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Abstract 

Electrical signaling is a fundamental mechanism for inte gr ating environmental stimuli and coordinating responses in living organ- 
isms. While extensi v el y studied in animals and plants, the role of electrical signaling in fungi r emains a largel y under explor ed field. 
Early studies suggested that filamentous fungi generate action potential-like signals and electrical currents at hyphal tips, yet their 
function in intracellular comm unication r emained unclear. Renewed interest in fungal electrical activity has fueled developments 
such as the hypothesis that m ycorrhizal netw orks facilitate electrical communication between plants and the emerging field of fungal- 
based electronic materials. Given their continuous plasma membr ane , specialized septal pores, and insulating cell wall structures, fil- 
amentous fungi possess ar c hitectur al features that could support electrical signaling over long distances. Ho wever, stud ying electrical 
phenomena in fungal networks presents unique challenges due to the microscopic dimensions of hyphae, the structural complexity 
of highly modular mycelial networks, and the limitations of traditional electrophysiological methods. This re vie w synthesizes current 
evidence for electrical signaling in filamentous fungi, evaluates methodological approaches, and highlights experimental challenges. 
By addressing these challenges and identifying best practices, we aim to advance resear c h in this field and provide a foundation for 
future studies exploring the role of electrical signaling in fungal biology. 

Ke yw ords: electrical signaling; modularity; filamentous fungi; ion channels; mycelium 
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Introduction 

For all living organisms , sensing en vir onmental stim uli and inte- 
grating this information to generate a response are fundamental 
pr ocesses for surviv al. Ther e ar e se v er al mec hanisms that or gan- 
isms use for this coordination, including electrical signaling. Elec- 
trical signaling constitutes a r a pid and reliable way of intra- and 

intercellular communication (Katz 1961 , Keener and Sneyd 2009 ).
Speculation about the importance of electricity in the func- 

tioning of a living organism dates back to 1780, following Luigi 
Galv ani’s seminal observ ation of m uscle contr action in r esponse 
to electrical currents (Piccolino 1998 ). Since this discovery, the 
connection between electricity and biology has been extensiv el y 
investigated (Piccolino 1998 , Canales et al. 2018 ). The role of elec- 
tricity in cellular communication has been primarily investigated 

in animals, in particular mammals, given its importance for the 
functioning of the nervous system. In animal models, the trans- 
mission of an electrical signal between cells is driven by action 

potentials that result from specific stimuli. Briefly, action poten- 
tials are defined as a response to changes in voltage across the 
cell membr ane, whic h r esult fr om ion (e.g. Na + , Ca 2 + , or K 

+ ) redis-
tribution across the membrane. Depolarization that causes the 
cell to r eac h a certain volta ge thr eshold gener ates a “spike” that 
is c har acteristic of these action potentials, which can then 
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r opa gate along a cell and pass between adjacent cells
Häusser 2000 ). 

Electrical signaling is now recognized to be ubiquitous across 
ll domains of life, from bacteria to animals and plants (Piccolino
998 , Brenner et al. 2006 , Prindle et al. 2015 ). Ho w e v er, the mec h-
nisms and outcomes of electrical signaling v ary acr oss these do-
ains . For instance , processes mediated by electrical signaling for

ell-to-cell communication include the excitation of muscles by 
erves in animals (Piccolino 1998 ), the rapid closing of stomata
r leaf tr a ps in Dionaea muscipula (the Venus flytr a p plant) (Böhm
t al. 2016 , Blatt 2024 ), and tissue r egener ation and organization
n plants (Nuccitelli 1988 , 2003 , Brenner et al. 2006 , Clarke et al.
013 , Beagle and Lockless 2015 , Prindle et al. 2015 , Levin et al.
017 , Szechy ́nska-Hebda et al. 2017 , McLaughlin and Levin 2018 )
nd animals (Harris 2021 ). Unicellular or ganisms, suc h as bacteria
ound in biofilms, also utilize electrical signaling to aid in commu-
ity coordination and response to envir onmental c hanges (Prindle
t al. 2015 ). 

In fungi, diverse electrophysiological beha viors , including the 
eneration of action potential-like signals (Olsson and Hansson 

995 ) or the generation of currents in the hyphal tips (Stump et al.
980 , Gow 1984 , Horwitz et al. 1984 ) w ere sho wn in studies con-
ucted in the late 20th century. Ho w e v er, the r ole of electrical sig-
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aling as a mechanism of intracellular communication was not
rr efutabl y shown in these early studies, and pr ogr ess in the field
talled. Recent studies have sparked r ene wed inter est in the topic,
articularly in relation to the importance of filamentous fungi in
oil ecosystems (Hunter 2023 ). The hypothesis of a “Wood Wide
eb” considers plants being connected to each other via the com-
on mycorrhizal network (CMN) (Simard and Durall 2011 ) and

eing able to communicate with each other using electrical sig-
aling. This hypothesis is partly based on measurements of elec-
rical currents in the plant–fungus interaction zone in roots, as
ell as the induction of changes in transmembrane potentials in

erm tubes of mycorrhizal fungi exposed to plant root extracts
Berbara et al. 1995 , Ayling et al. 2000 ). Although this highlights the
otential importance of fungal electrical signaling at the le v el of
cosystems, the existence of the CMN and its role in interspecies
ommunication is still highly debated (Karst et al. 2023 ). On the
ther hand, the proposed use of fungal mycelium for the gen-
ration of innovative materials with electric conductive proper-
ies such as sensors or so-called fungal computers (Li et al. 2022 ,
eyer 2022 , Jo et al. 2023 , Mayne et al. 2023 , Hyde et al. 2024 , Jones

t al. 2024 ) has also contributed to the r ene wed inter est in the
rea. 

Fungi are a clade of eukaryotic microorganisms with remark-
bl y div erse physiologies and metabolisms and can perform nu-
erous ecological functions. Morpholog ically, fung i range from

nicellular yeast to multicellular forms such as molds and mush-
ooms (James et al. 2020 ). Regardless of the a ppar ent mor pholog-
cal complexity of one or the other growth mode, yeast and fila-

entous fungi are important models to study fundamental pro-
esses of eukaryotic cells (van der Klei and Veenhuis 2006 ). More-
 ver, filamentous fungi ha ve been used by humankind as versatile
nd robust cell factories, but to exploit their full potential we need
o overcome the limited knowledge of fungal biology (Meyer et al.
016 ). 

Multicellular filamentous fungi ar e tip gr owing or ganisms
howing a radial three-dimensional growth of tube-like struc-
ures called hyphae . T his mor phology can be consider ed ideall y
uited for electrical signaling as hyphae contain a continuous
lasma membrane and cell wall. Furthermore, the cell wall can
e coated with hydrophobins (i.e. surface active amphiphile pro-
eins) (Wösten and de Vocht 2000 , Linder et al. 2005 , Kulkarni et
l. 2017 ) and other compounds such as melanin. These structural
omponents and the cell wall pol ysacc harides could have a po-
ential role in insulating the interior of the fungal cell, prevent-
ng electrical leaking, a function carried out b y my elin in neu-
 ons (Mor ell and Quarles 1999 ). Filamentous fungi fr om basal
lades (i.e. Mucoromycota) often have coenocytic (continuous cy-
oplasm) hyphae, but higher fungi (Dikarya) utilize septal pores
o compartmentalize their hyphae continuum (Rayner et al. 1995 ,
ricker et al. 2007 , Harris 2008 ). These pores regulate the exchange
nd transport of nutrients , macromolecules , organelles , and pla y
 role in cellular differentiation and reproduction (Fischer 1999 ,
badeh and Lew 2013 ). Septa can be closed by plugging to prevent

oss of cytoplasm content after hyphal damage (Markham 1994 ,
teinberg et al. 2017 ), or in response to deleterious biological inter-
ctions such as mycoparasitism (Gimeno et al. 2021 ). This means
hat the cytoplasm in Dikarya is not always continuous and the
r opa gation of c hemical signals via cytoplasmic bulk flow can be

nefficient. Conv ersel y, plasma membr ane continuity and, thus,
lectrical signaling, are not affected by septal pore plugging (Gow
nd Morris 1995 , Roper and Seminara 2019 ). In this way, electri-
al signaling could still allow for communication between distant
yphae within a mycelial network, e v en during times of distress
r physical disruption. 

A fascinating feature of multicellular fungi is the formation of
 mycelium, consisting of a network of interconnected hyphae
hat can gr ow, br anc h, fuse, and ada pt dynamicall y to envir on-

ental conditions (Fricker et al. 2017 ). The formation of such net-
 orks allo ws filamentous fungi to impr ov e nutrient acquisition
nd translocation (Rayner et al. 1995 , Harris 2008 , Fricker et al.
017 , Fischer and Glass 2019 ). The mycelial network is a highly
ynamic structure and its plasticity in space and time allows
ungi to cope with une v en or ephemeral distribution of resources
n complex environments such as soils (Hutchings et al. 2000 ).
he mycelium is inher entl y modular and provides an architec-
ur e that r esults in the ada ptability needed to exploit resources
nd thrive in heterogeneous environments (Fig. 1 ). Each hyphal
egment functions semiindependently, enabling the organism to
llocate r esources flexibl y and r espond locall y to stim uli suc h as
utrient availability or stress. Experiments performed with wood
 otting fungi hav e sho wn that netw ork structur e can c hange v ery
 a pidl y when ne w r esources ar e discov er ed by a for a ging mycelial
ront (Wood et al. 2006 ). The speed and extent of the r eor ganiza-
ion depend not only on the foraging strategy, but also on the size
nd quality of the ne w r esource, and the presence of competitors
Wood et al. 2006 ). This observed capability to rapidly reorganize
uggests the existence of one or se v er al systems to integrate in-
ormation from different areas in a mycelial network. 

Direct uptake and intrahyphal nutrient diffusion are consid-
red sufficient to sustain short-range local growth when resources
re abundant (Olsson 2001 ) or in slo w-gro wing fungal species (Ols-
on and Jennings 1991a , b , Darrah et al. 2006 , Ashford and All-
 wa y 2007 , Fricker et al. 2017 ). In other conditions, multiple trans-
ort pathwa ys (J ennings 1987 , Cairney 1992 , Heaton et al. 2012 ) or
r essur e-driv en delocalization of resources have been suggested
s mechanisms behind nutrient redistribution (Lew 2011 ). The
ost of these strategies is expected to increase the longer the dis-
ance (i.e. meters) to be cov er ed in the mycelial network (Fricker et
l. 2017 ). P assiv e mov ement with the mass flow r esulting fr om the
nflux–efflux of water could provide a less costl y alternativ e. How-
 v er, this cr eates a risk of excessive evaporation given the high sur-
ace area resulting from an extensive mycelial network (Fricker
t al. 2017 ). Mor eov er, passiv e mov ement cannot explain the in-
ersed flux of nutrients observed in fungal structures such as
ungal cords (Olsson and Gray 1998 ), which are specialized struc-
ures made of densely packed hyphae used for transport of nu-
rients and water over long distances (Townsend 1954 ). Inversed
ytoplasmic movement has also been observed in other special-
zed hyphae such as trunk hyphae (Schmieder et al. 2019 ). Recent
ork mapped and observed bidirectional flow in almost all hy-
hae of Rhizophagus irregularis A5, R. irregularis C2, and Rhizophagus
ggregatum . The fungal partners exchange nutrients with roots
nd thus bidirectional flow is essential to connecting the forag-
ng point to the plant host. A higher flow speed in larger hyphae
uggest the control of speed by the fungus to increase the volume
xc hanged in lar ger and mor e dir ect trunk hyphae (Oyarte Galv ez
t al. 2025 ). Pr essur e-driv en delocalization is also difficult to rec-
ncile with behaviors performed in distant areas of the mycelium
Roper and Seminara 2019 ). These examples suggest that filamen-
ous fungi need a mechanism to control c ytoplasmic flo w, espe-
ially when the mycelium is extended and/or when it acts as an
xc hange c hannel betw een tw o points. A larger v olume from a
igher number of auxiliary hyphae connected to larger trunk hy-
hae could explain an increased flo w. Ho w ever, this requires a fine
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Figure 1. Organization of a mycelial network. In soils, the mycelium needs to integrate a multitude of stimuli to coordinate the reorganization of its 
hyphal network. This allows to impr ov e nutrient acquisition and exploration and colonization of complex habitats. This decentralized growth strategy 
under pins man y unique featur es of fungal biology, including inter actions with other or ganisms. Stud ying how m ycelial networks integrate 
information across multiple spatial and temporal scales presents unique challenges, including the high spatial heterogeneity of actively growing 
structur es suc h as hyphal tips, wher e electrical curr ents ar e known to be pr oduced. Mor eov er, mor phological elements such as septal pores, as well as 
the structure and composition of the cell, appear ideally suited for electrical signaling. 
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control of network organization, and there is no data available 
for the moment that supports this hypothesis. All of the above 
pledges in favor of a different process for long-distance network 
coor dination as w ell as for coor dinating the modular behavior of 
the mycelial network. 

In other organisms such as animals, integration and response 
to environmental stimuli is coordinated by the nervous system,
which uses electrical signaling for fast responses. Ho w ever, the 
use of electrical signaling for communication and coordination of 
responses to environmental stimuli in plants shows that a central 
nervous system is not a r equir ement. In plants, electrical signal- 
ing regulates slo w er r esponses (e.g. r esponse time in minutes to 
hours) primarily for adapting to environmental stresses and reg- 
ulating physiological processes, but it is also used in faster pro- 
cesses such as the closing of the Venus’ fly trap or mimosa lea ves .
Electrical signaling in plants is mediated by the production of ac- 
tion potentials with the same k e y c har acteristics of those in an- 
imals, but with important differences in the molecular compo- 
nents of depolarization. While Na + ions are important in the gen- 
eration of action potentials in animals, plants are thought to re- 
quire Ca 2 + and Cl −, probably due to the high toxicity of sodium.
Resting membrane potentials for plants ar e ar ound −120 mV 

compared to the −70 mV for animals. Lastly, the speed of signal 
pr opa gation in plants is typically slo w er than that in animals (for 
instance, 5–25 cm s −1 in the Venus flytr a p v ersus 0.1–100 m s −1 

in nerves) (Lee and Calvo 2023 ). In addition, electrical signaling 
in plants also includes the generation of variation and systemic 
potentials (Zimmermann et al. 2009 , Vodeneev et al. 2015 ). Varia- 
tion potentials are long-distance intercellular electrical signals to 
coordinate functional responses under stressors. Like in the case 
of action potentials, variation potentials are created by transient 
membrane depolarization, although the dynamics of membrane 
potential changes are different (Vodeneev et al. 2015 ). Similar to 
c  
lants, fungi are sessile organisms that cannot escape stressors 
uc h as pr edators or nutrient scarcity, but m ust ada pt locall y. Ac-
ordingl y, electrical signaling suc h as v ariation and systemic po-
entials could be some of the mechanisms behind the coordinated
ehavior of mycelial networks (Vodeneev et al. 2015 ). 

The goal of this r e vie w is to provide an ov ervie w of the cur-
 ent e vidence for the existence of electrical signaling in filamen-
ous fungi and the challenges of applying traditional electrophys- 
ological techniques for this specific type of microorganism. These 
 hallenges ar e not onl y due to the small dimensions of individual
yphae and the differentiation of cells (e.g. hyphal tip), but also to
he spatial complexity of modular mycelial networks. In the sec-
nd part of this r e vie w, we pr esent a critical assessment of curr ent
ethods and expose experimental caveats that we have encoun- 

ered while trying to obtain novel evidence for electrical signaling
n filamentous fungi. The objective of this second part is to help
ther r esearc h gr oups to avoid costl y pitfalls and to encour a ge fu-
ure studies in the area. 

lectrophysiological phenomena in fungi 
n electrophysiology, one distinguishes two kinds of measure- 

ents, voltage and current. Voltage, or electrical potential, cor- 
esponds to a measure of the difference in charge between two
oints in an electrical field. In biological systems, this is often the
embr ane potential cr eated by the differ ences in ion concentr a-

ions inside and outside of a cell (i.e. across membranes) (Kamada
934 , Curtis and Cole 1942 ). Monitoring changes in the membrane
otential allows for the c har acterization of the process of depolar-

zation and repolarization that occur during an action potential 
Curtis and Cole 1942 ). In contr ast, curr ent is the flow of electri-
al c har ge per unit of time (per second). In biological systems, this
an correspond to the movement of ions acr oss membr anes (e.g.
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hrough ion channels) or, in some cases, c har ge conduction along
ells via electrons , ions , or specialized structures such as those
bserved in cable bacteria (Boschker et al. 2021 ). Ov er all, the stud-
es published so far suggest that the currents transmitted along
ungal hyphae are either of low intensity ( μA cm 

−2 ) (Gow and Mor-
is 1995 ) or low voltage (nV to μV), resulting in values lo w er than
hose that have been observed along animal neurons that are in
he mV range (Olsson and Hansson 1995 ). Accordingly, a record-
ng method needs to be not onl y ada pted to the magnitude of cur-
ents to be measured, but it also requires spatial awareness as to
here to perform the recordings given the potential complexity
nd diversity of mycelial networks. For instance, multiple studies
av e demonstr ated that specific ar eas of the mycelium ar e activ e
pon predator attack (Schmieder et al. 2019 ) or during the nu-
ritional exchange with plant hosts in mycorrhizal fungi (Oyarte
alvez et al. 2025 ). The latter study also sho w ed highly dynamic
etw ork remodeling. Accor dingly, it can be supposed that electri-
al signaling will not occur equally in all areas of the mycelial
etwork, nor that all hyphae or e v en hyphal segments are equally

nvolved in the conduction of the signal. Thus, it is essential to
nderstand and control where and what should be measured to
void the creation or measurement of artifacts or to generalize
he behavior from single point observations to the entire modular
rganism as in the case of filamentous fungi. In this section, we
ill first present studies focusing on measuring electrical poten-

ial in fungi, and then address the existence of ion channels in this
icr obial gr oup. An ov er all summary of r ele v ant studies r elated

o measuring electrical signaling and their findings is presented
 hr onologicall y in Table 1 . Ho w e v er, in the next sections, the dis-
ussion of the results was organized accordingly to the approach
sed or the electrophysiological process investigated. 

lectrical measurements in microscopic fungal structures 
he study of electrical signaling in microscopic fungal struc-
ures has been difficult due to technical challenges, particularly
n recording internal currents in hyphae. Two of the most tradi-
ional methods to record action potentials are the voltage or cur-
ent clamp. The patch clamp method, introduced by Neher and
akmann in 1974 (Neher and Sakmann 1976 ) using frog muscle
bers, enabled the dir ect measur ement of ion channel activity.
 his method in volv es forming a high-r esistance seal between a
lass pipette and a small patch of the cell membrane, allowing
or the measurement of membrane potential and ionic currents
ith high precision (Neher and Sakmann 1992 ). Traditional patch-

lamp tec hniques ar e r eliable and widel y a pplied in biological sys-
ems (Hamill et al. 1981 , Zhao et al. 2008 ), but face limitations in
ungal hyphae mainly due to their size (2–10 μm), but also to the
resence of a cell wall and its associated proteins (Martinac et al.
008 ). Accordingl y, measur ements with this a ppr oac h hav e been
ainly conducted in protoplasts obtained through enzymatic di-

estion on fungi-like cells of the oomycete Saprolegnia ferax (Garrill
t al. 1992 , 1993 , Garrill and Davies 1994 ), or by laser ablation of
he cell wall in Aspergillus niger (Roberts et al. 1997 ). Very r ecentl y,
 novel method was utilized for nano-surgical ablation of the cell
all across multiple locations, which provides a new approach for
r otoplast gener ation in living hyphae that can be amenable to fu-
ur e patc h-clamp studies of ion channels and their properties in
lamentous fungi (Paji ́c et al. 2024 ). 

In spite of all the c hallenges, electr ophysiological behaviors
ave been studied since the late 20th century in se v er al fungal
pecies (Gow 1984 , Harold et al. 1985 , Gow and Morris 1995 ). The
rst studies were based on the use of intracellular glass micro-
lectrodes . For this , sharp electrodes are used to penetrate the cell
embr ane, allowing r esearc hers to r ecord volta ge (differ ential be-
w een tw o points in the colony or between the inside and outside
f the cell membrane). This type of a ppr oac h has been particularly
seful for measuring the resting membrane potential and action
otentials in neur ons, pr oviding insights into cellular excitability

Brette and Destexhe ). The method can be applied to se v er al types
f micr oor ganisms, and the first intr acellular electrical r ecording
 v er made was the measurement of the resting membrane po-
ential in Paramecium (Takeo Kamada 1934 ). The first example of
heir use in fungi was the detection of electrical currents in the
pex of growing hyphae in Neurospora crassa . Differences in mem-
rane potential between the colony border (i.e. apex region) and
he area to w ar d the center of the colony w ere linked to polarized
rowth (Slayman and Slayman 1962 ). Glass micr oelectr odes in-
erted with micromanipulators to penetrate the fungal cell wall
ere also used for recording spontaneous voltage fluctuations re-

embling action potentials in fungi (Slayman et al. 1976 , Olsson
nd Hansson 1995 ). Conventional glass microelectrodes were di-
 ectl y inserted into the hyphae of N. crassa . The spontaneous ac-
ion potential-like behavior in this species involved depolariza-
ion and repolarization of the membrane with an apparent re-
ractory period, similar to action potentials (Slayman et al. 1976 ).
n another study with cords of Armillaria bulbosa , similar action
otential-like signals were induced when the growing mycelium
ontacted a piece of beech wood that was initially placed 1–2 cm
 wa y from the colony (Olsson and Hansson 1995 ). The signals
ecorded in cords were measured using a glass microelectrode
hat was inserted among the mycelial strands, with a reference
lectrode inserted into the agar medium. Pleurotus ostreatus was
ested with the same a ppr oac h, and similar results (i.e. recording
f action potential-like signals) were obtained in so-called “looser”
issue located at the edges of the colony. In both cases, the rate of
pontaneous firing was very similar (frequency of 0.5–5 Hz and
mplitude of 5–50 mV) to that recorded in animal sensory sys-
ems. Ho w e v er, this inv asiv e a ppr oac h could hav e alter ed fungal
ehavior, potentiall y compr omising the v alidity of the data. In ad-
ition, as shown by this pioneering work, this a ppr oac h cannot be
eneralized to all cell types of filamentous fungi, as the record-
ngs were unsuccessful with undifferentiated hyphae (Olsson and
ansson 1995 ). 
Further studies were possible thanks to the development of

xtr acellular vibr ating electr odes that allow the extr acellular
 ecording of hyphae-gener ated curr ents (Jaffe and Nuccitelli 1974 ,
uccitelli 1990 ). Vibrating microelectrodes are used primarily

o measur e extr acellular ion flow and electric fields . T his tech-
ique involves the vibration of a microelectrode at a fixed fre-
uency, which helps to detect small changes in volta ge r elated
o ionic movement in tissues. This a ppr oac h is particularly use-
ul in studying bioelectric fields generated by excitable tissues
uch as the heart and nervous system in a less inv asiv e man-
er (Dorn and Weisenseel 1982 , Nuccitelli 1990 ). Vibrating micro-
lectr odes hav e been emplo y ed in v arious studies to measur e cur-
 ents ar ound gr owing hyphal tips, during sporulation, and in re-
ponse to light stimuli (Stump et al. 1980 , Gow 1984 , Horwitz et
l. 1984 ). The first studies in fungi were inspired by the measure-
ents of a positiv e curr ent entering the rhizoid and leaving by

he thallus in the aquatic fungus Blastocladiella emersonii , in which
he current was believed to be carried by protons (Stump et al.
980 ). Similar studies with the oomycete Achyla showed that cur-
 ents wer e driv en by a pr oton flo w (inw ar ds in the tip and out-
 ar ds in the region a wa y from it and to w ar d the center of the

olony) (Armbruster and Weisenseel 1983 , Kropf et al. 1984 ). In
c hl ya , the use of intr acellular micr oelectr odes afterw ar ds helped
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(  
to demonstrate that respiratory inhibitors produce the rapid de- 
polarization of the membrane, indicating that membrane poten- 
tial is governed by an electrogenic ion pump (Kropf 1986 ). The ini- 
tial work with vibrating microelectrodes in B. emersonii and Ac hl ya 
was later replicated with filamentous fungi including N. crassa ,
Aspergillus nidulans , Schizophyllum commune , Mucor mucedo , and Co- 
prinopsis cinerea , all of which generated electrical currents (varying 
between 0.05 and 0.60 μA cm 

−2 ) around their hyphal tips (Gow 

1984 ). Furthermore, the formation of light-stimulated conidia in 

Trichoderma harzianum was also proposed to be the result of electri- 
cal currents of different intensities applied along the hyphae . T he 
modification of the currents in the membrane (outw ar ds current 
in the sites stimulated by the light) was recorded 1–2 h after pho- 
toinduction (Horwitz et al. 1984 ). Similar experiments performed 

with micr oelectr odes and using blue light as stimulus suggested 

light-induced responses in N. crassa . The response in this case may 
not occur in e v ery cell but the signal can be transmitted to the 
adjacent cells by means of electrical or chemical communication 

(P otapo va et al. 1984 ). 
The generation of inw ar d electrical currents in the apex was 

initially linked to the regulation of the direction of growth of hy- 
phae . T he proposed model suggested that currents in the apex 
helped the directional growth of hyphae by providing a mecha- 
nism (i.e. establishing intr acellular electr ophor etic fields) explain- 
ing the movement of vesicles from the hyphal tip to the apex 
(Go w 1984 ). Accor dingl y, a study a ppl ying an external electric field 

sho w ed that sites of germ tube formation and br anc hing, the di- 
rection of hyphal extension, and the frequency of branching and 

germination can be affected by electric fields in some filamentous 
fungi including N. crassa , A. nidulans , M. mucedo , and T. harzianum 

(McGillivray and Gow 1986 ). Howe v er, another study measuring 
electrical currents with vibrating electrodes using the aquatic 
fungus Allomyces macrogynus , which produces true hyphae and 

rhizoids, presupposed a different behavior given its unique mech- 
anism of cell wall deposition. Consequentl y, measur ements with 

extr acellular vibr ating electr odes sho w ed outw ar d positive elec- 
trical currents around hyphae regardless of their growth status 
(extending or nonextending). In contrast, inw ar d currents were 
detected in the rhizoids . T he authors also did not find evidence 
indicating the role of calcium, while sites of nutrient uptake were 
correlated with inw ar d electrical currents (Youatt et al. 1988 ). A 

follow-up study including A. macrogynus together with the soil 
fungus Basidiobolus ranarum , and the oomycete Achyla bisexualis ,
sho w ed that inw ar d electrical curr ents r eflect local nutrient trans- 
port and not local cell gro wth, b y linking together proton and nu- 
trient symport (Gow 1989 ). Ov er all, these studies suggest that the 
role of electric currents on the hyphal tips in the r edir ection of 
growth cannot be generalized (P otapo va 2012 ). 

The use of vibr ating micr oelectr odes is not without dr awbac ks.
They are difficult to build and to operate correctly. Furthermore,
the vibrating nature of the electrode can disturb biological pro- 
cesses (Jaffe and Nuccitelli 1974 ). Mor eov er, as the r ecordings ar e 
done extr acellularl y, they ar e often susceptible to bac kgr ound 

noise interference, thus requiring the inclusion of carefully de- 
signed controls and the use of systems such as a Faraday cage,
which has been included in some but not all studies published so 
far. Recording signals in single hyphae does not only pose a prob- 
lem due to the small size of individual hyphae r elativ e to the elec- 
tr ode (usuall y on the order of 5 μm), but also by the complex orga- 
nization of the fungal mycelium. When grown on a solid substrate 
such as an agar-based medium, it is virtually impossible to study 
individual hyphae, which can differ in their signaling activity, due 
to factors such as age or conditions of the local en vironment. T his 
as been clearly shown, for instance, in experiments investigating 
he coordination of the response of C. cinerea to attacks by fun-
ivorous nematodes. In this case, only specialized hyphae (called 

runk hyphae) were shown to pr opa gate c hemical defense signals,
hile no activity was observed for a large fraction of the rest of the
ycelial network (Schmieder et al. 2019 ). 
The initial discovery of endogenous electrical fields at the hy-

hal tips prompted follow-up studies evaluating the effect of ex- 
ernal electrical fields on the polarity of fungal growth as men-
ioned pr e viousl y (McGillivr a y and Gow 1986 ). Fungi ha ve shown
oth galv anotr opic beha vior, i.e . c hange of the dir ection of gr owth

n response to an electrical field (Le v er et al. 1994 , Brand and Gow
009 ) and electrotactic beha viors , i.e . active mo vement of a motile
ell (e.g. zoospores) in response to an electrical field (Morris and
o w 1993 , Sw affor d and Oakley 2018 ). The model organism Can-
ida albicans has been fundamental to understanding the mecha- 
ism by which electrical fields affect the direction of growth. Ger-
ination experiments have shown that electrical fields modify 

he position of germ tubes likely by inducing the influx of Ca 2 + 

ia the voltage-gated channel Cch1. This is supported by deletion
f Cch1 or in medium containing a pharmacological Ca 2 + -channel
loc ker (i.e. BAPTA), whic h r esulted in a se v er e attenuation of gal-
 anotr opism . Recipr ocall y, the r esponse was enhanced in media
ith high extracellular Ca 2 + concentration (Brand et al. 2007 ). The

alv anotr opic r esponse of h yphae of A. nidulans , N. cr assa , and C.
inerea was pH- and Ca 2 + -dependent, suggesting also the implica-
ion of voltage-gated channels (Lever et al. 1994 ), as in the case of
. albicans . 

Electr otaxis of zoospor es of fungi-lik e oom ycetes such as
ythium was triggered by electric fields of the same magnitude as
hose measured in plant roots (Morris and Gow 1993 ). Likewise,
lectrotaxis could be among the sensory mechanisms directing 
he movement of motile zoospores in zoosporic fungi. Wounding 
s known to generate an endogenous electric field in both plants
nd animals. In animals, this endogenous electric field serves to
uide the movement of epithelial cells and other cells involved
n wound healing to the wound site. In plants, these currents can
ead to local hydraulic pressure and to a systemic potential trough
he phloem to activate defenses (Tyler 2017 ). In accordance with
he existence of this endogenous electric fields in their potential
osts, electrotaxis could participate in the localization of a suit-
ble site for plant infection such as wounded areas. Zoosporic
ungi are typically characterized as saprobes or parasites of both
lant and animal hosts . T heir zoospores have a finite amount of
ndogenous ener gy r eserv es and m ust locate quic kl y a suitable
ubstrate or host. During dispersal of the zoosporic life stage, in-
er pr etation of environmental cues is critical for the survival and
uccess of the future colony, and enhanced germination has been
ho wn in w eak electric fields (Moratto et al. 2023 ). Recently, an
xperimental system has been de v eloped using zoospores of the
a pr otr oph Allom yces arbusculus . This system demonstr ated the
ombined role of photo and chemotaxis as part of a multisen-
ory system acting during dispersal and settlement of zoospores 
Sw affor d and Oakley 2018 ). This model could be used in future
tudies to e v aluate the r ole of c har acteristic endogenous elec-
ric fields of a root or epidermis wounds (Jia et al. 2021 ) in guid-
ng zoospore mo vement. T he mechanisms explaining electrotaxis 
ave not been elucidated in detail, but as in the case of galvan-
tropism, earlier studies suggest that this electro-guided move- 
ent is associated with Ca 2 + transport across the membrane 

Morris and Gow 1993 ). 
Mor eov er, fungi hav e been found to display thigmotropism

Jaffe et al. 2002 , Stephenson et al. 2014 ), which is a direc-
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ional growth movement in response to a touch stimulus . T hig-
otropism is modulated by electric signaling in other organisms

uch as plants and animals (Sibaoka 1966 , Jaffe et al. 2002 ). In C.
lbicans , thigmotr opism, like galv anotr opism, is attenuated by de-
r eased Ca 2 + av ailability. Deletion of CCH1 or the genes encoding
wo other tr ansmembr ane Ca 2 + c hannels (i.e. Fig. 1 or Mid1—a

ec hanosensor c hannel that activ ates calcium influx via Cc h1),
educes the sensitivity of hyphal tips to topogr a phical featur es in
he substratum. These observations suggest that a localized Ca 2 + 

ignal modulated by specific plasma-membrane Ca 2 + channels
elay topologic information to direct tip growth (Brand et al. 2007 ,
umamoto 2008 , Brand and Gow 2009 ). In other fungi, the mech-
nism is still unclear but a change in membrane potential can be
bserved at the tip of the N. crassa during thigmotropic responses
Stephenson et al. 2014 ). 

lectrical currents at the interface with other organisms 
easurements of electrical currents at the interface between

oots of Trifolium repens (L. cv. New Zealand White), Daucus carota
L. cv. Nantes), and the mycorrhizal fungus Gigaspora margarita
Berbara et al. 1995 ) suggested a potential role of electrical sig-
aling in interspecies communication. This mechanism of com-
unication could provide a basis for plant-to-plant interactions

ia the connecting mycelium (Gilbert and Johnson 2017 ). Electri-
al signals may be produced by plants in response to mechani-
al damage (Mousavi et al. 2013 , Johnson and Gilbert 2015 ) and
e pr opa gated by the mycelium, making the fungal network act
s a “communication cable” between plants (Johnson and Gilbert
015 ). A mor e r ecent pa per attempted to demonstr ate this exper-
mentally using mycorrhizae (Thomas and Cooper 2022 ). For this,
wo plants ( Pisum sativum and Cucumis sativus ) were linked via a

ycorrhizal network creating a bridge that connected two sep-
r ate a gar plugs . T he plugs were inoculated with a commercial
noculum containing se v er al species of the Glomus genus ( Glomus
ntr ar adices , Glomus aggregatum , Glomus mosseae , and Glomus etuni-
atum ). The electrical recording was made by inserting glass mi-
r oelectr odes into the stems of the plants . T he authors concluded
hat electrical signals were reliably conducted across the mycelial
ridges from one plant to the other upon the induction of a wound
esponse (Thomas and Cooper 2022 ). The method and the inter-
retation of the data has gener ated criticism, mostl y on the lack
f evidence of the biological origin of the volta ge c hanges mea-
ured and on the need for a better mechanistic understanding of
he processes that would give rise to these currents (Blatt et al.
023 ). Also, it is not possible to rule out the conversion of an elec-
rical signal into a chemical signal in the connecting mycelium.
n addition, the use of an agar-based system can result in the gen-
ration of so-called Donnan potentials. A Donnan potential refers
o the electrical potential difference that arises across a semiper-

eable membrane when charged particles are distributed asym-
etrically due to the presence of impermeable ions (Petsev 2004 ).

his occurs typically when using a gar, whic h acts as a semiperme-
ble membrane in combination with an ionic solution (e.g. culture
edia). The gel-like nature of agar enhances this effect, allowing

he de v elopment of electr oc hemical gr adients that pr oduce Don-
an potentials . Moreo ver, another aspect that was problematic in
he experimental design is the recording of an electrical current
hen the mycelium was replaced by a thread, hinting to a physi-

al phenomenon rather than to a biological one (Blatt et al. 2023 ).
onetheless, despite the criticisms on these experiments, electri-
al communication is still postulated as one of the mechanisms
or interspecies communication in soils (Hunter 2023 ). 
Another area in which interspecies interactions could be me-
iated by electrical signaling is plant–pathogen interactions. Ex-
eriments performed with motile zoospores of the fungus-like
omycete Phytophthora palmivora and Arabidopsis thaliana and Med-

cago truncatula sho w ed that the external application of a weak
lectric field can alter the attachment of the zoospores to the
oots . T hese findings and understanding the underlying mecha-
isms can be important to provide future paths to co-opt those
echanisms to protect crops (Moratto and Sena 2023 , Moratto et

l. 2024 ). Similar mechanisms could affect the interaction of both
eneficial and pathogenic fungi with plant roots. 

lectrical measurements with macroscopic structures 
ince 2018, se v er al studies hav e inv estigated the pr oduction of ac-
ion potential-like electrical currents in mushrooms . T hese stud-
es wer e inspir ed b y w ork performed on slime molds with the over-
ll goal of de v eloping sensing and computing systems based on
lamentous fungi (Adamatzky 2018b ). In the first of these studies,
lectrical potentials wer e r ecorded in fruiting bodies of Pleurotus
jamor . Electrical activity was measured with subdermal needle
lectrodes that were inserted into the stalk and the translocation
one of the cap. Electrical activity (voltage potential) was recorded
ith a high-resolution data logger (ADC24, Pico Technology) with

ec hnical featur es that wer e touted to r educe noise (twisted cables
or electr odes). The measur ements made suggested that fruiting
odies exhibit spontaneous “spiking” beha vior. T his spontaneous
ehavior corresponded to a slow drift from a base voltage poten-
ial, combined with r elativ el y fast (starting 3 s after stimulation)
scillations of the potential. In addition, the impact of chemical
nd thermal stimulation was inv estigated. Negativ e or positiv e
pik es (i.e. de polarization and hyper polarization) wer e detected
pon stimulation (Adamatzky 2018a ). In a follow-up study, the
ame a ppr oac h was used to measur e electrical activity in Gan-
derma resinaceum (Adamatzky and Gandia 2021 ). Further tests
sing four fungal species ( Omphalotus nidiformis , Flammulina velu-

ipes , S. commune , and Cordyceps militaris ) resulted in differences in
he patterns obtained. This prompted the authors to propose that
hose differ ences conv ey species-specific information and the ex-
stence of a langua ge deriv ed fr om electrical activity (Adamatzky
022 ). Although the methodology applied appeared to be promis-
ng for the advancement of the field, some aspects of the exper-
mental design and the inter pr etation of the r esults hav e been
riticized by some authors (Blatt et al. 2024 ). A considerable el-
ment of criticism is the fact that part of the electrical activity
ikel y originates fr om volta ge fluctuations that do not hav e a bi-
log ical orig in. For instance, the use of stainless-steel needles is
rone to the recording of Donnan potentials (Blatt et al. 2024 ). A
imilar a ppr oac h has been used r ecentl y to measur e electrical r e-
ponses in the basidiomycete Pholiota brunnescens during growth
n agar plates over a long period of time (100 days). Electrical po-
entials were measured extracellularly with electrodes inserted in
he plates and the results were analyzed based on the coloniza-
ion of areas of electrodes . T he authors claimed to have recorded
he longest electric oscillation on this system (1 week oscillation
 ycle) (Fukasaw a et al. 2024 ). Considering the methodology used
a gar-based cultiv ation and extr acellular electr odes), this study
r esents potentiall y similar experimental flaws as other stud-

es in which abiotic fluctuations cannot be ruled out (Blatt et al.
023 ). A different kind of study in which a fungal mycelial mat
f the ascomycete Curvularia lunata was placed betw een tw o elec-
rodes suggested that fungal biomass can serve as a low-speed
ata transmission medium (Jones et al. 2024 ). All these studies at-
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test as to the potential for the generation of novel materials with 

electric conductive properties using mycelium. 
Giv en the pr omising r esults and ease of design proposed to 

study m ushr ooms with needle electrodes (Adamatzky 2022 ), we 
attempted to replicate this experimental system and assessed 

some of the caveats indicated by other authors (Blatt et al. 2024 ).
To do so, we used a related mushroom-producing Basidiomycete,
Pleurotus pulmonarius, because of its fast growth and ease of fruc- 
tification. The goal of these experiments was the independent 
replication of the method. Accor dingly, w e used the same record- 
ing device (ADC-20 with a ADC20/24 Terminal Board; Pico Tech- 
nology Ltd) and subdermal needle electrodes with twisted ca- 
bles (Neurodart, spes Medica) (Fig. 2 A–D). Additional informa- 
tion on the growth conditions of the fungus is presented in the 
Supplementary information . We inserted the needles into ne wl y 
formed fructifications (Fig. 2 E) and, as a control, we placed one of 
the differential electrode pairs into uncolonized substrate (Fig. 2 F).
Additionally, we cut one of the fructifications (Fig. 2 G) and ob- 
serv ed the e v olution of the v olta ge potential r ecording (Fig. 2 H 

and I). In the fruiting bodies, m ultiple positiv e and negative spikes 
wer e observ ed (blue, pink, and gr ay lines; r anging fr om abov e 50 
to up to −300 mV). After detaching one of the fructifications (gray 
line), the signal resembled those recorded in the uncolonized sub- 
str ate (dark violet), whic h corr esponded to a cyclic signal with an 

amplitude of around 0.005 Hz (Fig. 2 I). This suggested that the 
spikes were produced only while the fruiting body was attached 

to the fungus . T his experiment confirmed the r epr oducibility of 
the recording method for fruiting bodies (Adamatzky 2022 ). How- 
e v er, we also observ ed signal c hanges due to the opening of the 
incubator door, the presence of people walking near the incuba- 
tor or e v en the automatic closing of window shades behind the 
incubator in both the fungus and the control (i.e. positive and neg- 
ati ve spik e recorded at 18 and 42 h). This a gr ees with some of the 
criticisms of the method, in particular regarding the potential for 
recording of noise . T hus , a mor e contr olled setting, suc h as a Far a- 
da y cage , is essential to impro ving this a ppr oac h. 

Another aspect that needs to be considered in future studies for 
the measurement of electrical currents with macroscopic struc- 
tures, at the interface of organisms, or even when using extracel- 
lular electrodes in cultures growing on solid media is the impor- 
tance of the positioning of the electrodes and their reference . T he 
electrodes used in these studies can be considered as “proxim- 
ity” electrodes that record electrical field potentials . T hose corre- 
spond to voltage that can arise passively from either biological (i.e.
the fungus or plants) and nonbiological sources (e .g. mo vement of 
ions on a matrix), and the precise origin cannot be distinguished 

between these sources (Blatt et al. 2023 ). Mor eov er, the inter pr e- 
tation of the recorded data as action potential-like signals based 

on extracellular measurements of changes in voltage can be mis- 
leading. Action potentials ar e tr ansmembr ane potentials arising 
between the intracellular and extracellular space, and are gener- 
all y measur ed with micr oelectr odes placed inside living cells. In- 
stead, the use of surface and extracellular electrodes to record lo- 
cal voltages when placed close to or in contact with excitable cells,
r ather r eflects sync hr onous behavior of m ultiple cells (Buzsáki et 
al. 2012 , Blatt et al. 2024 ). Ther efor e, v alidating the measur ements 
using intr acellular electr odes, impr oving the anal ysis of the sig- 
nal, or identifying methods to reduce the nonbiological noise is 
important to advance in this area. 

Ion channels in fungi 
As indicated pr e viousl y, r esting membr ane potentials ar e main- 
tained activ el y in the cell by contr olling the mov ement of ions 
cross the membrane with the help of selective channels and/or
on pumps (Martinac et al. 2008 ). These tr ansmembr ane pr oteins
llow the selective movement of ions (for instance, Na + , Ca 2 + , and
 

+ ) across the membrane, but can also have functions other than
lectrical signaling (Catterall et al. 2017 ). 

Early studies in fungal electrical signaling postulated the in- 
olv ement of pr oton pumps (H 

+ ) and other ion c hannels (Ca 2 + and
l −) (Slayman et al. 1976 , Harold et al. 1985 , Gow and Morris 1995 ).
pontaneous action potential-like behavior in Neurospora was pro- 
osed to be due to an electrogenic H 

+ pump, or a change in the
electivity of the membrane to ions. From the various ions that
er e e v aluated in this earl y study, H 

+ and Cl − were identified as
he most likely ions responsible for carrying the inw ar d current
uring action potential firings (Slayman et al. 1976 ). Mor eov er, the
esponse of spontaneous action potential-like firing activity in A.
ulbosa and P. ostreatus to current injection differ ed fr om the r e-
ponse in classical animal models (Olsson and Hansson 1995 ). In
hese two fungi, the injection of negativ e curr ents incr eased the
mplitude of the signals, whereas injection of negative currents 
nhibits the activity of neurons . T his suggested that the ions and
on channels involved in the generation and maintenance of ac-
ion potentials in fungi are different from those in classical ani-

al models (Olsson and Hansson 1995 ). In contrast, and as indi-
ated pr e viousl y, galv anotr opism and thigmotr opism in C. albicans
ppear to be regulated by the movement of Ca 2 + via the voltage-
ated channel Cch1 (Brand et al. 2007 ). More recently, a study in
. nidulans sho w ed Ca 2 + signaling intr acellularl y in r esponse to a

ocalized stress . T he mo vement of Ca 2 + was highly localized and
aused a wave of voltage measurements with variable frequency 
Itani et al. 2023 ). 

Different types of ion and voltage-gated channels have been 

escribed in fungi based mainly on the study of y easts. Ho w-
 v er, mor e r ecentl y, specific families of these channels have also
een identified in filamentous fungi (Houdinet et al. 2023 ), in-
luding voltage-gated proton channels that displayed shared fea- 
ures to animal counterparts, but that were sufficiently differ- 
nt to confer specific functional adaptations unique to filamen- 
ous fungi (e.g. voltage range of activation or pH sensitivity) (Zhao
nd Tombola 2021 ). Mor eov er, the anal ysis of whole-genome se-
uencing projects allo w ed to identify genes likely to encode ho-
ologues of K 

+ , Ca 2 + , transient receptor potential (Trp), and mito-
hondrial Ca 2 + uniporter channels (Prole and T aylor 2012 ). T o ex-
and this knowledge beyond pathogens, we performed a homol- 
gy search for known ion and voltage-gated channels in available
ungal proteomes based on human volta ge-gated c hannel sub-
nits (additional information is provided as the Supplementary 

nformation ). The distribution of the hits and their presence in
ifferent fungal clades were analyzed (Fig. 3 ). The results of this
earch indicated the presence of putative voltage-gated channels 
n response to multiple ions (Ca 2 + , Cl −, K 

+ , Na + , and H 

+ ) and
he signal molecule glutamate. Most of the identified channels 
er e pr esent in all eight fungal phyla. Ho w e v er, the differ ent sub-
nits of the voltage-dependent K 

+ channel KCN were less rep-
esented in Ascomycota, despite the fact that most of the pro-
eomes scr eened corr esponded to this phylum (1283 out of 1942
r oteomes scr eened). In contr ast, those wer e among the onl y
ype of channels found in Cryptomycota (three proteomes avail- 
ble). In Basidiomycota and Blastocladiomycota (390 and 2 pro- 
eomes scr eened, r espectiv el y), all the types of c hannels wer e de-
ected, but some subunits were more common than others. In Mu-
orom ycota and Chrytridiom ycota, (84 and 23 pr oteomes, r espec-
iv el y), Cl − c hannels wer e r ar e (5–11 and 1, r espectiv el y). In Ol-
idiomycota, for which a single proteome was a vailable , only the

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf009#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf009#supplementary-data
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Figure 2. Measurement of voltage fluctuations with needle electrodes inserted in fruiting bodies of the agaricomycete P. pulmonarius : (A) Scheme 
illustrating the insertion of the needle electrode into the foot of the P. pulmonarius fructification. (B) Images of the open incubator 
(POL-EKO-AP ARA TURA sp.j, type: st 3C SMART) in which the experiments were performed; an aquarium lamp (Dennerle nanolight, 11 W) was located 
at the top. A humidifier (Stylies Alaze SC21011) and a recipient with moist vermiculite were placed at the bottom to maintain humidity. (C) ADC20/24 
Terminal Board (Pico Technology Ltd) used to connect the cables to the datalogger. (D) Image of the data logger ADC-20 (Pico Technology Ltd) with four 
pairs of differential neurological subdermal needles with twisted cables (Neurodart, spes Medica). Needles were inserted through polystyrene pieces to 
ensure that the needles were located at a fixed distance (1 cm from one another). (E) Needle electrodes attached to three different fructifications of 
one fructifying bag of P. pulmonarius . (F) One pair of needle electrodes was inserted in the substrate without fungus as a control. (G) Fructification with 
inserted electrodes cut from the fructifying bag (1 day after insertion of the electrodes). (H) Raw signal recorded on the Picolog 6 software (Pico 
Technology Ldt). The red box represents the zoomed area shown in (I), in which we observed the effect of cutting off the fructification shown in (G). (I) 
Magnification of the red box from (H). Comparison of a signal for a fructification before and after cutting. Lines in blue, pink, and gray correspond to 
thr ee differ ent fructifications, while the uncolonized contr ol corr esponds to a dark violet line visible after the cut of the fruiting body in (G). After the 
cut, it is possible to observe the signal from the cut fruiting body (gray) resembling that of substrate control (dark violet). 
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eceptor for glutamate was detected. Finally, in Zoopagomycota,
 

+ c hannels wer e mor e commonl y found (details pr ovided in the
upplementary information ). 

The homology search performed here suggests the widespread
resence of potential ion- and volta ge-gated c hannels in differ-
nt fungal clades. Ho w e v er, ultimatel y, this type of analysis needs
o be validated by structural modeling and functional c har acter-
zation experiments to confirm their role on electrical signaling.
he c har acterization of fungus-specific K 

+ c hannels is an exam-
le of this type of validation (Houdinet et al. 2023 ). These channels
er e initiall y identified using the patch-clamp method in fun-

al spheroplasts and protoplasts (Gustin et al. 1986 , Bertl et al.
993 ). This led to the description of the Sc TOK1, the first mem-
er of a new family of K 

+ channels to be described in S. cerevisiae
Houdinet et al. 2023 ). This channel was shown to elicit mainly
utw ar dl y r ectifying K 

+ curr ents upon membr ane depolarization
n yeast and when expressed in Xenopus laevis oocytes . T his recti-
ying function is not dir ectl y involv ed in gener ating action poten-
ials. Instead, it helps maintain ionic balance in yeast cells. (Gustin
t al. 1986 , Zhou et al. 1991 , 1995 , Bertl et al. 1993 , K etc hum et al.
995 , Lesage et al. 1996 , Loukin et al. 1997 ). Similar experimental
tudies would str ongl y contribute to the field. 

v alua tion of inno v a ti v e recording techniques 

nd potential improvements 

n this second part of the r e vie w, we will present the evaluation
f innov ativ e r ecor ding methods that w e explored to investigate
lectrical signaling in fungi. The goal was to expose experimental
aveats that we hav e encounter ed, as well as pr esent ne w meth-
ds that have the potential to provide novel evidence for electrical
ignaling in fungi. We hope this will promote future studies in the
rea and avoid costly mistakes by other r esearc hers aiming to en-
er the field. 

esistivity measurements 
tudies with giant squid neurons sho w ed a decrease in resistance,
nd thus an increase in conductivity, when neurons fire action po-
entials (Cole and Curtis 1939 ). Theoretical models of action po-
entials, such as the Hodgkin–Huxley model, r el y on c hanges in
on conductance (which inversely affects resistivity) across the
ell membrane to describe how action potentials are generated
nd pr opa gated (Häusser 2000 ). Although animal neurons are of-
en used as a model, action potentials in other organisms like
lants show the same 3-fold defining phases: depolarization, re-
olarization, and hyperpolarization. In plants, such as Nitella flex-

lis , a decrease in resistivity has also been measured during action
otential e v ents (Cole and Curtis 1938 ). This suggest that electri-
al signaling in biological systems can be often correlated with
 hanges in r esistivity. Accordingl y, one way to assess the existence
f action potentials in fungi is to assess a change in resistivity
n the mycelium in response to stimuli. To test this, we used Mi-
ots (Imina tec hnology), whic h ar e piezo-driv en micr omanipula-
ors that support conductivity-measurements with precise con-
act needle micropositioning under a camera or a microscope . T he

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf009#supplementary-data
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Figure 3. Distribution of PSI-BLAST hits for homologues to voltage-gated ion channels in different fungal clades . T he total number of PSI-BLAST hits 
with e-values < 1e-5 and the number of hits per phylum for each gene was calculated and is displayed as unstacked bar plots . T he number of hits per 
phylum was variable. 
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electrical measur ements wer e performed using a K eithley 2400 
source meter for the recording of curr ent–volta ge data. Thr ee dif- 
fer ent fungi wer e tested: Fusarium oxysporum , C. cinerea , and P. os- 
treatus (Fig. 4 ). Conductivity was measured using the piezoelectric 
actuators connected in the Mibots (Fig. 4 A and B). These piezoelec- 
tric actuators were used to measure resistance on indium tin ox- 
ide (ITO) stripes on uninoculated glass slides (Fig. 4 C) or on slides 
on which the fungi were grown (Fig. 4 D). Resistance can be mea- 
sured by placing the actuators on the same stripe at variable dis- 
tances (e.g. Fig. 4 C). In the uninoculated glass slide cov er ed with 

IT O stripes , the resistance was between 45 and 128 ohms, depend- 
ing on the distance at which the actuators were placed (distance 
in mm indicated in Fig. 4 E). In contrast, in the glass slides colo- 
nized by the three fungi, the presence of the mycelium resulted in 

an increase in resistance (Fig. 4 E). In the case of the mycelium of F.
oxysporum , a r esistance v alue could be obtained in a v ariable num- 
ber of stripes (se v en ITO stripes per slide as shown in Fig. 4 C) in 

four independent tests. In the case of slides colonized by C. cinerea 
and P. ostreatus , the resistance was so high that measurements 
could only be obtained in the last stripe that contained the low- 
est biomass (resistance above 5 × 10 8 ohms; Fig. 4 E). We ascribed 

the increase in resistance to the growth of the mycelium on the 
ITO stripes and the resulting insulation from the production of 
hydrophobins, as has been suggested previously (Gow and Mor- 
ris 1995 ). Ther efor e, this method, which was easy to implement,
could be used in the future to e v aluate the effect of components 
of the cell wall on insulation and to validate the role of cell wall 
omponents on pr e v enting ion leaka ge (Mor ell and Quarles 1999 ).
or this, future experiments could employ mutants devoid of a cell
all such as the N. crassa slime mutant (Levina et al. 2002 ) or di-
 erse P enicillium expansum m utant str ains that lac k hydr ophobins
Luciano-Rosario et al. 2022 ). The use of such mutants should cir-
umv ent the measur ement impairments thought to be caused by
he cell wall and pr ov e its role as an insulator. Mycelial growth in
he slime mutant can be challenging, but a combination of this
ype of recording method with the use of, for instance, microflu-
dic devices to provide structural support could help to circum-
ent this issue. 

ultielectr ode arra ys 
tudies in human neuronal networks have led to recent technical
dvancements that allow the extracellular recording of voltage 
uctuations . T he use of a similar a ppr oac h for mycelial networks
ould confirm pr e vious r esults fr om vibr ating micr oelectr odes
here external currents were measured around the apex (Stump 

t al. 1980 , Horwitz et al. 1984 ). We attempted this by using a
igh-density m ultielectr ode arr ay (MEA) fr om 3Br ain (3Br ain.com,
witzerland) de v eloped to r ecord electrical activity of neur onal
etworks in vitro . The MEA micr oc hip consists of an array of more
han 4000 electrodes of micrometer size (20 × 20 μm 

2 sensing
r ea, 80 μm pitc h) that r egister volta ge fluctuations with a sen-
itivity of few tens of μV (Fig. 5 A and B). The voltage fluctuations
 esult fr om extr acellular ionic flows occurring when ion channels
nd transporters of the cell membrane open. The signals collected
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Figure 4. Conductivity measurement of fungal mycelia with MiBots (Imina technologies): for this experiment, we tested F . oxysporum , P . ostreatus , and C. 
cinerea . The three fungi were cultivated on malt agar medium, where glass slides covered by stripes of ITO were placed next to the inoculum. Once the 
fungus had grown onto the slide, it was placed onto the MiBots arena to conduct measurements. (A) Camera system mounted in order to visualize the 
probes for more accurate measurements with the MiBots piezoelectric actuators. (B) Example of a measurement on a slide colonized by F. oxysporum 

hyphae. (C) Details of ITO-cov er ed glass slide. The ITO stripes are transparent and therefore, a mask is placed underneath to indicate their position 
and to guide the measurements . T he position of the ITO stripes corresponds to the middle lines in the three-line marks highlighted by the numbers 
1–7. The slide is about 2.5 cm × 2.5 cm, with the stripes being separated by around 2 mm. In the top left part, there is a rectangular area covered by 
ITO that can be used as a positive control. In this example, the distance between the electrode probes, positioned using the piezoelectric actuators, 
corresponds to 12 mm. (D) Example of measurement on stripe 7 on a slide colonized by P. ostreatus. (E) Plotting of the resistance measurements 
(logarithmic Ohm—for the detailed measurements, please see the Supplementary information ). The controls correspond to measurements in an 
uninoculated slide on stripe 1 with the electrodes positioned at different distances along the stripe (2 mm, 4 mm, 6 mm, 8 mm, and 12 mm, 
r espectiv el y). For F. oxysporum , four individual slides wer e measur ed and onl y the v alues on the stripes that could be measur ed ar e r eported in 
different stripes. For C. cinerea and P. ostreatus , recor dings w ere only possible on stripe 7. 

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf009#supplementary-data
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F igure 5. Measuring v oltage fluctuations in a mycelial netw ork using a high-density MEA fr om 3Br ain. (A) MEA c hip used ( ∼1 cm 

2 ). The micr oc hip 
(gold square in the middle) is surrounded by a plastic container acting as a reservoir for medium and organism growth. (B) Close-up image of the 
micr oc hip c hamber. The c hip contains 4096 electr odes for measuring electrical activity. On the sides, the two lar ge gold electr odes (outside the c hip) 
act as r efer ences for the differential measurement. (C) Image showing the growth of F. oxysporum inoculated using the spore drop method in 
Dulbecco’s modified eagle medium (DMEM; GiBCO) liquid medium. Image taken 2 days postinoculation. (D) Fusarium oxysporum at 3 days 
postinoculation (before measurements). For the measurements, the chamber (B) was flooded with medium (required for the measurements). (E) 
Ma gnified ima ge showing F. oxysporum hyphae that hav e gr own fr om the point of inoculation and ar e attac hed to the electr odes. 
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sim ultaneousl y by eac h of the thousands of electrodes can be 
visualized as functional activity images, allowing for tr ac king of 
electrical impulses pr opa gating inside an electrogenic tissue with 

micr ometer r esolution. Multiple tests for r ecording the pr opa ga- 
tion of electrical impulses in a mycelial network were conducted 

using F. oxysporum . First, the fungus was inoculated by placing a 
small agar plug on the surface of liquid medium ov erl ying the 
electrodes . T his method did not yield any results because the fun- 
gus gr e w on the surface of the medium at the air–medium inter- 
face and ne v er made physical contact with the electrodes . T here- 
for e, we de v eloped a second inoculation method (Buffi et al. 2023 ),
to be able to place and cultivate the fungus dir ectl y onto the chip’s 
surface (Fig. 5 C–E). This second a ppr oac h r esulted in a record- 
ing. An oscillation signal in the range of ± 50 μV was recorded.
Ho w e v er, the signal remained constant after induction with a cal- 
cium ionophor e, whic h is known to induce a physiological reac- 
tion in F. oxysporum (Hoshino et al. 1991 ). Also, killing the fun- 
gus with the antifungal agent cycloheximide did not affect the 
signal. Upon discussion with the c hip de v elopers, it became e vi- 
dent that the signal recorded corresponded to background noise.
MEA c hips wer e originall y designed to measur e r elativ el y high fr e- 
2  
uency signals (from 5–10 to 2–3k Hz), while in most of the ex-
sting liter atur e , fungal signals ha v e tempor al dynamics of tens
f seconds up to hours resulting in a signal spectral frequency
n the order of 0.0003–0.1 Hz. This major difference makes the
ecording using the commercial chip design inappropriate and 

ould r equir e major modifications of the design and the analy-
is software to be suitable . Nevertheless , this type of electrode ar-
ay could provide a way to measure the propagation of an elec-
rical signal within the complex spatial structure of a growing

ycelium. 

isualization of membrane potentials using dyes 
he last method tested here aimed to visualize changes in mem-
rane potential in fungal hyphae by coupling the use of volt-
 ge sensitiv e dyes with fluorescence microscopy. Voltage sensitive
yes are molecules that bind to the cell membrane and whose flu-
r escence c hanges when a membr ane potential fluctuation is de-
ected (Fig. 6 A). They have been mainly used for imaging of com-
lex neuronal network behaviors (Ebner and Chen 1995 , Chemla
nd Chavane 2010 , Adams and Levin 2012 , Kulkarni and Miller
017 ). T hiofla vin T (T hT) is a fluor escent dye usuall y used for
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Figure 6. Visualization of membrane potential changes with the voltage sensitive dye ThT. (A) Scheme representing the mechanism behind the 
visualization of membrane potential using T hT. T hT is positively charged but it does not cross the fungal membrane. If the inner cell is negatively 
c har ged (e.g. efflux of positiv el y c har ged ions), ThT will concentr ate on the surface of the cell and fluor escence can then be detected (ima ge in the 
bottom of the scheme). This can be the result of changes in the movement of specific ions across the membrane. (B) Fusarium oxysporum growing in 
Vogel-N-Medium in a 24-well cell culture plate (Corning incorporated). ThT was added in a final concentration of 30 μM, the plate was covered with 
dark paper and mixed gently for half an hour before performing imaging on an inverted microscope (EVOS FL imaging system, Invitrogen) with a DAPI 
filter. (C) Example of a picture overlying a DAPI image with a bright field image showing the inconsistent staining with ThT. Here part of the mycelium 

and spores of F. oxysporum were stained while others were not. Furthermore, the issue of imaging superposed stained hyphae can be 
observed. 
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taining amyloid fibrils (Biancalana and Koide 2010 ) that was pre-
iously used as a membrane potential dye for bacteria (Prindle
t al. 2015 ). ThT does not cross the plasma membrane . T he dye
s positiv el y c har ged and accum ulates close to the membrane in
esponse to changes in membrane potential (for instance if the
lasma membrane becomes negatively charged). This makes ThT
 good candidate for slow membrane potential changes. To test
his, F. oxysporum was cultivated in liquid medium to which ThT
as added at a final concentration of 30 μM (Fig. 6 B). In the mi-

r oscopic ima ges, an une v en staining along hyphae and on spor es
as observed (Fig. 6 C). Moreover, it was very difficult to distin-
uish between changes in staining resulting from variations in
embrane potential or simply diffusion of the dye . T herefore , op-

imization of the set-up is r equir ed including additional controls
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to test photobleaching or the comparison of alive versus dead hy- 
phae. Combining fungal staining and cultivation on microfluidic 
devices would help confine single hyphae, thus eliminating issues 
related to hyphal superposition. Microfluidic devices have been 

used in the past in order to spatially separate single hyphae and 

observ e differ ent physiological inter actions (Stanley et al. 2016 ).
Micr ofluidic de vices hav e emer ged particularl y v aluable tools for 
studying hyphal growth dynamics, spore germination, and fungal 
network formation with spatial and temporal resolution (Richter 
et al. 2022 ). Although the compartments of the microfluidic de- 
vices are usually saturated with liquid medium, potentially im- 
pairing measurements, the use of the devices without fluid is also 
possible (Gimeno et al. 2021 ). Alternativ el y, the use of other meth- 
ods for visualizing the hyphal network such as the drop method 

(Buffi et al. 2023 ) could be another possible solution. 

Futur e dir ections 

The challenges encountered so far underscore the complexity of 
accur atel y r ecording electrical signals in fungi. A r ecurr ent c hal- 
lenge in the experimental systems described and e v aluated abov e 
is the difficulty in effectiv el y measuring electrical signals intra- 
or extr acellularl y due to the fungal cell wall. This obstacle is not 
unique to fungi; similar issues were encountered in plant stud- 
ies. For intracellular measurements, this issue was partially over- 
come by using aphid stylets as probes for plants (Tjallingii 1985 ).
Ho w e v er, tr anslating this a ppr oac h to fungi (for instance, using 
nematode stylets) could pose significant tec hnical c hallenges due 
to the small size of individual hyphae . T he use of internal mi- 
cr oelectr odes in fungi has raised concerns about altering fun- 
gal behavior, such as causing membrane leakage, but new meth- 
ods provide alternatives to those . For instance , the injection of 
nanopebbles coupled with a voltage sensiti ve d ye (Koo Lee and 

Kopelman 2012 ) could be used to measure intracellular ionic cur- 
r ents. Nanopebbles ar e nanoparticles composed of an external in- 
ert coating and an active inner sensor that can be visualized by 
microscopy without interfering with the cell functioning. The in- 
jection of nanopebbles in fungal mycelia could be ac hie v ed us- 
ing a microfluidic probe connected to an atomic force microscope 
(FluidFM). This a ppr oac h has been used for instance to inject bac- 
teria into fungal cells (Guillaume-Gentil et al. 2022 , Giger et al.
2024 ), and could be used to inject the nanopebbles or to create 
ionic fluxes and investigate the pr opa gation of an electrical sig- 
nal in the mycelial network. Another a ppr oac h involv es the ex- 
pression of intracellular reporters for specific ions such as Ca 2 + .
Indeed, the expression of genetically encoded Ca 2 + indicators has 
been shown for different unicellular and multicellular fungi, but 
it is still challenging to achieve and optimize (Carbó et al. 2017 ,
Barykina et al. 2020 , Kim et al. 2021 ). The potential application of 
this technology for signaling in fungal composite materials has 
been r ecentl y r e vie wed else wher e (Sc hyc k et al. 2024 ). 

Futur e r esearc h might also benefit fr om exploring innov ativ e 
a ppr oac hes, suc h as genetically encoded voltage indicators (GEVI) 
(Yang and St-Pierre 2016 ). Such fluorescent proteins could pro- 
vide a less inv asiv e way of tr ac king c hanges in membr ane po- 
tential, similar to techniques used in neuronal studies . For this ,
identifying good models is crucial. For instance, C. cinerea (a sa pr o- 
tr ophic fungus), whic h has serv ed as a model or ganism for ho- 
mobasidiomycete fungi, is a good candidate to study the effect 
of electrical signaling during fruiting body formation (Nav arr o- 
González et al. 2011 ). Mor eov er, this fungus is amenable to ge- 
netic manipulation and it has been modified to express fluores- 
cent metabolic reporters in response to biotic stress like nematode 
ttac ks (Sc hmieder et al. 2019 ). By expr essing volta ge-sensitiv e
uor escent pr oteins in C. cinerea and coupling this with fluores-
ently marked analogues (e.g. 2-NBDG glucose or labeled phos- 
horus and carbon), electrical signaling could be coupled to phys-

ological and behavioral responses. Such an approach could reveal 
ow fungi coordinate mycelial responses to biological (e.g. attacks 
y mycoparasitic fungi or nematodes) or abiotic (e.g. fruiting body
ormation in response to electrical signals) stimuli. Furthermore,
nding a good model organism could help further impr ov e the use
f GEVI in complex networks with low voltage changes. 

onclusion 

emonstrating the biological origin of electrical signals and im- 
roving our understanding of the mechanisms and roles of elec-
rical communication in fungi has implications r eac hing beyond

ycology. For instance, parallels and differences have been high- 
ighted as part of the polar growth and intracellular communica-
ion of neurons and hyphae, in which mutual progress can lead,
or instance, to a better understanding of mechanisms of neural
iseases. Recipr ocall y, neur ons could serv e as a model to study
ip-to-nucleus communication in hyphae (Etxebeste and Espeso 
016 ). In ecology, it could r esha pe our understanding of fungal
hysiology and interactions with other organisms . T his has im-
lications in diverse areas and can provide new ways to tackle
he emerging problem of fungal diseases in both agriculture and

edicine (Rickerts 2019 , Fisher et al. 2022 , The Lancet Infectious
iseases 2023 ). Mor eov er, in the field of biotec hnology, le v er a ging

ungal electrical properties could pave the way for innov ativ e a p-
lications, such as the use of fungi in biosensors or as components

n biological computing systems (Adamatzky 2018b ). 
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