www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Electrical integrity and week-long
oscillation in fungal mycelia

Yu Fukasawa'", Daisuke Akai%*, Takayuki Takehi? & Yutaka Osada3

The electrical potential of the mycelia of a cord-forming wood decay fungus, Pholiota brunnescens,
was monitored for over 100 days on a plain agar plate during the colonization onto a wood bait.
Causality analyses of the electrical potential at different locations of the mycelium revealed a clear
and stable causal relationship with the directional flow of the electrical potential from the hyphae at
the bait location to other parts of the mycelium. However, this causality disappeared after 60 days

of incubation, coinciding with the onset of slow electrical oscillation at the bait location, which
occurred over one week per oscillation cycle. We speculated that the hyphae that initially colonized
the bait may act as a temporary activity center, which generates electrical signals to other parts of the
mycelium, thereby facilitating the colonization of the entire mycelial body to the bait. The week-long
electrical oscillation represents the longest oscillation period ever recorded in fungi and warrants
further investigation to elucidate its function and stability in response to environmental stimuli.
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Saprotrophic cord-forming basidiomycetes are widely distributed at the soil/litter interface on the forest floor".
They generate persistent linear cords, which are collections of parallel-aligned hyphae, that form extensive net-
works and search for dead plant material, such as leaf litter and dead wood, to acquire nutrients'. In addition,
these fungi facilitate the transfer of carbon and nutrients across their mycelial networks?, thus playing a vital
role in the cycling and redistribution of carbon and nutrients on the forest floor.

The behavior of cord-forming basidiomycetes has been extensively studied using soil microcosm systems**.
In these systems, a wood block that has been colonized by cord-forming basidiomycete functions as an inocu-
lum when placed on the surface of a compressed soil plate in a dish, which leads to mycelial growth out from
the inoculum onto the soil. This mycelium then colonizes any newly encountered wood blocks (baits), forming
a cord network between the inoculum and bait. Using this method, previous studies have identified a variety
of “intelligent” behaviors in the fungal mycelia, such as decision-making based on nutrient status and past
experiences®®. For example, if a bait size exceeds a certain threshold, the mycelium will abandon the inoculum
and migrate toward the bait, which indicates a decision-making process by the fungal mycelia that is dependent
on the resource size®. Moreover, it was discovered that mycelia retain the memory of the bait’s direction even
after the established cord connections were completely severed®. Similarly, a local disturbance of the mycelial
network, which acts as a negative stimulus, also triggers memory formation and is related to decision-making
in fungal mycelial behavior®. However, the mechanisms underlying these intelligent mycelial behaviors remain
largely unexplored.

As an integrated system, the fungal mycelium transports materials and signals across its network, which is
essential for the coordinated behavior of the mycelium?. Studies using radioactive tracers have demonstrated the
simultaneous bi-directional translocation of nitrogen, phosphorus, and carbon across the mycelial network®4.
In mycorrhizal fungi, the transfer of signal molecules through the hyphae facilitates interplant communication
via the fungal network!>!®. Moreover, electrical signals, which are utilized by various organisms from unicellular
aneural systems to multicellular neural systems for cognitive behavior'”, may also play a critical role in signal-
ing across the mycelial networks, thereby potentially offering a quicker alternative to liquid transport within
the hyphae!®. Previous studies have revealed that the mycelia of wood decay fungi, such as oyster mushrooms
(Pleurotus spp.) and honey mushrooms (Armillaria spp.), exhibit spontaneous oscillation in electrical potential as
well as action potential-like responses to environmental stimuli, including light, fire, salt, water, alcohol, carbon
resources, and weight'®-2*, Furthermore, Adamatzky and colleagues observed that electrical action potential-
like responses induced by environmental stimuli were identified not only in the focal fruit body but also in
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neighboring, undisturbed fruit bodies, which suggests the possibility of electrical signal transfer across fruit
bodies via mycelial connections in Pleurotus spp.’>?. Similarly, Fukasawa et al.>® reported that the fruit bodies
of an ectomycorrhizal fungus Laccaria bicolor exhibited electrical potential following a rainfall event, with causal
relationships observed in their patterns across the neighboring fruit bodies. Nonetheless, this transfer of electrical
signals across the entirety of the mycelia remains a subject of debate and ongoing research®.

In the present study, we measured the electrical potential at several points within a pure-cultured colony of a
wood decay cord-forming basidiomycete Pholiota brunnescens on plain agar plates. The aim was to demonstrate
the transfer of electrical signals related to stimuli (i.e., the addition of bait wood) across the mycelium by utilizing
causality analysis of time-series data of electrical potentials that were recorded by electrodes attached at several
points within a colony. P. brunnescens is a cosmopolitan species, and its mycelia have been revealed to possess
a directional memory of wood bait”.

Materials and methods

Experimental setup

We prepared Petri dishes (9 cm in diameter, 1.5 cm thick, Sanplatec Corp., Osaka, Japan) with seven subdermal
needle electrodes (SPES MEDICAL SRL. Via Buccari 21, 16,153 Genova, Italy) that extended through the lid to
the bottom of the dishes to measure the electrical potential of the mycelium on the water agar medium (Fig. 1).
The electrodes that penetrated the lid were secured in place using UV resin (Kiyohara, Osaka, Japan). Before
use, the dishes were sterilized with ethylene oxide gas at 55 °C for 2 h. A mycelial plug, which was cut out from
an actively growing colony of P. brunnescens on a malt extract agar plate (0.5% malt extract, 1.5% agar, w/v;
Nakalai Tesque, Kyoto, Japan), was placed at the center of the water agar media (1.5% agar, w v''; Nakalai Tesque,
Kyoto, Japan) in the electrode-equipped dish. The P. brunnescens strain (NITE Biological Resource Center,
NBRC culture collection, strain #110175) was sourced from the dead wood of Pinus densiflora® . This fungus
was selected based on the findings from our previous study, which demonstrated that this species possessed a
directional memory of wood bait, thus suggesting an anticipated signal response throughout the mycelium when
in proximity to the bait’.

A pine wood block (P, densiflora; 1 x 1 x 1 cm?) was sterilized three times with a one-day interval between
each autoclaving and positioned on the water agar within the electrode dish, adjacent to one of the outermost
electrodes (Fig. 1). To facilitate electrode penetration, a fine hole (3 mm in diameter) was drilled through the
block before its sterilization. We prepared three replicate dishes with a wood block (bait), and an additional three
dishes without a wood block (control). These dishes were then incubated at 20°C in the dark.

Recording of electrical potential

Recording of the electrical potential of the water agar plate was initiated within one day following the experiment
setup. The electrical potential of the dishes was captured using a GRAPHTEC GL840-M Midi Logger (GRAPH-
TEC, Kanagawa, Japan). The electrical activity from the electrodes was logged every 10 min. This recording
process continued for 104 days, during which the dishes were incubated. Throughout this incubation period, the
margin of the colony was monitored to determine the timing at which the hyphal front reached the electrodes
and the wood block. Note that the records contain several brank periods because of occasional power outages.

Statistical analysis

Utilizing the time-series data of the electrical activity from the six electrode channels, we estimated the trans-
fer entropy (TE)* to identify potential causal relationships among the various points within a P. brunnescens
colony. Transfer entropy, also known as a generalization of Granger causality, quantifies the directional flow of
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Figure 1. Schema (A) and picture (B) of a Petri dish equipped with the six subdermal electrodes, with a “base”
electrode at the center (inoculum). The interval between electrodes was 1.5 cm each. A sterilized pine wood
block (1x1x1 cm?) was placed onto the agar as bait at the location of electrode CH4.
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information between two entities in a nonparametric manner®. More precisely, it defines the flow of information
from a causal variable (x;) to an effect variable (y;—p) with a causal time delay p is defined as follows:

T
1 Xt|Vt—ps Xt Xt—2T> + + s Xt —
TEszIOgP( t|Y1—ps Xt—z5 Xt—21 {—Er)
T =1 P(Xe|Xt—7s X¢—275 -+ s X¢—Er)

where E and 7 represent the embedding dimension of the causal variable and the time interval required for
the embedding time delay, respectively, and T is the number of time points. In this study, we used the unified
information-theoretic causality (UIC) method to estimate the TE and assess its significance®. To reduce the
bias effects because of the small sample size, we applied effective transfer entropy (ETE), which adjusts for bias
using surrogate data’!.

Before conducting the UIC analysis, the time-series data of the electrical activity were first differenced to
create a stationary time-series. In addition, we limited our analysis to the time-series data from the first 90 days
to maintain system consistency. The embedding dimension (E) was selected to enhance the predictive accuracy
of the simplex projection method*. The time interval (t) was set to the recording interval (i.e., 10 min) because
the electrical activity of P. brunnescens is expected to change within a shorter time scale than the recorded inter-
val. In the UIC analysis, we calculated the daily ETE rather than aggregating across the entire recorded 90 days,
which enabled us to examine the temporal changes in the information flow. The analysis was conducted using a
causal time delay (p) of 10 min, 720 min (12 h), 1440 min (1 day), and 7200 min (5 days) to assess the duration
of causal influence. However, in the main text, we only present the results for the 1-day causal time delay because
there was no qualitative difference in our findings across these intervals.

Results

The colony margin of P. brunnescens growing on plain agar reached the CH1-3 electrodes, located 15 mm from
the center of the dish, on days 4-6, which coincided with an increase in the electrical potential of these electrodes
(Fig. 2). Subsequently, the colony margin extended to the electrodes CH4-6, positioned 30 mm from the center
of the dish, on the days 8-12, which corresponded with an increase in the electrical potential of these electrodes.
The electrical potential at electrode CH4 in the baited dishes exhibited a distinct oscillation after day 63 (Fig. 2),
with an oscillation period of approximately seven days.

The UIC analysis revealed significant causal effects across the electrodes in both the baited and control dishes
(Fig. 3). In the baited dishes, when the time delay in the causal effects was set to one day, the electrodes exhibited
significantly large and stable ETE values, particularly during the first ca. 60 days, although the magnitude of the
ETE values varied among the electrode pairs within a dish. Intriguingly, these stable ETEs in the baited dishes
diminished after ca. 60 days in most electrode pairs, which coincides with the onset of obvious oscillations at
electrode CH4 (i.e., the baited location). Furthermore, in the Bait_2 and Bait_3 dishes, large and stable ETE values
were observed when electrode CH4 was used as the causal electrode, which suggests the potential directionality
of the causal effects from electrode CH4 to the other electrodes. However, in the Bait_1 dish, significantly large
and stable ETE values were observed in most electrode pairs in both directions and were not limited to the pairs
involving electrode CH4. Similarly, in the Bait_2 dish, electrode CH3, in addition to electrode CH4, exhibited
significantly large and stable ETE values with the other electrodes. These patterns in the causal effects between
electrodes in the baited dishes were consistent across different time delays (10 min, 12 h, 5 days) (Supplementary
Fig. S1). In contrast to the baited dishes, significantly large ETEs were observed in both directions for each pair
of electrodes, without any discernible patterns during the incubation period (Fig. 2; Supplementary Fig. S1).

Discussion

The synchronized timing of the colony growth around the electrodes and the increase in the electrical potentials
at the focal electrodes suggest that fungal hyphae can alter the electricity of their surrounding environment. This
is likely because of the physiological activities of hyphae, such as the transporting and exuding of nutrients and
metabolites from hyphae to the agar®. For instance, wood decay fungi are known to secrete oxalic acid from
their hyphae to reduce the environmental pH to their optimum range (pH 4-6)**, which could alter the electron
density in the surrounding agar. The significant causal effects in the electrical potential across the electrodes sug-
gest that the mycelium of P. brunnescens integrates its physiological activities and can transfer electrical potential
across the different parts of the mycelial body. This is not surprising considering the notion of self-integration
of the fungal mycelium proposed more than 20 years ago® and recent studies that have reported the transfer of
electrical potential in several wood decay fungi?'*>3¢.

A particularly exciting finding emerged from the dishes that contained wood bait, where the presence of
the wood bait had a strong effect on the electrical patterns. First, a clear and long-period oscillation of electri-
cal potential was observed at the baited position. Previous studies have reported a variety of oscillation time
periods ranging from milliseconds to 20-40 s in action potential-like activities of the fungal mycelia'®*"*, to
about 30 min in the extracellular electrical potential of Pleurotus sporocarps®, and 20-24 h (also referred to as
circadian rhythms) in the electrical or physiological oscillation of fungal mycelia'®**-*!. Because the measured
electrical potential was not the action potential that occurred at the plasma membrane of the fungal cells but
was likely attributable to the transportation and exudation of nutrients and metabolites®, it is reasonable that
the oscillation period tended to be longer than those of previous reports. Nevertheless, the seven-day oscillation
period observed in the present study was longer than any previously reported oscillation period. The mechanisms
underlying this long-term oscillation period in the fungal mycelia are not known but may reflect the cycle of
fungal wood decay activities. Previous studies have shown that wood decay by fungi can alter the electrical resist-
ance of wood by secreting cations*>*. These effects might vary depending on the fungal species, corresponding
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Figure 2. Electrical potential (mV) recorded on the electrodes in the three dishes with a pine wood block
(Bait_replicate no.) and the three control dishes without wood bait (Cont_ replicate no.). Electrode CH4 in the
bait dishes corresponds to the location of the wood bait.

to their types of wood decay (brown rot and white rot)*?. Therefore, future research should compare these effects
across various wood decay fungi.

Second, the strength of the significant causal effects remained stable throughout the duration of the incubation
period in baited dishes, whereas the strength of the causal effects varied considerably in the control dishes. The
strong and stable causal effects in the baited dishes suggested the emergence of strong and constant rhythms of
electrical activities that were integrated across the entire mycelial network. Because this stability of the causal
relationships was not observed in control dishes, resource availability might be the source of this electrical integ-
rity in the mycelial systems. Similarly, in the oscillatory phenomena of nutrient transfer across the mycelium, the
oscillation time period was not unified across the mycelium when the mycelium was still growing and searching
for resources®. However, after the mycelium had grown sufficiently in the dish and colonized the resource(s),
the oscillation became integrated across the mycelium?®. Furthermore, fungal mycelia are able to synchronize
their oscillation rhythms of nutrient transfer after the fusion of multiple but genetically identical mycelia, even
when their original rhythms were different before fusion®.

Third, in the baited dishes, significantly large causal relationships were mostly restricted to the electrode pairs
that included electrode CH4 (the bait location) as the Causal electrode. This suggests that causal relationships
in the electrical activities had a potential directionality from electrode CH4 to the other electrodes. This result,
combined with the second point discussed above, suggests that the hyphae colonizing the wood bait functioned
as a pacemaker of the electrical activities and affected the electrical activities of the entire mycelial body within a
dish. Although fungal mycelia do not have a constant “active center” like the heart or brain of mammalian bodies,
every part of their hyphal body might be able to act as the temporal center of activity in response to local stimuli,
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Figure 3. Effective transfer entropy (ETE) in the three replicate dishes with a pine wood block (Bait_ replicate
no.) and the three control dishes without wood bait (Cont_ replicate no.) during the incubation period (days
0-90). The rows in the figure represent the Causal electrodes, and the columns represent the Result electrodes. A
dot indicates the average ETE per day: red, significant (p <0.05); blue, not significant. The causal time delay was

set to be one day.

such as resource deposition®**. In slime molds, which have a body system with an uncentralized network similar
to that of fungi, local changes in oscillation because of environmental stimuli spread into neighboring parts of
the network, thus forming modules of synchronized oscillation rhythms that are ultimately stored as memory
of the original stimuli within the network®. This process is considered as an important mechanism of learning
in slime molds. Similarly, in the mycelial body of cord-forming wood decay fungi, previous studies have sug-
gested that they may have a memory of the direction of resources®”. If the baited parts of the fungal mycelium
act as a temporal pacemaker of electrical oscillation and affect other parts of the mycelium, as shown in the
present study, this process could be a mechanism of memory and learning in fungal mycelia. Furthermore, the
application of artificial electrical fields, that alter or disturb fungal electrical rhythms, may in turn affect fungal
wood decay activities*.

Fourth, the significance of the causal effects across the electrodes in baited dishes disappeared when a clear
and large-magnitude oscillation of electrical potential started at the baited position around day 60 from the
start of the experiment. It has been reported that the mycelia of P. brunnescens leave their original resource and
completely migrate to the new resource within 42 days when the mycelium is energetically starved’. Because the
present study was conducted on plain agar, the wood bait was almost the only available resource in the system
except for some carry-over from the inoculum agar plug at the center, which may be negligible. Therefore, in
the present study, it might be possible that the majority of mycelium of P. brunnescens had already moved into
the wood bait from other parts of the agar medium after 60 days of incubation, although we did not assess the
viability of mycelium at the position of every electrode after the experiment. Another possibility is that the myce-
lium was still viable all over the mycelium on the agar, and the oscillation that started after 60 days of incubation
might generate a longer-term causal relationship across the mycelium. In this study, we could not analyze the
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causal effects for longer than five days because of the data limitation. Monitoring studies with longer oscillation
duration without blank periods are required in the future.

In summary, we found significant causal effects in the electrical activities across the mycelium of a cord-
forming wood decay basidiomycete, P. brunnescens, with potential directionality from the baited location to other
parts of the mycelium. This observation was made via long-term (> 100 days) monitoring of electrical potential
in the mycelia. We also found stable electrical oscillation in the baited mycelia, and the oscillation period (seven
days) was longer than any previously reported oscillatory phenomena in fungi to date. These results indicate the
presence of an undiscovered electrical signal transfer and whole-body integration in fungal mycelia, which is
important for understanding the flexible and integrated behavior of fungal mycelia**.

Data availability

The data presented in this study are available on request from the corresponding author.

Received: 24 March 2024; Accepted: 28 June 2024
Published online: 06 July 2024

References
. Boddy, L. Saprotrophic cord-forming fungi: Warfare strategies and other ecological aspects. Mycol. Res. 97, 641-655 (1993).
. Fricker MD, Heaton LLM, Jones NS, Boddy L (2017) The mycelium as a network. Microbiol Spectr 5: FUNK-0033-2017.
. Boddy, L. Saprotrophic cord-forming fungi: Meeting the challenge of heterogeneous envirounments. Mycologia 91, 13-32 (1999).
. Boddy, L., Hynes, J., Bebber, D. P. & Fricker, M. D. Saprotrophic cord systems: Dispersal mechanisms in space and time. Mycosci-
ence 50, 9-19 (2009).
5. Donnelly, D. & Boddy, L. Repeated damage results in polarised development of foraging mycelial systems of Phanerochaete velutina.
FEMS Microbiol. Ecol. 26, 101-108 (1998).
6. Fukasawa, Y., Savoury, M. & Boddy, L. Ecological memory and relocation decisions in fungal mycelial networks: Responses to
quantity and location of new resources. ISME J. 14, 380-388 (2020).
7. Fukasawa, Y. & Kaga, K. Timing of resource addition affects the migration behavior of wood decomposer fungal mycelia. J. Fungi
7,654 (2021).
8. Fukasawa, Y. & Ishii, K. Foraging strategies of fungal mycelial networks: Responses to quantity and distance of new resources.
Front. Cell Dev. Biol. 11, 1244673 (2023).
9. Wells, J. M. & Boddy, L. Wood decay, and phosphorus and fungal biomass allocation, in mycelial cord systems. New Phytol. 116,
285-295 (1990).
10. Wells, J. M. & Boddy, L. Translocation of soil-derived phosphorus in mycelial cord systems in relation to inoculum resource size.
FEMS Microbiol. Ecol. 17, 67-75 (1995).
11. Wells, J. M., Hughes, C. & Boddy, L. The fate of soil-derived phosphorus in mycelial cord systems of Phanerochaete velutina and
Phallus impudicus. New Phytol. 114, 595-606 (1990).
12. Wells, J. M., Boddy, L. & Evans, R. Carbon translocation in mycelial cord systems of Phanerochaete velutina (DC.: Pers.) Parmasto.
New Phytol. 129, 467-476 (1995).
13. Hughes, C. L. & Boddy, L. Sequential encounter of wood resources by mycelial cord of Phanerochete velutina: Effect on growth
patterns and phosphorus allocation. New Phytol. 133, 713-726 (1996).
14. Tlalka, M., Bebber, D. P, Darrah, P. R., Watkinson, S. C. & Fricker, M. D. Emergence of self-organised oscillatory domains in fungal
mycelia. Fungal Gen. Biol. 44, 1085-1095 (2007).
15. Song, Y. Y. et al. Interplant communication of tomato plants through underground common mycorrhizal networks. Plos one 5,
€13324 (2010).
16. Johnson, D. & Gilbert, L. Interplant signalling through hyphal networks. New Phytol. 205, 1448-1453 (2014).
17. Hanson, A. Spontaneous electrical low-frequency oscillations: A possible role in Hydra and all living systems. Phil. Trans. R. Soc.
B 376,20190763 (2021).
18. Olsson, S. & Hansson, B. S. Action potential-like activity found in fungal mycelia is sensitive to stimulation. Naturwissenschaften
82,30-31 (1995).
19. Oguntoyinbo, B. et al. Development of the SMA (Speaking Mushroom Approach) environmental control system: Automated
cultivation control system characterization. Environ. Control Biol. 53, 55-62 (2015).
20. Adamatzky, A. On spiking behaviour of oyster fungi Pleurotus djamor. Sci. Rep. 8, 7873 (2018).
21. Adamatzky, A. Towards fungal computer. Interface Focus 8, 20180029 (2018).
22. Adamatzky, A. & Gandia, A. Living mycelium composites discern weights via patterns of electrical activity. J. Bioresour. Bioprod.
7,26-32 (2021).
23. Adamatzky, A., Gandia, A. & Chiolerio, A. Fungal sensing skin. Fungal Biol. Biotechnol. 8, 3 (2021).
24. Adamatzky, A., Nikolaidou, A., Gandia, A., Chiolerio, A. & Dehshibi, M. M. Reactive fungal wearable. BioSystems 199, 104304
(2021).
25. Fukasawa, Y., Akai, D., Ushio, M. & Takehi, T. Electrical potentials in the ectomycorrhizal fungus Laccaria bicolor after a rainfall
event. Fung. Ecol. 63, 101229 (2023).
26. Itani, A. et al. Local calcium signal transmission in mycelial network exhibits decentralized stress responses. PNAS Nexus 2, 1-10
(2023).
27. Fukasawa, Y. Fungal succession and decomposition of Pinus densiflora snags. Ecol. Res. 33, 435-444 (2018).
28. Schreiber, T. Measuring information transfer. Phys. Rev. Lett. 85, 461-464 (2000).
29. Barnett, L., Barrett, A. B. & Seth, A. K. Granger causality and transfer entropy are equivalent for gaussian variables. Phys. Rev. Lett.
103, 238701 (2009).
30. Osada, Y., Ushio, M. & Kondoh, M. Unified understanding of nonparametric causality detection in time series. BioRxiv. https://
doi.org/10.1101/2023.04.20.537743 (2023).
31. Marschinski, R. & Kantz, H. Analysing the information flow between financial time series—An improved estimator for transfer
entropy. Eur. Phys. J. B 30, 275-281 (2002).
32. Sugihara, G. & May, R. M. Nonlinear forecasting as a way of distinguishing chaos from measurement error in time series. Nature
344, 734-741 (1990).
33. Adamatzky, A., Schunselaar, E., Wosten, H. A. B. & Ayres, P. Multiscalar electrical spiking in Schizophyllum commune. Sci. Rep.
13, 12808 (2023).
34. Schmidt, O. Wood and tree fungi (Springer, 2006).
35. Rayner, A. D. M., Watkins, Z. R. & Beeching, J. R. Self-integration—an emerging concept from the fungal mycelium. In The fungal
colony (eds Gow, N. A. R. et al.) (Cambridge University Press, 1999).

BN =

Scientific Reports |

(2024) 14:15601 | https://doi.org/10.1038/s41598-024-66223-6 nature portfolio


https://doi.org/10.1101/2023.04.20.537743
https://doi.org/10.1101/2023.04.20.537743

www.nature.com/scientificreports/

36. Mayne, R., Roberts, N., Phillips, N., Weerasekera, R. & Adamatzky, A. Propagation of electrical signals by fungi. BioSystems 229,
104933 (2023).

37. Slayman, C. L., Scott Long, W. & Gradmann, D. “Action potentials” in Neurospora crassa, a mycelial fungus. Biochem. Biophys.
Acta 426, 732-744 (1976).

38. Takeshita, N. et al. Pulses of Ca®* coordinate actin assembly and exocytosis for stepwise cell extension. PNAS 114, 5701-5706
(2017).

39. Fricker, M. D. et al. Fourier-based spatial mapping of oscillatory phenomena in fungi. Fungal Genet. Biol. 44, 1077-1084 (2007).

40. Brody, S. Circadian rhythms in fungi: structure/function/evolution of some clock components. J. Biol. Rhythm. 34, 364-379 (2019).

41. Newman, A. et al. Circadian rhythms in the plant host influence rhythmicity of rhizosphere microbiota. BMC Biol. 20, 235 (2022).

42. Brischke, C., Stricker, S., Meyer-Veltrup, L. & Emmerich, L. Changes in sorption and electrical properties of wood caused by fungal
decay. Holzforschung 73, 445-455 (2019).

43. Gao, S., Yue, X. & Wang, L. Effects of the degree of decay on the electrical resistance of wood degrated by brown-rot fungi. Can.
J. For. Res. 49, 145-153 (2019).

44. Olsson, S. Nutrient translocation and electrical signalling in mycelia. In The fungal colony (eds Gow, N. A. R. et al.) (Cambridge
University Press, 1999).

45. Boussard, A. et al. Adaptive behaviour and learning in slime moulds: The role of oscillations. Phil. Trans. R. Soc. B 376, 20190757
(2021).

46. Treu, A. & Larngy, E. Impact of a low pulsed electric field on the fungal degradation of wood in laboratory trials. Int. Biodeter.
Biodegr. 114, 244-251 (2016).

Acknowledgements
This study was funded by KIOXIA Corporation (grant number J210000830) and JSPS KAKENHI (grant number
22H05669).

Author contributions

YF: conceptualization, methodology, writing-original draft and review, supervision, funding acquisition, DA,
TT: methodology, writing-review. YO: data analysis, writing-review. All authors contributed to the article and
approved the submitted version.

Competing interests
The authors declare no Competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-66223-6.

Correspondence and requests for materials should be addressed to Y.F.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:15601 | https://doi.org/10.1038/s41598-024-66223-6 nature portfolio


https://doi.org/10.1038/s41598-024-66223-6
https://doi.org/10.1038/s41598-024-66223-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electrical integrity and week-long oscillation in fungal mycelia
	Materials and methods
	Experimental setup
	Recording of electrical potential
	Statistical analysis

	Results
	Discussion
	References
	Acknowledgements


