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Abstract 

The metabolic activity of microorganisms in multicellular assemblages is limited by structural constraints and 

resource availability. To overcome these limitations, some bacteria utilize electron conduction in their communities 

to drive their metabolism, which has led to the development of various biotechnologies, such as electrochemical 

microbial systems and anaerobic digestion. However, measuring the conductivity among bacterial cells is difficult 

when they scarcely form stable biofilms on electrodes, which renders it difficult to identify the biomolecules 

involved in electron conduction. In the present study, we aimed to identify the proteins involved in electron 

conduction in Shewanella oneidensis MR-1 and examine the molecular mechanisms. We established a colony-based 

current–voltage measurement system that quantifies bacterial electrical conductivity, without the need for biofilm 

formation on electrodes. This assay enabled the quantification of the conductivity of gene deletion mutants that 

scarcely form biofilms on electrodes, demonstrating that c-type cytochromes, MtrC and OmcA, are involved in 

electron conduction. Furthermore, the use of colonies of gene deletion mutants demonstrated that flavins participate 

in electron conduction by binding to cytochromes on their outer membrane, providing insight into the electron 

conduction pathways at the molecular level. Furthermore, the conductivity of Bacillus subtilis 3610 colonies was 

determined to be approximately 23 times lower than that of MR-1 colonies, indicating that this approach can be 

used for various bacteria, including weak electricigens. The present assay provides a platform for rapidly identifying 

conductive bacterial colonies and components, linking bacterial energy conservation with electron transfer in 

multicellular communities. 
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1. Introduction 

Bacteria form multicellular assemblages, such as colonies, biofilms, and flocks, and communicate with each other 

1-4. Such multicellular communities comprise the majority of bacteria in most natural and pathogenic ecosystems 1-

4. Multicellular architectures are enclosed by a matrix of extracellular polymeric substances with a thickness of 

several tens or hundreds of micrometers, creating a chemical gradient of biological resources that constrains 

metabolic activity and their development 5-6. Dealing with resource gradients and limitations is a fundamental 

challenge for bacteria to thrive in multicellular form. Understanding the mechanisms underlying resource gradients 

would contribute to the control of multicellular bacterial communities.  

Recent studies have proposed that bacteria in biofilms and colonies electrically overcome the shortage of 

biological resources required for their growth. The development of cell aggregates is often suppressed by the 

limitation of electron acceptors for bacteria (oxidants such as oxygen, nitrate, carbon dioxide, and fumarate), which 

are required for terminating respiratory processes and photosynthetic reactions to generate ATP 7. Bacteria in an 

oxidant-limited zone can conserve energy by channeling intracellular electrons toward an oxidant-rich zone over 

cellular length 8. Energy conservation sustained by electron transfer in bacterial communities is observed in diverse 

environments with significant implications for various phenomena and technologies, such as biogeochemical 

cycling 3, microbial electrochemical systems 9, anaerobic digestion 10, and pathogen treatment 8. For example, the 

biofilm growth of Geobacter sulfurreducens on electrodes and minerals is supported by electron transfer over 

several tens of micrometers 11-12. In another example, electrical conductivity of methane-oxidizing consortia within 

methane-seep sediments creates the syntropy of anaerobic methanotrophic archaea and sulfate-reducing bacteria 13-

14. Additionally, electron transfer in a biofilm of Pseudomonas aeruginosa, a pathogen causing cystic fibrosis, 

enables energy conservation in oxygen-limited zones, enhancing antibiotic resistance 15-16. The electron transfer in 

aggregates is composed of two processes; 1. exporting electrons extracellularly across the bacterial membrane via 

membrane proteins, nanowires, and/or soluble redox molecules, through a process termed extracellular electron 

transfer (EET), and 2. conducting electrons over cellular length along the matrix in a community or cellular surfaces 

8. Although EET mechanisms have been extensively studied 17, the methodology for measuring the conductivity 

among bacterial cells is strictly limited; thus, the biomolecules involved in electron conduction and approaches for 

enhancing conductivity have been scarcely identified.  
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The conductivity of bacterial aggregation has been electrochemically measured using biofilms formed on 

electrodes 18-19 including interdigitated microelectrode arrays (IDA), where two interdigitated electrodes face each 

other at a distance of several micrometers 20; thus, conductivity measurements have been limited to bacteria that 

stably form biofilms such as Geobacter 21. Most bacteria including those with low EET capability (weak 

electricigens) distributed in natural environments scarcely form stable biofilms on electrodes 22-23 and thus, even 

the insight into the electron conduction mechanisms of a model EET-capable bacterium, Shewanella, is strictly 

limited. MR-1 possesses c-type cytochrome complexes (Cyts), such as the MtrCAB-OmcA complex, on its outer 

membrane and nanowire extensions, which act as EET pathways, however, the molecular mechanisms underlying 

the electron conduction through Cyts have merely been studied. MtrC and OmcA are c-type cytochromes located 

on the cell surface that receive electrons from the cytochrome-porin complex buried in the outer membrane, MtrAB, 

delivering electrons to the electrodes 24-25. MR-1 secretes flavins extracellularly, which mediate EET from 

MtrC/OmcA to electrodes, acting as bound redox cofactors of MtrC/OmcA and electron shuttles diffusing between 

MtrC/OmcA and the electrodes 26-28. Since MtrC and OmcA are exposed to the cell exterior, diffusing on the outer 

membrane 29, they have been proposed to participate in electron conduction over cellular length along the outer 

membrane 30. Although involvement of Cyts in electron conduction has been suggested, according to the 

electrochemical measurement of MR-1 wild-type (WT) and the calculation of thermal activation energy 31, 

identification of electron conducting protein has been a challenge due to the difficulty in the use of gene deletion 

mutants for Cyts. Because gene deletion mutants scarcely grow and form biofilms on electrodes owing to the 

suppression of metabolism and weak EET capability 32, the conductivity of gene deletion mutants have not been 

quantified, rendering it difficult to identify the electron conducting proteins and clarify molecular mechanisms 

underlying the electron conduction. 

In the present study, we quantified the electrical conductivity of gene deletion mutants for MtrC and 

OmcA of Shewanella oneidensis MR-1. We established a novel colony-based current–voltage measurement system 

that quantifies bacterial electrical conductivity, without the need for biofilm formation on IDA (Fig 1a), enabling 

conductivity quantification of gene deletion mutants. Furthermore, associated with bipotentiostat measurements, 

the colony-based measurement provided the insight into the molecular mechanisms underlying flavin-based 

electron conduction. The conductivity of a Bacillus subtilis 3610 colony was also quantified for evaluating the use 

of the present approach for colony-forming bacteria except for S. oneidensis MR-1. 
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2. Results and Discussion 

2.1 Electrical conductivity measurement of S. oneidensis colonies 

We first examined the electrical conductivity of Shewanella oneidensis MR-1 colonies. MR-1 cells were grown on 

LB agar by incubation for 24 h after spotting 10 μL of cell suspension at OD600 = 0.25, resulting in the formation 

of a colony with a diameter of approximately 8 mm (Fig 1a and Table S1). The colony on the agar was placed on 

an IDA to directly face the interdigitated electrodes (Fig 1a). To test the electrical conductivity of MR-1 colony, 

potential bias was applied between the interdigitated electrodes in the range of −0.5 V to 0.5 V and, simultaneously, 

the conduction current was measured. The current increased with increasing potential bias in the presence of the 

colony (Fig 1b). In contrast, the current scarcely increased when agar was placed on the IDA without colonies, 

demonstrating that the clear current–voltage (I–V) profile was derived from the MR-1 colony and the agar showed 

low electrical conductivity in this experimental setup, similarly with previous report that showed negligible current 

from agar 33. However, not only the conduction current across the colony but also the catalytic current from 

intracellular metabolisms possibly impacts the I–V curve 34-35. Because different potentials are applied to each 

interdigitated electrode in the presence of a bias voltage, the catalytic current may differ for each electrode, leading 

to a higher apparent current at higher bias voltage 34-35. To minimize the catalytic current from metabolisms, the 

colony was exposed to an antibiotics inhibiting protein synthesis, erythromycin (EM), at 4 mg mL-1 for 1 h. We 

confirmed that more than 99 % of the cells stopped the growth and the catalytic current decreased over 95 % (Fig 

S1 and Table S2). Although the slope decreased approximately four times, the current increased upon the 

application of bias voltage after exposure to EM (Fig 1b), which strongly suggests that the I–V curve represents the 

electrical conductivity of the MR-1 colony. Furthermore, the I–V profile showed a sigmoidal signature with steady-

state currents at high voltages, which is characteristic of electron conduction driven by electron hopping among 

redox centers 36-37 and is consistent with the present model for electron conduction in MR-1 cells and biofilms 29, 31. 

Because the I–V slope close to 0 V represents the conductance in the electron hopping model 36-37, the 

electrical conductivity of the colony was calculated from the I–V slope at −50 mV to 50 mV, colony thickness, and 

IDA configuration. The thickness of the colony was measured using the z-stack mode of confocal reflection 

microscopy with a dry lens, which provided a three-dimensional structure of the colony (Figs. 1c and S2). The 

microscopic image around the edge of the colony showed that the colony presented a hemispherical shape and a 

thickness of 138 ± 8 μm (Table S1). Because this thickness is sufficiently larger than the space between the 
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interdigitated electrodes, the conductivity is estimated to be independent of the colony thickness, as reported 

previously 21. Using equation 3 presented in Experimental Section, the conductivity of the EM-exposed colony was 

calculated to be 2.2 ± 0.34 nS cm-1 (Fig 1d).  

To quantitatively evaluate the validity of the electrical conductivity of EM-exposed colonies, we measured 

the conductivity of the live colony in bipotentiostat mode, which has been used for quantifying the conductivity of 

Geobacter biofilms formed on IDA 12, 21. To control the potential of each interdigitated electrode as the source and 

drain electrodes, the IDA was connected to a bipotentiostat. Cyclic voltammetry was conducted on each electrode 

with a 20 mV difference between the source and drain electrodes at a scan rate of 1 mV s-1. Ag/AgCl (sat. KCl) 

electrode and platinum wire were inserted into the agar as the reference and counter electrodes, respectively (Fig 

1e). The cyclic voltammograms showed a catalytic current in both the source and drain electrodes, which is 

consistent with previous reports on MR-1 cells attached to electrodes (Fig S3)31. To measure the conduction current 

from the source to the drain electrode, the background contribution of the catalytic current was eliminated by 

subtracting the source current from the drain current, consistent with the method used in previous studies 31, 38. The 

subtracted current showed a broad peak ranging from −0.2 V to 0.2 V with a peak potential at approximately −0.16 

V vs standard hydrogen electrode (SHE) (Fig 1e). Because the peak was observed in both the positive and negative 

scans, it was not due to the different number of redox centers on each interdigitated electrode but the conduction 

current from the source to the drain electrode, which is consistent with previous reports 21, 31. The conductance can 

be calculated with Ohm’s law using the gating offset (source voltage – drain voltage) and the peak current 

(corresponding to twice the conduction current) when the gating offset is sufficiently small (Fig S4) 31, 39. 

Consequently, the conductivity of the live MR-1 colony was 3.3 ± 1.2 nS cm-1 (Fig 1d), which is close to that of 

the EM-exposed colony, as calculated from the I–V curve. The colonies treated with other antibiotics and biocide 

showed almost identical I–V slopes and conductivities as those treated with EM (chloramphenicol, 1.9 ± 0.29 nS 

cm-1; isopropanol, 2.8 ± 1.0 nS cm-1) (Fig 1d), further supporting that EM scarcely disturbs the conductivity across 

the colony. A previous study reported that a combination of a genetic engineering approach and light-patterning 

enables the formation of a biofilm of 10 μm thickness on IDAs, which exhibits a conductivity of 4.5 nS cm-1 39. The 

present colony-based assay reveals the conductivity of the MR-1 population at the same order of magnitude without 

biofilm formation; this value is close to that obtained from simulation data, 7 nS cm-1 29 (Fig 1d). Because the 

expression of genes corresponding to Cyts is limited in aerobic cultivation 40, the slightly lower conductivity of the 
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aerobic colony compared with that obtained from the simulation data is consistent with the present electron 

conduction model in which Cyts are the major carriers of electrons. 

 

 

 

Figure 1. Electrical conduction measurement in Shewanella oneidensis MR-1 colonies. (a) A photograph of a S. 

oneidensis MR-1 colony on agar and on an interdigitated microelectrode array (IDA), and an illustration of a MR-

1 colony on an IDA. Interdigitated electrodes (10 mm long and 10 μm wide) are patterned on the IDA with 10 μm 

wide gaps. (b) Representative current–voltage (I–V) profiles of MR-1 colonies before and after exposure to 4 mg 

mL-1 erythromycin (EM). The I–V curve of LB agar is depicted as a dashed line. (c) Three-dimensional image of a 

MR-1 colony observed with confocal reflection microscopy. (d) Electrical conductivity of MR-1 colonies. The 

conductivity estimated from the I–V profile is represented by white bars and that measured using a bipotentiostat 

(Bi) is shown by a gray bar. The colonies were treated with erythromycin 4 mg mL-1 (EM), chloramphenicol 20 mg 

mL-1 (CL), or isopropanol (iPrOH) as the biocide before the I–V measurement. Black bars represent the 

conductivities of MR-1 reported previously (Ref 1:39 , Ref 2:29). Error bars represent the standard error of the mean 

(SEM) from at least three independent experiments. (e) Representative conduction current profile against the gate 

potential (the average of source and drain potential). The conductivity of the live colony was measured using a 

bipotentiostat with 20 mV difference between the source and drain electrodes at a scan rate of 1 mV s-1; Ag/AgCl 

(sat. KCl) electrode and platinum wire were inserted into the agar as the reference and counter electrodes, 
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respectively. The arrows indicate the direction of potential sweep. Baseline was subtracted using a software, Qsoas 

41. 

 

2.2 Identification of proteins involved in electron conduction in S. oneidensis MR-1 

To identify the proteins involved in the electron conduction, colonies of gene deletion mutants were subjected to 

the assay. We performed I–V measurement in a colony of a gene deletion mutant for mtrC (ΔmtrC). Although the 

growth of gene deletion mutants for Cyts decreased on the electrodes 32, the diameter and thickness of the ΔmtrC 

colony were almost identical to those of the WT (Fig S5 and Table S1). The I–V slope of this mutant (1.5 ± 0.25 nS 

cm-1) was lower than that of the WT (Fig 2a and c). This result demonstrates that the present assay can be applied 

to mutants for Cyts, which have been difficult to analyze using the conventional approach, and suggests that MtrC 

is involved in electron conduction in MR-1 cells. However, the extent of the decrease in electrical conductivity was 

limited to approximately 33%, suggesting that biomolecules other than MtrC are also involved in electrical 

conduction. We subsequently measured the conductivity of the gene deletion mutant for omcA (ΔomcA). The 

conductivity of the ΔomcA colony (1.4 ± 0.18 nS cm-1) was lower than that of the WT (Fig 2b and c), suggesting 

that OmcA, as well as MtrC, conducts electrons in the colony. A mutant, named LS527, lacking all Cyts (mtrCAB 

(SO_1776-SO_1778), mtrDEF (SO_1780-SO_1782), and omcA (SO_1779)), showed further decrease in 

conductivity (0.49 ± 0.09 nS cm-1; Fig 2b and c). These data demonstrate that Cyts including MtrC and OmcA 

primarily contribute to electron conduction in the colony. 

 

 

 

Figure 2. (a and b) Representative I–V profiles of S. oneidensis MR-1 mutants after exposure to 4 mg mL-1 EM. 

The data for WT is identical to the data in Figure 1b. (c) Electrical conductivity of MR-1 mutants. Error bars 
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represent the SEM from at least three independent experiments. Statistical significance is determined by P-values 

from unpaired one-tailed Student’s t tests comparing to WT and are represented as follows: *p < 0.05 and **p <0.01. 

 

2.3 Involvement of flavin–Cyt complexes in electrical conduction in S. oneidensis MR-1 

To examine the effect of flavins on electron conduction, we measured the conductivity of a gene deletion mutant 

for the flavin exporter bfe (Δbfe) 42. Although the shape of the colony of this mutant strain was similar to that of the 

WT (Fig S5), the I–V slope for this mutant was lower than that for the WT and the conductivity of Δbfe was 1.2 ± 

0.11 nS cm-1 (Figs 3a and c). These results demonstrate that extracellular flavins are involved in electron conduction 

in MR-1 cells. To further confirm the impact of flavins on electrical conductivity, we grew WT colonies on LB agar 

containing 10 μM flavin mononucleotides (FMN) (Fig S6). The colony showed a conductivity of 5.5 ± 0.83 nS cm-

1, which is approximately 2.5 times higher than that without FMN addition. Furthermore, the addition of FMN into 

agar complemented the conductivity of the Δbfe colony (4.3 ± 0.48 nS cm-1) to a similar extent as that for WT, 

suggesting that the decrease in Δbfe conductivity without additional FMN was due to the loss of flavin in the colony. 

To minimize the interference of FMN in colony growth, we grew the WT colony on LB agar for 24 h and added 50 

μL of 50 μM FMN 10 min before measurement. The slope of the I–V curve clearly increased under this condition 

(Fig S7), confirming that the increase in the I–V slope originates from the change in the electrical conductivity 

rather than colony growth. 

To test the flavin–Cyt interaction during electron conduction, the conductivity of LS527 grown on FMN-

containing LB agar was measured. The slope of the I–V curve was significantly lower than that for WT, with a 

conductivity of 1.4 ± 0.05 nS cm-1 (Fig 3b), indicating that Cyts contribute to electron conduction in the presence 

of FMN. To obtain molecular insights into the flavin–Cyt interaction, gating measurements were conducted on the 

Δbfe colony using bipotentiostat and compared with the results for WT (Figs 3c and S3). Whereas the peak intensity 

was slightly different between forward and backward scan probably due to slight difference of the amounts of redox 

species on each interdigitated electrode, the conduction peak observed for the Δbfe colony ranged from −0.2 V to 

0.2 V, similar to that for WT (Fig 3c). However, the peak intensity at −0.16 V significantly decreased, suggesting 

that the conduction peak at −0.16 V corresponds to that of flavins in the WT colony. The peak potential of 

approximately −0.16 V is almost identical to the redox potential of flavins acting as bound redox cofactor in Cyts 

(−0.145 V vs SHE in ref. 27). The peak corresponding to shuttling flavins was not detected (−0.26 V vs SHE in ref. 
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27) (Fig 3c). These data strongly suggest that flavins in the colony conduct electrons not as shuttling mediators but 

as bound redox cofactors in Cyts, in this experimental setup. The potential of the broad shoulder peak observed in 

both WT and Δbfe was almost identical to that of multi-hemes in Cyts (typically ranging from −0.1 V to 0.2 V 27, 

31). Collectively, these results strongly suggest that the flavin–Cyt complex conducts electrons in the MR-1 colonies. 

The present study provides insights regarding the flavin-binding site and electron conduction mechanisms. 

Because the 10 hemes of MtrC and OmcA are arranged in a “staggered-cross” configuration, hemes 2, 1, 6, and 7, 

which are laterally aligned against the outer membrane, are proposed to mediate electron transfer along the cell 

surface (Fig 3d) 29, 38, 43. In contrast, the suggested binding site of flavins differs among studies 44-46, probably 

because of the high structural flexibility and binding affinity in response to surrounding conditions such as the 

redox state 47 and mechanical stress 38, 48. This implies the importance of identifying the binding site during electron 

transfer. As the present study demonstrated that flavins bind to Cyts near the lateral electron transfer pathway, the 

binding site and electron conduction mechanisms can be speculated. Electronic structure calculations and molecular 

simulations indicated that the lateral electron transfer through hemes 2, 1, 6, and 7 was efficient, similar to the 

electron transfer pathway from the cell interior to the exterior (hemes 10 to 5) in MtrC 43. Therefore, the electron 

transfer between adjacent Cyt complexes (MtrC/MtrC, MtrC/OmcA, OmcA/OmcA) can be considered to be 

enhanced by flavins, implying that the possible flavin-binding site is near the outer hemes 2 and/or 7 (Fig 3d). 

Although the kinetics of inter-Cyt electron transfer is unclear because of the lack of insight into the Cyts/Cyt 

docking structure, the outer hemes 2 and 7 are located at the side of the β-barrels in domains I and III 44. Thus, the 

inter-heme distance between heme 7 and neighboring heme 2 in adjacent Cyts is possibly longer than the inter-

heme distance in each cytochrome, and electron transfer could be accelerated by flavins shortening the electron 

transfer length (Fig 3d). 
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Figure 3. Representative I–V profiles of MR-1 WT and Δbfe (a) and WT, Δbfe, and LS527 in the presence of 10 

μM FMN in agar (b) after exposure to 4 mg mL-1 EM. The data for WT (a) is identical to the data in Figure 1b. The 

dashed line represents the data of LB agar containing 10 μM FMN without colonies. Insets: The conductivity of 

each strain. Error bars represent the SEM from at least three independent experiments. Statistical significance is 

determined by P-values from unpaired one-tailed Student’s t tests comparing to WT and are represented as follows: 

*p < 0.05, **p < 0.01, and ns (not significant) p> 0.05. (c) Representative conduction current profile of WT (black 

line) and Δbfe (blue line) against the gate potential. The data for WT is identical to that in Figure 1e. Baseline was 

subtracted using the software Qsoas 41. (d) A model of electron conduction in MR-1 colonies mediated by flavin-

Cyts complexes. The deca-hemes in the crystal structure of the MtrC protein (PDB code: 4LM8) are highlighted, 

and a proposed flavin binding site is illustrated.  

 

 

2.4 Electrical conduction in B. subtilis 3610 colonies 

We applied this assay to B. subtilis 3610, which is a gram-positive bacterium that has been studied as a model 

system in microbiology, especially in studies related to biofilms and colonies 49. Recent studies have evaluated the 

EET capability of B. subtilis, suggesting that electron conduction in biofilms supports energy conservation using 

matrix-associated extracellular irons 23. However, the electrical conductivity of B. subtilis has not been quantified, 

because B. subtilis forms pellicle biofilms at the air/liquid interface rather than at the substrate surface 50. Here, a 
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colony of B. subtilis 3610 was formed on LB agar, and conductivity was estimated using I–V measurements. 

Because of their slight resistance to EM and CL, the colonies were exposed to kanamycin (KM). The I–V slope of 

the B. subtilis colony was substantially larger than that of the LB agar (Fig 4a and S8), demonstrating electron 

conduction in the colony. Because the thickness of the colony was thinner than that of MR-1, comparable to the 

gap between interdigitated electrodes (15.7 ± 1.20 μm, Fig S9 and Table S1), the conductivity depends on the 

thickness, as reported previously 39, 51. The conductivity was determined to be 0.094 ± 0.008 nS cm-1, which is 

approximately 23 times lower than that of the MR-1 colony (Fig 4b). The conductivity increased to 0.32 ± 0.022 

nS cm-1 upon addition of FMN in the agar (Figs 4 a and b). Because long-range electron transfer over several tens 

or hundreds of micrometers along nanowires drives the metabolism of MR-1 52, even if the electrical conductivity 

of B. subtilis 3610 is one order of magnitude lower than that of MR-1, it may support electron transfer over several 

micrometers, which is longer than the cellular length, conserving energy production. Upon application of the 

potential bias, the current increase was almost linear rather than sigmoidal, similar to the charge transport along the 

DNA 53, strongly suggesting that this strain transports electrons via different mechanisms compared with MR-1. 

Identifying the electron carriers and unraveling the molecular mechanisms of long-range electron transfer would 

be of great interest. Considering that B. subtilis is a model industrial bacterium for flavin-production 54, self- 

produced flavins possibly act as electron carriers in B. subtilis biofilms in nature. 

 

 

Figure 4. (a) Representative I–V profiles of Bacillus subtilis 3610 colonies on LB agar (black line) and LB agar 

containing 10 μM FMN after exposure to 10 mg mL-1 kanamycin (KM) for 2 h. Inset: Representative I–V profiles 

agar without colonies. (b) Electrical conductivity of B. subtilis 3610 colonies on LB agar (black bar) and LB agar 

containing 10 μM FMN (blue bar). Error bars represent the SEM from at least three independent experiments.  
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3. Conclusion 

We developed a methodology to measure the electrical conductivity of bacterial multicellular assemblages based 

on I–V profiles of colonies placed on IDAs. Because the process of biofilm growth on electrodes can be avoided, 

the present assay can easily quantify the impact of gene deletion on conductivity. The I–V profiles revealed MtrC 

and OmcA are involved in electron conduction in S. oneidensis MR-1 colonies and that flavins form complexes 

with Cyts during electron conduction. These data enable speculation of the flavin–Cyt binding positions and 

electron conduction mechanisms, suggesting that flavin-Cyts complexes contributes to power output in microbial 

fuel cells by accelerating electron transfer among MR-1 cells as well as electron transfer at MR-1/electrode interface. 

Furthermore, the present assay quantified conductivity of B. subtilis colonies. Colonies are a major form of bacterial 

communities, and they have been used for growing and isolating bacteria in laboratories throughout the history of 

microbiology. Most culturable bacteria grow in the form of colonies; thus, colony-based assays are expected to be 

applicable to versatile bacteria, regardless of their ability to form biofilms on electrode surfaces. Considering that 

I–V profiles can be obtained in high-throughput systems, the present assay provides a platform for rapidly 

identifying conductive bacterial colonies and conductive components, enabling the development of biotechnologies 

such as high-performance microbial electrochemical systems, anaerobic digestion, and the control of pathogenic 

biofilms.  

 

 

Supporting Information. Experimental procedures, confocal reflection microscopic images, current-voltage 

profiles. 
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