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            Abstract
The study of bacterial ion channels has provided fundamental insights into the structural basis of neuronal signalling; however, the native role of ion channels in bacteria has remained elusive. Here we show that ion channels conduct long-range electrical signals within bacterial biofilm communities through spatially propagating waves of potassium. These waves result from a positive feedback loop, in which a metabolic trigger induces release of intracellular potassium, which in turn depolarizes neighbouring cells. Propagating through the biofilm, this wave of depolarization coordinates metabolic states among cells in the interior and periphery of the biofilm. Deletion of the potassium channel abolishes this response. As predicted by a mathematical model, we further show that spatial propagation can be hindered by specific genetic perturbations to potassium channel gating. Together, these results demonstrate a function for ion channels in bacterial biofilms, and provide a prokaryotic paradigm for active, long-range electrical signalling in cellular communities.
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                    Figure 1: Biofilms produce synchronized oscillations in membrane potential.[image: ]


Figure 2: Potassium release is involved in active signal propagation within the biofilm.[image: ]


Figure 3: The molecular mechanism of signal propagation involves potassium channel gating.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Thioflavin T (ThT) is a fluorescent reporter that is inversely related to the membrane potential.
a, ThT and DiSC3(5), an established reporter of membrane potential in bacteria23, both oscillate within biofilms. ThT has an approximately three fold higher sensitivity to changes in membrane potential compared to DiSC3(5). Sensitivity is defined as the ratio between peak height and error in peak height. Error bars indicate mean ± s.d. (n = 8 biofilm regions, averaged over the 4 pulses shown). b, The cellular ThT fluorescence depends on the external pH, where higher pH results in greater membrane potential, as expected24. ThT itself is insensitive to these pH changes and the traces are background subtracted to eliminate possible artefacts. Representative trace is selected from three independent biofilms. c, Oscillations in ThT and growth rate are inversely correlated, linking membrane potential oscillations to the metabolic cycle which produces periodic growth pauses18. Growth rate is calculated by taking the derivative of biofilm radius over time (Supplementary Information). Representative trace is selected from over 75 independent biofilms. d, Replacing glutamate with 0.2% glutamine, which eliminates the need to take up glutamate or retain ammonium, quenches ThT oscillations. This further suggests that ThT oscillations are specific to the metabolic cycle involving glutamate and ammonium. A representative trace was selected from three independent experiments.


Extended Data Figure 2 A fluorescent reporter of extracellular potassium (APG-4) indicates that potassium has a role in membrane potential oscillations.
a, High-resolution images showing the intracellular localization of ThT and primarily extracellular localization of APG-4 (top). Quantification of ThT and APG-4 along the 2 μm profile indicated in the phase image indicates that APG-4 does not significantly diffuse into the cell (bottom). Representative images are selected from six independent experiments. b, Induction curve for APG-4 generated using externally supplemented KCl. The experiment was repeated twice. c, Oscillations in extracellular potassium in the surrounding cell-free region during biofilm oscillations. These oscillations occurred during the experiment shown in Fig. 2b, c and the pulses are synchronized between the biofilm and the surrounding cell-free region. Representative trace is selected from six independent experiments. d, Induction curve for ANG-2 generated using externally supplemented NaCl. The experiment was repeated twice. e, Simultaneous measurement of ThT and ANG-2 indicates a lack of oscillations in extracellular sodium. Representative trace selected from three independent biofilms. f, Furthermore, perturbing extracellular sodium concentrations in the media had no detectable effect on membrane potential oscillations. A representative trace was selected from four independent experiments.


Extended Data Figure 3 Active propagation of potassium signal within the biofilm.
a, A chemical potassium clamp (300 mM KCl, matching the intracellular concentration29, and 30 μM valinomycin) prevents the formation of potassium electrochemical gradients across the cellular membrane. Valinomycin is an antibiotic that creates potassium-specific carriers in the cellular membrane32. b, Clamping net potassium flux quenches oscillations in membrane potential. A representative trace was selected from two independent biofilms. c, Propagation of extracellular potassium is estimated by tracking the half-maximal position of the pulse over time. Representative traces are shown for a single pulse selected from one of six independent experiments. d, Propagation of extracellular potassium is relatively constant over time in contrast to diffusion that is expected to decay. The diffusion line is calculated using the mean squared displacement (MSD) and the diffusion coefficient for potassium in biofilms (Supplementary Information). Slopes are calculated from the same representative data shown in c.


Extended Data Figure 4 External potassium affects the metabolic state of the cell.
a, A potassium shock (300 mM KCl) produces an initial ThT decrease (depolarization) followed by a period of sustained ThT increase (hyperpolarization). ThT is inversely related to the membrane potential. A corresponding pulse in APG-4 during this ThT increase suggests that hyperpolarization is due to release of potassium. APG-4 signal due to the external potassium shock itself was subtracted using the cell-free background near the biofilm. A representative trace was selected from three independent experiments. b, ThT spikes in response to external potassium shock (300 mM KCl) but not an equivalent shock of 300 mM sorbitol, an uncharged solute. A representative trace was selected from three independent experiments. c, The hyperpolarization response occurs when cells are grown in glutamate but not when glutamate is replaced by 0.2% glutamine, which bypasses the need to take up glutamate or retain ammonium. A representative trace was selected from four independent biofilms.


Extended Data Table 1 List of strains used in this studyFull size table


Extended Data Table 2 Parameter values used in the modelFull size table
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Video 1: Global oscillations in membrane potential (ThT) in a growing biofilm.
Global oscillations in membrane potential (ThT) in a growing biofilm. (MP4 1478 kb)


Video 2: Waves of extracellular potassium (APG-4) in a growing biofilm.
Waves of extracellular potassium (APG-4) in a growing biofilm. (MP4 637 kb)


Video 3: Oscillations in membrane potential (ThT) in a wild type and yugOΔtrkA mutant biofilm
The yugOΔtrkA mutant strain lacks the gating domain for the YugO potassium channel and is unable to signal the edge of the biofilm. (MP4 348 kb)
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Gürol Suel and colleagues show that ion channels in bacterial biofilms, which have no known functional role, conduct long-range electrical signals within the biofilm community through the propagation of potassium ions. Metabolic coordination between spatially segregated cells in a Bacillus subtilis biofilm is shown to be dependent on ion channel activity. Metabolic limitation triggers activation of the YugO potassium channel, which also propagates the extracellular potassium signal within the biofilm, resulting in a wave of depolarization that coordinates metabolic states among cells in the interior and periphery of the biofilm. Using a simple mathematical model the authors demonstrate that YugO channel gating is sufficient to promote efficient electrical communication between distant cells.
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