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Filamentous fungi express complex behaviors, such as adaptive foraging, decision making, and memory-like phenomena.
The complex behavior demonstrated by fungi suggests the existence of basal cognitive abilities in fungal mycelial networks;
however, there is very little work providing insights into the underpinning mechanisms behind the basal cognition exhibited
by fungi in the scientific literature. This comprehensive review aims to connect basal cognition in fungal networks to the
electrophysiology of fungi. First, we outlined the electrophysiological underpinnings behind fungal excitability and reviewed
how the frequency of the action potentials produced by some fungi can be increased with stimulation. We compared and
reviewed electrophysiological data from multiple studies by pointing out what they have in common and identifying the
sources of variability between them. Then, we reviewed how fungi exhibit a network intelligence through adapting their behav-
ior according to their environment and proposed that this behavior is mediated by bioelectric signals communicated by the fungus.
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Introduction

The scientific community has failed to agree upon an unam-
biguous definition for cognition; thus, a strong, biologically
grounded definition is effectively nonexistent. However, an
adapted quote taken from Lyon et al. provides the best in-
sights into the issue: “A state of affairs is information for an
organism if it triggers a change in physiology or behavior rel-
ative to that state of affairs. Whatever state of affairs induces a
change in physiology or interactive potential in an organism is
information for that organism”1. The properties of cognition,
like acquiring information, integrating that information, using
it to gain understanding, reacting to that information, and fi-
nally remembering that information, have helped organisms
track and respond to their environments since the emergence
of complex life. It will continue to support and enable com-
plex life for millions, if not billions of years. Basal cognition
refers to the ability of organisms lacking central nervous sys-
tems to cognize using a decentralized information processing
system. Here, we examine fungi, more specifically mycelial
networks, as biological systems capable of basal cognition.

Fungi are ubiquitously present in nearly every ecosystem on
earth, and their presence is imperative to the survival of these
ecosystems2. Of the estimated 5.1 million fungal species3,
40,000-50,000 of these fungi form mycorrhizal connections
with plants and thus exist in the soil for long periods of time4.
Fungi exist in aquatic ecosystems5, in urban environments6,
in deserts7, in the snow of Antarctica8, from the Mariana

Trench9, to Mount Everest10. Unlike other microbiota which
also persist in these environments, such as bacteria and yeasts,
filamentous fungi form sizable networks which exist in their
environments for sustained periods of time.

The cells of filamentous fungi grow in threads, called hy-
phae, that range from 1-20 microns in diameter11. The hyphal
tips extend via the internal hydrostatic pressure of the hypha,
which pushes the cell wall outward and facilitates hyphal ex-
pansion12. As the hyphal tips extend, new hyphae branch from
the original ones, which then branch again, rebranch, then fuse
with one another. This creates a highly complex network that,
with the right resources, can persist and expand indefinitely.
The network generated from fungi, called a mycelium, grows
underground and in the bodies of dead and dying organisms.
They link the roots of 91% of all terrestrial plants13, which
may use the mycelium as a medium of communication, and
grow to become so dense that in a single gram of soil, there
may exist many hundreds of meters of hyphae14. A single
mycelium can weigh several tons and cover many hundreds
of hectares15, creating an entangled net of mycelium that en-
velops the world. With fungi existing everywhere and grow-
ing to become some of the largest organisms on earth, fungi
may represent one of the largest electrically communicating
biological systems on our planet.

Action potential-like activity in Neurospora crassa was first
reported by Slayman et al. (1976)16; the membrane potential
of N. crassa repeatedly depolarized and then returned to its
resting electronegative potential under a variable frequency.
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Then, fungi had not been examined as systems capable of
basal cognition-like behaviors. It wasn’t until recent years that
fungi were examined as biological networks capable of alter-
ing their physiology and growth according to their environ-
ments, speculatively exhibiting “decision-like” adaptive be-
haviors throughout their growth17. The finding that the electri-
cal activity of soil-dwelling fungi is sensitive to stimulation18

was perhaps the first piece of evidence for the existence of an
adaptive electrical signaling mechanism in mycelial networks.
Instead of a network stochastically firing spontaneous action
potentials that don’t adjust according to their environments or
local stimuli, fungal networks can effectively adapt their elec-
trophysiological activity to their environments, a phenomenon
that could enable them to communicate their local state of af-
fairs to distal parts of the network.

The capacity for a mycelial network to retain information
regarding the locations of previously formed mycelial cords
(thick, rope-like bundles of hyphae) or the locations of major
resources would be advantageous in the case that a mycelial
network becomes damaged and needs to be reformed. Fuka-
sawa et al. (2019) observed this behavior in a cord-forming
network by allowing the fungus to find the location of a re-
source, removing the network, and then observing polarized
growth in the direction of the former resource. The authors
interpreted this as a form of structural “memory” within the
network, while also acknowledging that it could be a form of
chemical or physical “memory” as well19.

In this review, we aim to outline the various characteris-
tics of the action potential-like activity of fungi and compare
them with neuron electrophysiology. We will review the elec-
trogenic pump responsible for generating a resting membrane
potential and the specific ion channels involved in initiating
action potentials in fungi. The main issue that this paper
addresses is the connection between basal cognitive behav-
ior demonstrated by fungi, like the ability to solve problems,
learn, and hold memories, with the endogenous electrical ac-
tivity of fungi.

Methods

Relevant literature was identified using Google Scholar and
PubMed under the key terms H+ATPase, Pma1, Fungal Hv1,
Basal cognition, Fungal memory, Electrical activity, and Ac-
tion potential. Studies showing relevance to the topic, such
as studies presenting quantifiable electrophysiological data
or fungal behavior potentially linked to bioelectric signaling.
Only peer-reviewed studies published in English were selected
for this study. Electrophysiological parameters, such as the
resting membrane potentials of various fungi, voltage thresh-
olds, I-V plots, pH dependencies of activation for Hv1 chan-
nels, and the frequency, magnitude, and timescale of action
potentials, were extracted either from data tables or direct

statements provided in the studies found. Broader concepts,
like the adaptive foraging of fungi, the memory-like phenom-
ena of fungi, and the mechanisms fungi use to manipulate
hosts, were extracted as key concepts from relevant studies.
Thematic analysis was used to identify a recurring pattern seen
across studies, such as the commonality between various re-
ported resting membrane potentials described for Neurospora
crassa. Studies presenting results lacking in repeatability or
interpretable data were, for the most part, excluded from the
present study; however, some of these results were kept as
“proof of concepts” to further solidify claims and to hopefully
instigate further research.

Results

Spontaneous, Non-stimulable Action Potential-like Activ-
ity in Neurospora crassa

The electrical activity of fungi which most resembles that of
neurons was first described by Slayman et al. (1976) in Neu-
rospora crassa16. The electrical potential of the plasma mem-
brane of N. crassa shifted towards a conspicuously positive
potential, shifted back towards its electronegative resting state,
hyperpolarized, and then, after a short-lived refractory period,
returned to the resting membrane potential, close to perfectly
resembling the action potentials generated by the neurons of
animals. The authors found that N. crassa had a resting mem-
brane potential of -180 mV, which shifts to approximately -40
mV during the peak of an “action potential.” The action poten-
tials were long lasting, 1-2 minutes in length, accompanied by
a 2- to 8-fold increase in membrane conductance during fast
depolarization and a slight decrease in membrane conductance
during slow depolarization.

The action potentials occurred spontaneously, without stim-
ulation, at a considerably low frequency. The authors found
that the frequency of action potentials could not be increased
with stimulation and were not sensitive to injecting a current.
Although the frequency of the action potentials produced by
N. crassa was not sensitive to being stimulated, the action po-
tentials produced by other soil-dwelling fungi were stimulable
and will be further discussed in a later section.

Ion Gradients and Proton Dynamics in Fungal Action Po-
tentials

The fungal Plasma Membrane H+-ATPase 1 (Pma1) is the
main electrogenic pump responsible for moving protons out
of the cell and was found to be responsible for polarizing the
membrane potential of Neurospora crassa to the observed po-
tential of -174 mV21. Inhibition of Pma1 results in the depo-
larization of the plasma membrane to the range of -40 mV to
-70 mV.
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Fig. 1 (a) Measurement of a reversal potential for SlHv1. (b) Reversal potential (Vrev) shifts as a function of ∆pH, showcasing perfect proton
selectivity. If protons indeed govern membrane potential, proton selectivity in Hv1 would be fundamental to an adaptive electrical signaling
mechanism. Reproduced from20. http://creativecommons.org/licenses/by/4.0/

The initiation of action potentials in fungi would not be
possible without voltage-gated ion channels. The specific ion
channels responsible for the generation of action potentials in
N. crassa have been variably described between different stud-
ies, with one study reporting that chloride and potassium ion
channels provide the greatest amount of voltage-dependent ion
flux, with proton channels providing only a small amount of
voltage-independent ion flux22, with another study reporting
that voltage-gated proton channels provide the bulk amount
of voltage-gated ion flux during the fungal action potential20.
The discrepancies between these studies likely stem from vari-
ation in their experimental approaches, biological variability,
or even subtle differences in variables such as pH or nutrient
availability.

The finding that Pma1, which only moves H+, causes the
plasma membrane to depolarize to the previously reported
membrane potential of approximately -180 mV21 16 suggests
that hydrogen ions indeed provide the bulk of the ion influx
involved in the generation of action potentials. The electro-
chemical gradient of H+, generated by Pma1, is what gener-
ates the high membrane potential21, meaning that protons ex-
perience a greater driving force than other ions, such as Na+,
K+, Cl−, at the resting membrane potential. During the inhibi-
tion of Pma1, the membrane potential depolarizes to the same
point that the membrane potential exists as during the peak
of an action potential. It must be noted, however, that this is
based on an approximation of electrophysiological data and
that other ions may also play roles in establishing the resting
membrane potential.

Fungal voltage-gated proton channels (Hvs) were first dis-
covered and characterized by Zhao and Tombola, 202120. The
authors found Hv1 homologs in species across all 5 five ma-
jor fungal divisions, suggesting a broad conservation of Hv1
across the fungal kingdom. However, the authors focused on

Hvs from two species: Suillus luteus (denoted as SIHv1) and
Aspergillus oryzae (AoHv1), which shared a 25% sequence
identity with one another.

Fungal Action Potentials are Sensitive to Stimulation:
Armillaria bulbosa vs. Neurospora crassa

The action potential-like activity in mycelia is sensitive to var-
ious kinds of stimulation18. Olsson and Hansson found that
the resting membrane potential of Armillaria bulbosa was be-
tween -70 to -100 mV, with action potentials having ampli-
tudes of 5-50 mV, with a duration varying between 20 ms and
500 ms. Spontaneous action potentials, as described by Slay-
man et al. (1976) in N. crassa, occurred at frequencies be-
tween 0.5 to 5 Hz in A. bulbosa.

Olsson and Hansson found that the frequency of the action
potentials decreased by injecting a negative current and in-
creased by injecting a positive current through a microelec-
trode, suggesting that the ions involved in producing the ac-
tion potentials have a positive charge. The authors also found
that by adding a drop of sulfuric acid onto the mycelium 1-
2 cm from the measurement electrode, the frequency of ac-
tion potentials increased after approximately 30 s, suggesting
that the signals propagated at a speed close to 0.5 mm/s. The
most important finding, however, was that the frequency of
action potentials also increased after placing a small wood
block on the A. bulbosa mycelium 1-2 cm away from the
electrode, but they did not increase after placing a block of
perspex plastic of equal size and weight. The absence of a
viable, modern replication of the Olsson and Hansson experi-
ment is not due to a lack of interest but a lack of the use of ad-
vanced electrophysiological techniques capable of capturing
fast and minuscule electrophysiological events. Authors such
as Adamatzky et al. or Fukasawa et al. provided studies inves-
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Fig. 2 Current-voltage relationship for SlHv1 (voltage-threshold of activation) is pH dependent. Such pH dependence may explain some of
the variability in studies examining ion dynamics in fungal action potentials. PH sensitivity may also suggest that environmental changes
(environmental acidity) may alter membrane excitability. Reproduced from20.
http://creativecommons.org/licenses/by/4.0/

Resting
membrane
potential

Duration Amplitude Resting
frequency

Stimulability
by current
injection

N.
crassa

−170–
−200 mV

1–2 min ∼ 140 mV N/A No

A.
bulbosa

−70–
−100 mV

20–
500 ms

5–50 mV 0.5–5 Hz Yes

Human −70 mV 1–2 ms ∼ 100 mV 0.1–0.2 Hz;
variable
dependent on
neuron class

Yes

Table 1 Comparison of fungal electrophysiological parameters with that of humans. Human electrophysiological data from23 24.

tigating stimuli-dependent bioelectric activity; however, their
studies only showed extracellular recordings sampled at 1 hz,
a frequency insufficient to resolve singular action potentials
in fungal tissues. Using relatively large, subdermal microelec-
trodes in fungal tissues will only record a “spatial summation”
of all the action potentials flowing through the hyphae at a
given time, and not the action potentials flowing through in-
dividual hyphae. Changes in bioelectric activity as a result of
other kinds of stimulation, like chemicals25, temperature26, or
humidity26, have been described in the past; however, studies
describing this behavior did not present results with parsable
data or repeatability, leaving the original Olsson and Hansson
experiment as the most reliable experimental evidence in this
case.

The electrical activity described in N. crassa was not sen-
sitive to stimulation in the way that the activity of A. bulbosa
was16. The absence of stimulability in the action potentials of
N. crassa means that the fungus cannot adapt its electrophys-
iological activity to its environment, but the presence of stim-
ulability in other soil-dwelling species means that they can, in
fact, adapt their electrical activity to their environments and

implies not only a primitive form of sensory perception but a
prerequisite for basal cognitive processes.

Mechanosensitive ion channels have been described in
fungi in the past, but have primarily focused on Ca2+ and
K+ channels27 28. Further investigation of the possible pres-
ence and importance of mechanosensitive and chemosensitive
H+ channels in fungi can further solidify the theory that fungi
use bioelectric signals to communicate sensory information to
other parts of the network, and that mechanical, chemical, and
other kinds of stimulation can elicit bioelectric responses in
fungal cells.

Action Potential-mediated “Memory” Behavior in Fungi

The ability of cord-forming fungi to “remember” the locations
of resources and the locations of their own mycelial cords is
likely advantageous in the case that the network becomes dam-
aged and needs to be restored. It has been shown that upon
“discovering” (foraging mycelia coming into contact with a
resource) a new resource (such as a block of wood), cord-
forming fungi redistribute their biomass in the direction of the
food resource29, which is accompanied by a thickening of the
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cord connecting the original mycelial source and the new re-
source. When the network becomes damaged and all of the
cords, along with the bait, are removed, the fungus “remem-
bers” the location of the resource, demonstrated by sending
more biomass in the direction in which the resource used to
be19, even without the new fungal growth being in contact
with the wood.

It is a possibility that the fungus’ apparent “awareness” of
the resource, (demonstrated by a polarized growth towards
a food resource upon foraging mycelia coming into contact
with the resource), is initiated, or “signaled,” by an increase
in the frequency of action potentials flowing from the forag-
ing mycelia towards the center of the network, a phenomenon
demonstrated by Olsson and Hansson, 199518. And, thus, the
memory of polarized growth towards the resource after the
network’s removal is initiated in the same way, and then is pos-
sibly stored in the bioelectric network that remains untouched
in the source block of mycelium30.

These hypotheses are admittedly speculative, as the
memory-like behavior showcased in fungi from the study
mentioned above could have emerged from possible biochem-
ical residues left on the growth medium, or the simple fact
that more fungal biomass was located in the direction of food
recourse, as mentioned by the authors of this study. The ob-
served memory behavior in fungi suggests a role in bioelectric
signaling, but the direct connection between fungal memory
and action potentials remains highly speculative. Future ex-
periments could consolidate this link, such as utilizing multi-
electrode arrays to map action potential propagation during
memory-forming tasks, or seeing if H+ flux inhibition could
suppress fungi’s ability to form memories. Further study could
distinguish between chemical and electric memory in fungal
networks by identifying chemical residues left over by the
mycelial network and testing to see if those chemicals could be
used to influence or direct the growth of new mycelial cords.

The same electrophysiological mechanisms that enable
basal cognition in single mycelial networks may also allow
information sharing throughout multiple fungal colonies as
long as they are connected through hyphae. A study done
in 202431 showed that “Spatial resource arrangement influ-
ences network structures of mycelia” and demonstrated that
multiple mycelial colonies can encounter each other, fuse, and
then share information and resources. The growth polarity of
mycelial colonies can be described as acropetal, meaning that
they grow from the center outwards. The mycelia initially
grew radially, starting at the blocks and growing outwards,
until coming into contact with the mycelium from the other
blocks, where they then fused to generate one large mycelium.
After fusion, the topology of the colonies changed drastically,
forming thickened chords between each of the starting blocks
and creating a dense network of chords that resembled the
shape targeted in the experiment. Oscillations in electrical ac-

tivity and nutrient transfer normally existing in mycelia32 33

began to coincide with one another following fusion, suggest-
ing that “Fungal mycelia may be capable of processing infor-
mation about spatial locations within their networks and adap-
tively altering their behavior” as a singular large mycelium
rather than multiple individuals.

While this review has focused on internal electrical com-
munication in fungi, some fungal species may engage in elec-
trophysiological interactions with other organisms. Ophio-
cordyceps unilateralis sensu lato, for example, is well known
to cause the ‘zombie ant’ phenomenon by manipulating the
behavior of its host insects34. The mechanisms of host ma-
nipulation are widely considered to be facilitated by chemi-
cal secretions by the fungus; however, the fungus also invades
host tissue and inserts hyphal projections directly into the host
muscle fibers35, raising the question of whether or not fungal
action potentials could play a role in infected muscle contrac-
tion. Testing whether the electrical activity of Ophiocordyceps
and the movement of infected muscles coordinate with each
other and seeing whether inhibiting Ophiocordyceps Hvs also
silences the fungus’s control over the insect are good ways to
test the possible role of bioelectricity in host manipulation.

The hypothetical existence of electrically communi-
cated signals being conveyed by individual Ophiocordyceps
colonies, linked through hyphae, during an active infection
may yield the collective network of mycelia throughout the
insect’s body with the ability to “learn” its host’s anatomy.
Whether the host specificity of Ophiocordyceps is attributable
to its cuticle sensitivity, enzyme specificity, or anatomical
specificity is unknown, but if control over the host’s anatomy
is indeed a learned behavior by the fungus, and not the conse-
quence of a kind of “somatic memory,” then information ex-
tension between fungal colonies during the infection is crucial
and suppressing it would be detrimental to the fungus’s con-
trol.

Discussion

Pma1 is a transmembrane enzyme that utilizes active transport
to move H+ out of the fungal cell and generate a concentra-
tion gradient for H+. The voltage generated by the concen-
tration gradient of H+, or the resting membrane potential, is
species-specific. In N. crassa, it was approximately −180 mV
and in A. bulbosa, it was between −70 and −100 mV. A fun-
gal voltage-gated proton channel, Hv1, was found to exist
in broad conservation throughout the fungal kingdom in se-
quences from each major division of fungi, and the I–V plots,
reversal potentials, and pH dependencies of activation were
all different for each species’ Hv1. It must be noted, how-
ever, that studies show that other ions, such as potassium or
chloride ions, provide the primary currents involved in action
potentials, and this must be studied further to ascertain which
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ions provide the greatest flux.
Under normal conditions, where the fungi were not being

stimulated, the action potentials occurred at a low, consistent
frequency. The frequency of the action potentials could be in-
creased by injecting a positive current, which aligns with the
finding that cations (possibly H+) are the ions involved in the
generation of action potentials. The frequency could also be
increased by damaging the hyphae with HCl or by stimulat-
ing them with a food resource, like placing a wood block on
the mycelium. The frequency did not increase after placing a
plastic block of equal size and weight, which suggests that the
fungus was not stimulated by physical pressure but rather the
wood itself.

The flow of action potentials being sent by the hyphal tips
(that eventually reach the center of the network) may represent
a mechanism of communicating the location of a resource;
the network responds to the electrical stimulus by reallocating
biomass to increase the degree of connection between the net-
work and the resource, thus, increasing the efficiency of nutri-
ent transfer. When the hyphae of multiple colonies fuse, they
synchronize their individual oscillations in electrical activity
and gain the ability to share the locations of known resources.
Then, they can work together to process spatial information,
recognize shapes, and coordinate growth and nutrient trans-
fer across the collective network. After the fungal biomass
is removed, leaving only the source block of mycelium, the
colony regenerates with a polarized growth in the direction of
the former resource, exhibiting a memory behavior that may
be retained in the bioelectric state of residual mycelium. Ac-
tion potentials may serve as the physiological basis for a prim-
itive version of sensory perception, information integration,
and reacting to that information through differentiated growth
patterns.

Future research on this topic should pertain to studying the
pattern and frequency of action potentials involved in signal-
ing various kinds of stimulation in the fungus. The Olsson and
Hansson experiment should be repeated by stimulating the tips
of foraging hyphae and placing a multi-electrode array down
the mycelial cords preceding the hyphal tips to measure the
flow and direction of action potentials and determine where
the fungus directs the action potentials towards. Mapping the
propagation of action potentials through mycelial networks as
they process various kinds of sensory information or perform
memory-forming tasks would provide insights into how ex-
actly they process this information and may further link the
bioelectricity of fungi with basal cognition.

Looking for and describing variations of Pma1 and Hv1
across the fungal kingdom in as many different species as pos-
sible is advantageous for further documenting the electrophys-
iology of fungi. A model species of fungi displaying action
potentials with a sensitivity to stimuli (as seen in A. bulbosa)
with known Pma1 and Hv1 kinematics would provide deeper

insight into the electrophysiology of fungi, how it compares
with the electrophysiology of the neurons of animals, and the
greater implications of fungal electrophysiology, such as cog-
nition and extending their bioelectric authority onto other or-
ganisms. Seeing how inhibiting Pma1 and Hv1 in fungi af-
fects their ability to generate action potentials would further
confirm the roles of Pma1 and Hv1 in action potential gen-
eration and studying how Pma1 and Hv1 inhibition affects
Ophiocordyceps’ and other species’ ability to manipulate their
hosts would provide insight into the role of bioelectricity in
host manipulation. Further study of the “memory-like” be-
havior expressed in cord-forming networks could distinguish
between chemical and electric memory by identifying chem-
ical residues left over by the mycelial network and testing to
see if those chemicals could be used to influence the growth
of mycelial cords.

Testing the role of bioelectric activity in Ophiocordyceps’
manipulative authority over its hosts would link bioelectricity
in fungi with a complex, observable behavior elicited by the
Ophiocordyceps-controlled insect. If host manipulation is in-
deed bioelectric in nature, then removing the gene encoding
Ophiocordyceps’ Hv1 channel or inhibiting the Hv1 channel
should suppress the ability of the fungus to control its host
insects.

In closing, the electrophysiology of fungal hyphae exhibits
striking similarities to that of animal neurons, like the mech-
anisms of signal transduction, having a resting membrane po-
tential generated by positive ions, spontaneously producing a
stream of action potentials to be prepared for stimuli, and the
ability to be stimulated to increase their frequency of action
potentials. Fungi can utilize their bioelectric networks to give
themselves basal cognitive capabilities, like taking in sensory
information, integrating that information, reacting to that in-
formation, and storing that non-genetic information in their
networks as “memories.” Fungal networks are ubiquitously
present on our planet, often existing as interconnected collec-
tive networks, potentially making them some of the largest
electrically communicating biological systems on earth.
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