage. Further studies should also 
investigate storage under strictly anaerobic conditions. In this study the electrodes were exposed to air, which 
may have killed some oxygen-sensitive species and acted as a selection pressure.
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It is also clear from this study that storage by acetone dehydration, which is a type of drying method, is not 
suitable for biological anodes. Drying methods are very common for long-term storage of microbial cultures; 
however, they can result in large loss of viability depending on the type of microorganism and its growth state2. 
It seems likely that drying affects the structure of the biofilm, which could destroy electrical connections to the 
anode. In this study, acetone dehydration caused complete loss of bioelectrochemical activity, which could not be 
recovered during the 358 h re-activation period. This suggests that drying resulted in an inactive biomass layer 
on the anode surface, which efficiently prevented the establishment of a new electrochemically-active biofilm. 
In this study, acetone-dehydration was investigated because it is a simple and convenient method that does not 
require expensive equipment, and it was shown to be successful for aerobic granules9. However, the effect of other 
dehydration methods, such as freeze-drying, should be investigated in further studies.

Materials and Methods
Description of the reactor and its operation. A plexiglas single-chamber microbial electrolysis cell 
(MEC) (10 ×  10 ×  6 cm3) containing 16 graphite rod electrodes, which each had a surface area of 11.3 cm2, was 
investigated. Eight of the electrodes were used as anodes and eight were used as cathodes. The reactor also con-
tained an Ag/AgCl reference electrode with an offset of 0.197 V vs SHE. The total volume of the plexiglas chamber 
was 650 mL. A nutrient medium with a total volume of 1 L was circulated through the reactor from an external 
0.5 L bottle at a flow rate of 1.35 mL s−1. A schematic of the experimental setup is shown in Supplementary Fig. 
S1 online. At the start of the experiment, the reactor was inoculated with 100 mL of raw municipal wastewater. 
The nutrient medium contained acetate, mineral salts, and trace elements (see Supplementary Methods online). 
The reactor was operated in fed-batch mode and the nutrient medium was replaced regularly as acetate was 
consumed.

The reactor was operated by controlling the anode potential at 0 V vs SHE. After 489 hours of operation, the 
electrodes were stored for five weeks using three different storage methods: (1) storage by submerging the electrodes 
in nutrient medium in a refrigerator (+ 4 °C), (2) storage by submerging the electrodes in 10% glycerol solution 
followed by freezing at − 70 °C, and (3) acetone dehydration followed by storage at room temperature according 
to Lv, et al.9. Each storage method was evaluated using duplicate anodes and two anodes were also harvested for 
microscopy and microbial community analysis. During storage and when the electrodes were handled outside 
the reactor, they were exposed to air.

Prior to restarting the reactor, the anodes stored using refrigeration and freezing were kept at room temperature 
for about 2 hours. Glycerol was washed away from the freezer-stored anodes by submerging them in milli-Q water 
for about 30 s. Then, all anodes were again placed in the reactor and incubated at 0 V vs SHE for 358 hours. The 
two anodes that had been harvested for microscopy and microbial community analysis at the time of storage were 
replaced by two new graphite rod anodes inserted into the reactor. At the end of the experiment, all electrodes 
were collected for microscopy and microbial community analysis. The harvested electrodes were kept at − 70 °C 
prior to analysis.

Analytical methods. The acetate concentration was analysed using a high performance liquid chromato-
graph (HPLC) equipped with a UV detector. An Aminex HPX-87H column (BioRad) and a 5 mM H2SO4 eluent 
pumped at 0.5 mL min−1 were used. The pH was measured by a pH sensor and was around 7 during the whole 
experiment. During normal reactor operation, the anode potential was controlled using a potentiostat and the 
current was recorded using a data acquisition unit. The bioelectrochemical activity of the electrodes in the reac-
tor was investigated on several occasions using cyclic voltammetry (CV) and linear sweep voltammetry (LSV). 
CV was swept between 0.5 and − 1.0 V vs SHE at a scan rate of 5 mV s−1. LSV swept from open circuit potential 
to 0.5 V vs SHE at a scan rate of 1 mV s−1. Scanning electron microscopy was carried out as described in the 
Supplementary Methods online.

Microbial community analysis. The biofilm on the electrodes was scraped off the surfaces using a sterile 
scapula and was homogenized in 15 ml sterile water using a Bagmixer 100 Minimix (Interscience). For DNA 
extraction, subsamples of the biofilm suspensions were used. DNA was extracted using the FastDNA spin kit for 
soil (MP biomedicals). The DNA concentration was measured using a NanoDrop ND-1000 spectrophotometer 
(Thermo Scientific) and the DNA extracts were diluted to 20 ng μ l−1 with sterile water. PCR, next-generation 
sequencing, and bioinformatics analysis was carried out as described in the Supplementary Methods online.
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