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Abstract 

 

The behavioral repertoire of the fungi includes expressions of sensiBvity, problem solving, and 

memory by single cells and mulBcellular colonies. The search for food by species of filamentous 

fungi that decompose wood is parBcularly informaBve. These microorganisms produce tubular 

cells called hyphae that extend at their Bps and branch to form elaborate three-dimensional 

colonies or mycelia. InformaBon is transmiGed through mycelia grown in culture over distances 

of many cenBmeters, resulBng in changes in their growth paGerns that favor expansion in 

places where food is detected. Problem solving is apparent in these reacBons as the fungi 

negoBate physical obstacles and draw upon a rudimentary form of spaBal memory. Behavioral 

complexity is also evident in the interacBons between fungi and other organisms. These 

symbioses include the infecBon of plants and animals, and the formaBon of mutually supporBve 

relaBonships with plants called mycorrhizas. The proposiBon of fungal intelligence emerging 

from this research aligns with earlier behavioral studies on single-celled amoebas and slime 

molds. Together, these observaBons undermine the supposed disBncBon between conscious 

and unconscious organisms and support our ongoing liberaBon from Cartesian thinking about 

nature. 
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1. Introduc6on 

More than a century before mycologists began to examine the possibility of voliBon in the fungi, 

mobile proBsts like the iconic cell, Amoeba proteus, had been the subject of remarkable 

experiments on cellular behavior (Verworn, 1889; Schloegel & Schmidgen, 2002). Studies on 

proBsts, which used to be called protozoans, revealed that they engage in decision-making as 

they search for food, evade predators, and withdraw from noxious chemicals (Jennings, 1906). 

The stochasBc or individualisBc nature of these simple acBons seemed comparable to the 

problem solving and goal orientaBon normally associated with animal behavior. This early work 

on cell biology caught the aGenBon of Friedrich Nietzsche, who viewed this cellular sensiBvity 

as a simple expression of his “Will to Power” (Moore, 2003), wriBng, “Self-consciousness [das 

Ich-GeisBge] itself is already present in the cell. Before the cell there is no self-consciousness.” 

Interest in proBst behavior increased at the beginning of the twenBeth century and then 

subsided as the study of cell biology was revoluBonized by the techniques of electron 

microscopy, biochemistry, and molecular geneBcs. Research on proBstology conBnued during 

this period without gaining wider aGenBon, but there were some excepBonal experiments on 

learning in Paramecium (reviewed by Gershman et al., 2021). The discovery of the elaborate 

maBng dance in another proBst called Stylonychia (Grell, 1951) was another landmark in the 

study of the behavioral sophisBcaBon of these single-celled organisms. Work on plant sensiBvity 

or irritability also waxed and waned, but few botanists took plant senBence seriously unBl very 

recently (Calvo & Lawrence, 2023; Hansen, 2024).  
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Slime molds, which are related to amoebas and classified as proBsts, were incorporated 

into the niche of research on cellular intelligence when experiments revealed their 

responsiveness to the locaBons of food and other environmental sBmuli (Reid, 2023). Fungi, 

which are unrelated to slime molds, were not part of this work and their developmental 

behavior was not contemplated as a form of basal cogniBon unBl novel lines of experimental 

analysis began to point in this direcBon (Fukasawa et al., 2020; Money, 2021; AlekleG & Boddy, 

2021). Fungi grow in the form of colonies of branching filaments called hyphae that feed by 

absorbing nutrients from their surroundings. Their reliance on growth versus movement from 

place to place for feeding was one of the reasons that they were ignored in the earlier studies 

on cellular intelligence, but this disBncBon has been overrated.  

Although fungal hyphae are not moBle like amoebas and proBsts that swim using cilia 

(vibraBng hairs), their irritability is apparent as they extend at their Bps, form unique branching 

paGerns, maneuver around obstacles, converge on food, and unite in maBng reacBons. This 

conBnuous expression of sensiBvity through growth is comparable to the reacBveness of a 

swimming cell like Paramecium or, at least it is not fundamentally different. In the fungus and 

the ciliate, the behavior of the organism involves individual, goal-oriented or purposeful 

responses to internal (cytoplasmic) and external (environmental) cues. The energy needs of the 

fungus, for example, guide the transfer of nutrients from well-fed parts of the colony to distant 

hyphae that are extending in a nutrient-poor microenvironment. There is an obvious purpose to 

this cytoplasmic reacBon. 

 



 4 

The behavioral responses of fungi are as complex as any examples of sensiBvity and 

adaptability at the cellular level, but do they count as expressions of consciousness? MallaG et 

al. (2021) posited a fundamental disBncBon between conscious organisms that act upon 

predicBons about future events, and unconscious ones that do not. Plants, they argued, cannot 

be regarded as conscious because they lack the capacity for anBcipatory behavior: plants react 

to sBmuli, but they do not operate in a proacBve fashion. The same criBque applies to the fungi 

and MallaG et al. (2021) suggested that consciousness is limited to species of arthropods, 

cephalopods, and vertebrates.  

The restricBon of consciousness to these taxa is challenged by examples of anBcipatory 

behavior in microorganisms that modify their molecular responses to a repeated sBmulus. The 

resulBng biochemical changes place the cell in a state of readiness to ride out a subsequent 

environmental stress. Responses to osmoBc stress in yeast (a single-celled fungus) are a good 

example of this cytoplasmic preparaBon (Meriem et al., 2019). Although the stress response of 

yeast is limited to an automaBc rouBne of geneBc controls, the single cell is operaBng in a 

proacBve fashion which seems to rank as a primiBve form of consciousness using the criteria of 

MallaG et al. (2021).  

In light of the difficulBes in defining cogniBon, intelligence, voliBon, and related 

phenomena (Lyon et al., 2021), it makes sense to regard consciousness as a flavor of 

informaBon processing with differing expressions along a spectrum of behavioral complexity. 

Allen (2017) refers to this as a stance of “relaxed pluralism,” which allows mulBple lines of 

objecBve inquiry. This approach allows room for studies on the behavioral ecology or ethology 

of the fungi. Evidence for goal-oriented or purposeful behavior, learning, and memory in these 
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microorganisms has become part of the growing field of research on the cellular basis of 

consciousness (Reber et al., 2024).  

This chapter describes recent research on the behavioral ecology or ethology of fungi 

and its link to the theory of cellular consciousness. I examine the sensiBvity and growth 

responses of fungal hyphae (SecBon 2), and extend this inquiry to the cooperaBon between 

mulBple hyphae in fungal colonies or mycelia (SecBon 3). Sensory mechanisms and signaling 

processes within fungal cells are addressed in SecBons 4 and 5, before turning to 

communicaBon within plant-fungal networks in SecBon 6. This research has spurred many 

quesBonable interpretaBons and one of the aims of this chapter is to discriminate between the 

reliable science and misleading ideas about fungal behavior.  

 

2. Hyphal sensi6vity 

The hypha is the exploratory and feeding apparatus used by filamentous fungi. This dual role 

requires sensiBvity to the physical and chemical nature of the surrounding environment and is 

apparent in the way that hyphae negoBate surfaces, wend their way through porous soils, and 

penetrate all manner of solid materials (Bedekovic & Brand, 2022; Figure 1). Hyphae produced 

by saprotophic fungi decompose and digest the Bssues of dead plants and other organic debris, 

endophytes insinuate themselves within the Bssues of living plants, and parasites and 

pathogens aGack plants and animals. Other fungi include commensals that grow on the human 

body and support our health through their interacBons with bacteria and the immune system. 

Most of these fungi grow as yeasts, but species of filamentous fungi are also important players 

in this complex ecosystem called the human mycobiome.  
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Figure 1. Hyphae of a pathogenic fungus that invades human 6ssues. Source: Science Photo 

Library. 

 

Hyphae sense ridges on surfaces and negoBate obstacles by changing their growth 

direcBon and use a combinaBon of enzymaBc digesBon and physical force to penetrate solid 

materials (Money et al., 2004; Brand & Gow, 2009). They narrow themselves to grow through 

constricBons and alter their paGerns of branching in search of food. Recent advances in 

microscopic imaging techniques allow invesBgators to monitor the extension of hyphal Bps and 

the underlying molecular acBviBes that support the mechanism of Bp growth (Money, 2022; 

Kakizaki et al., 2023; Kawatomi et al., 2024). The development of living hyphae can be studied 
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on solid surfaces, inside microfabricated growth chambers, and even within living plant Bssues. 

Through these experiments we are discovering an extraordinary level of sensiBvity, flexibility, 

and adaptability in the growth responses of individual hypha. AddiBonal illustraBons of this 

sensiBvity include a variety of wounding responses of hyphae that contain leakages from 

damaged cell walls. Rhythmic changes in the electrochemical potenBal across the cell 

membrane that have been described as acBon potenBals are also interesBng from the 

perspecBve of cellular irritability. The acBviBes of the individual hyphae mulBply through 

growth and branching into the complex behavioral characterisBcs of mycelia that are formed by 

these interconnected filaments. 

 

3. Networking within mul6cellular fungal colonies 

Fungal mycelia develop when single or mulBple hyphae emerge from germinaBng spores. These 

hyphae branch repeatedly as they elongate, forming new growth axes and radiaBng away from 

one another in a way that maximizes coverage of the available space (Figure 2). This involves 

the mutual repulsion between growing hyphal Bps and results in the formaBon of a circular 

colony on a surface, and a spheroidal mycelium when the fungus is able to explore a three-

dimensional space from its starBng point. Branches remain connected to their parent hyphae, 

producing a fluid conBnuum of filaments. This integraBon is supplemented by the formaBon of 

cross-bridges between the radiaBng hyphae of some fungi (Figure 3). The density of these 

connecBons, called anastomosis tubes, is very variable. This is important because limited 

bridging will constrain the transmission of any informaBon within the mycelium to the two-way 

traffic of signals from edge to edge of the colony (Hammadeh et al., 2022). 
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Figure 2. Fungal colonies or mycelia. A. Young colony that has grown from a single spore at 

the center. B. Magnified view of hyphae within a colony. C. Mycelium spreading over wood. 

Sources: A, B, adapted from Buller (1931); C, Alamy Stock Photo.  
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Figure 3. Detailed view of fungal hyphae that have grown from spores and formed cross-

connec6ons to form an integrated network of cells. Source: Adapted from Buller (1933). 

 

Studies on mycelial development have led to the metaphorical descripBon of the feeding 

colony as the brain of the fungus. The fact that the mycelium is the whole fungus and not part 

of a larger organism is one of the limitaBons of this idea, but the colony does operate as a 
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computaBonal device that assumes an opBmal geometry in response to nutrient availability. 

The sheer number of hyphae in mycelia has encouraged these ruminaBons. Mycelia produce 

billions of microscopic threads in a kilogram of rich grassland soil and approach the density of 

neurons in our brains, but any networking in the fungus is completely eclipsed by the number of 

synapBc connecBons between nerve cells. The mycelium is an abacus rather than a 

supercomputer. 

 Evidence for networking comes from experiments in which the movements of 

fluorescent dyes and radioacBve tracers are tracked for distances of millimeters to cenBmeters 

across mycelia grown in culture (Fricker et al., 2008, 2017). Passive diffusion is fast enough to 

transmit these compounds over a few millimeters, but the mass flow of cytoplasm is the 

primary mechanism for transport across longer distances through hyphae (Herman & 

Bleichrodt, 2022; Figure 4). Mass flow propels the hyphal contents along at speeds of 10 to 20 

mm per hour. Together, diffusion and mass flow redirect the distribuBon of materials from 

different parts of the mycelium according to nutrient availability.  
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Figure 4. Mass flow of cytoplasm within hyphae from leU to right, showing fluid-filled 

vacuoles squeezing through pores in septa. Successive images of hyphae from top to boXom 

of the figure are separated by 10 seconds. Source: Adapted from Buller (1933). 

 

The operaBon of larger mycelia is complicated by the aggregaBon of dozens of hyphae to 

form thickened assemblages called cords and rhizomorphs that resemble the root systems of 

plants. These structures serve as supply lines, allowing parts of mycelia that have run out of 
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food and water to connect with distant groups of fully hydrated hyphae with access to nutrients. 

Saprotrophic fungi that specialize in wood decomposiBon have been the leading models for 

experiments on mycelial development. Their responses to the placement of wood blocks in 

cultures provide the strongest evidence for fungal intelligence. 

 The most compelling research on this subject has been published by a Japanese 

invesBgator, Yu Fukasawa, and his collaborators, including Lynne Boddy, a BriBsh mycologist and 

disBnguished fungal ecologist. In the earliest of these experiments, Fukasawa et al. (2020) 

showed that mycelia of the fungus Phanerochaete velu6na growing over soil memorize the 

posiBon of small blocks of wood that serve as their food. The test began by placing a wood 

block (block #1) colonized by a mycelium on a soil tray. The fungus responded by spreading in all 

direcBons unBl it made contact with a second wood block (block #2) placed as a bait at the 

margin of its colony. At the end of the first phase of the experiment, the mycelium had 

colonized wood blocks #1 and #2. In the second phase of the experiment, the original wood 

block (block #1) was transplanted to a fresh soil tray. Growth resumed from all four sides of the 

wood block, but, crucially, more hyphae extended from the bait side of the wood block from 

which the fungus located block #2 in the first phase of the test (Figure 5). This behavior suggests 

that the mycelium memorized the successful growth paGern and “retraced its steps” in the 

search for fresh food. 
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Figure 5. Wood block experiments showing regrowth of the fungus aUer transfer to a fresh 

culture dish in Test 2 toward the bait that it had located in Test 1. Source: Photographs from 

Yu Fukasawa with permission. 

 

The paGern of mycelial development in this experiment is quite subtle, but the fungus 

must have stored informaBon on the bait side of wood block #1 that was closest to wood block 

#2 in the first phase of the experiment. This could be a structural memory in the form of more 

concentrated growth of hyphae within the wood block on the bait side, or perhaps the fungus 

responded to a molecular marker deposited in the hyphae oriented toward the bait. The 
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behavior of the fungus in this simple experiment seems a long way from recollecBng where we 

lep our keys, but, again, elementary cellular processes must be responsible for both memory 

tests.  

 AddiBonal experiments provide evidence that mycelia are capable of making strategic 

decisions about their growth according to the availability of nutrients in different locaBons. 

Fukasawa & Kaga (2021) used the wood block #1 and #2 set up from the earlier experiments 

and studied the effect of Bming on the colonizaBon process. If wood block #1 was incubated for 

2 weeks before baiBng with wood block #2, the mycelium extended from both wood blocks in 

search of more food when they were transplanted to fresh soil trays. If wood block #1 was 

incubated for 14 weeks before baiBng, regrowth occurred only from wood block #2 aper 

transplantaBon. The invesBgators interpreted this result as an indicaBon of decision making on 

the part of the mycelia, but the absence of regrowth from wood block #1 in the second test may 

also have been due to the death of the hyphae aper so many weeks of acBvity. Because the 

mycelium in wood block #2 arrived from the well-colonized wood block #1, the hyphae in this 

locaBon had not had sufficient Bme to exhaust the nutrients in the bait and were able to 

resume growth. 

 The colonizaBon process in these wood block experiments is complicated by the 

observaBon that the distance between the wood blocks determines the investment in growth 

(Fukasawa & Ishii, 2023). Mycelia migrate to baits (wood block #2) that are close (1 cm) to the 

inoculum (wood block #1) more frequently than baits that are farther away (15 cm). Full 

migraBon of the fungus is indicated in these experiments by the transfer of mycelial biomass 

from wood block #1 to wood block #2 such that the mycelium is no longer acBve in wood block 
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#1. This makes sense from the perspecBve of the energeBc investment made by the fungus as it 

forages for food. MigraBon to a nearby wood block obviously requires less “foraging effort” than 

moving to a distant wood block.  

In another series of experiments, Fukasawa et al. (2024b) studied the decomposiBon of 

colonized wood baits placed in a circular versus a cross paGern. The surprise in this experiment 

was that the arrangement of the baits affected the organizaBon of the mycelia and the process 

of decomposiBon. When the fungus grew out from the blocks of wood it made connecBons to 

adjacent blocks and created mycelial networks in both configuraBons, but the decomposiBon of 

the blocks was greater in the circular arrangement compared with the cross. Mycelia growing 

from each of the blocks in the circle formed a simple ring of connecBons that boosted the 

decomposiBon process. A more complicated mycelial network developed from the cross 

arrangement with four connecBons from the central block and longer connecBons between the 

blocks placed at the ends of the cross, which reduced the overall efficiency of decomposiBon. 

Again, it is quesBonable whether the behavior of mycelia in these tests represents individual 

decisions based on the arrangement of resources, or that every mycelium of this fungus is 

simply following the same rigid program of inflexible reacBons each Bme they make contact 

with a liGle block of wood. To understand the decision-making process, we need to examine the 

signaling mechanisms that operate within mycelia as they engage in wood decomposiBon. In 

parBcular, we need to ask how mycelia detect the nutrient levels in wood baits and how the 

responses of the hyphae in one locaBon are conveyed to other parts of the colony.          

 

 



 16 

4. Informa6on transfer within mycelia: chemical and electrochemical processes 

The operaBon of stretch-acBvated and stretch-inacBvated ion channels in the cell membrane is 

one of the sensory mechanisms in hyphae (Morris & Sigurdson, 1989; Lange & Peiter, 2020). 

PerturbaBon of the hyphal Bp, for example, can trigger calcium influx through stretch-acBvated 

calcium channels, turn on calcium signaling pathways, and result in hyphal reorientaBon (Brand 

et al., 2007). Another plausible signaling mechanism in fungi involves changes in the 

electrochemical potenBal across the cell membrane. All cells maintain a voltage across their 

membranes that is established by a combinaBon of the passive diffusion of ions from the 

cytoplasm to the surrounding fluid, and vice versa, and the transport of ions through integral 

membrane proteins that act as channels, carriers, and pumps. The passive flux of potassium 

ions through the cell membrane creates a net negaBve charge (this is the caBon diffusion 

potenBal) and acBve ion pumps amplify this membrane potenBal. The fungus Neurospora 

crassa, which has been used as a model for studies on membrane physiology, has a resBng 

membrane potenBal of –180 mV (Slayman & Slayman, 1962; Slayman, 1965). This voltage is 

generated by passive ion flux and the acBve expulsion of protons by a transmembrane H+-

ATPase or proton pump (Slayman et al., 1973; Young et al., 2024).  

Clifford Slayman, who pioneered the research on Neurospora physiology, discovered that 

the hyphal membrane potenBal was lost (depolarizaBon) in a seemingly spontaneous fashion 

and reestablished (repolarizaBon) on the Bmescale of 1 to 4 minutes (Slayman et al., 1976). This 

temporary collapse of the voltage could be explained by a sudden increase in membrane 

permeability to protons and chloride ions, or by a brief and reversible slump in H+-ATPase 

acBvity. While the underlying physiological mechanism has not been established, the resulBng 
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sinusoidal waveform of the oscillaBons in membrane voltage in the fungus is comparable to the 

shape of the classic acBon potenBal in animal neurons. Although the waveforms are similar, the 

acBon potenBals in nerve cells occur on a millisecond Bmescale nerve impulses are propagated 

along neurons at maximum speeds in excess of 100 meters per second. By contrast, it is not 

known whether the acBon potenBals in Neurospora are conducted along the length of the 

hypha at all. Given the limitaBons in the available data, the recordings made by Slayman et al. 

(1976) suggest that any mobile voltage pulses in Neurospora could be one million Bmes slower 

than a nerve impulse and comparable to the speed of chemical communicaBon along hyphae 

via the mass flow of cytoplasm (SecBon 3). Faster oscillaBons or spikes in membrane potenBal 

were recorded from the mycelia of species of Pleurotus and Armillaria (fungi that form 

mushrooms), but these were not characterized as clearly as the acBon potenBals in Neurospora 

(Olsson & Hansson, 1995). 

 These results do not discount the possibility of mycelial communicaBon via electrical 

impulses, but they certainly limit the usefulness of comparisons between hyphal and neuronal 

acBvity. AcBon potenBals have also been detected in the non-neuronal cells of other organisms 

including single-celled proBsts. In some cases, these voltage changes appear to reflect the 

inherent instability of the semipermeable membrane and the operaBon of homeostaBc 

mechanisms to restore the balance of ions aper leakage, with no hint of a signaling process 

(Brunet & Arendt, 2015). 
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5. Ques6onable studies on neuronal-type communica6on within mycelia 

Unfortunately, there has been relaBvely liGle criBcal research on hyphal electrophysiology since 

the studies by Clifford Slayman and colleagues. There have also been some quesBonable studies 

that do not jusBfy the extraordinary claims of nerve-like communicaBon within mycelia made by 

their authors. Mishra et al. (2024) created biohybrid robots whose movements were coupled to 

the electrophysiological disturbances within mycelia growing in culture dishes. The fungus used 

in these experiments is an edible mushroom called the king oyster, Pleurotus eryngii. Needle 

electrodes were inserted into the cultures and signals from the mycelia were relayed to motors 

that controlled the wheels and legs of the robots. Spontaneous voltage spikes in the microvolt 

range were recorded from the electrodes and addiBonal voltage swings were recorded from 

mycelia exposed to ultraviolet light. The resulBng erraBc movements of the robots led the 

invesBgators to dream of future fungal machines that respond to environmental variables and 

could be useful in crop management and other applicaBons.  

 The voltage spikes recorded by Mishra et al. (2024) were three orders of magnitude 

smaller than the ships in hyphal membrane potenBal measured with intracellular electrodes in 

the earlier electrophysiological studies on fungi. They were also at odds with the earlier 

extracellular electrical acBvity in the millivolt range measured with extracellular electrodes by 

Olsson & Hansson (1995). Although Mishra et al. (2024) described the voltage fluctuaBons as 

“acBon potenBals,” these were not resolved into any recognizable waveforms in their analyses. 

It seems more likely that the electrophysiological signals from Pleurotus were nothing more 

than random noise resulBng from the inserBon of the electrodes into the cultures. It would be 
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instrucBve to carry out control experiments using slices of potato or beetroot to see whether 

these vegetables show comparable levels of intelligence.   

 Similarly dubious inferences are found in other studies on fungal electrophysiology. 

Using needle electrodes for extracellular recordings from mycelia of various fungi, Adamatzky 

(2022) measured voltage spikes ranging from 30 microvolts to 2 millivolts. Analysis of these 

signals revealed trains of electrical acBvity that the author interpreted as evidence of 

communicaBon using a fungal language, with a liGle bracket fungus called the split gill offering 

the most complex sentences. This study and related publicaBons make a mockery of the 

emerging objecBve research on fungal behavior and the processing of informaBon by mycelia.  

 Within this milieu, there have been some more thoughrul studies on fungal 

communicaBon that deserve closer scruBny. Buffi et al. (2025) offer a comprehensive review of 

the field. Fukasawa et al. (2024a) reported oscillaBons in electrical potenBal between hyphae 

feeding on a bait and other parts of the mycelium in their culture studies. Again, these 

recordings were made using extracellular electrodes, but it seems plausible that changes in 

mycelial growth associated with the availability of nutrients may be communicated through 

changes in membrane permeability that is detected with these electrodes. In this instance, of 

course, the electrophysiological signals may be a consequence of other physiological changes in 

the fungus rather than any evidence of messaging. A complementary study by Wernet et al. 

(2023) provided compelling evidence for chemical communicaBon in their measurements of 

oscillaBons in calcium and signaling proteins in single isolated hyphae and the synchronizaBon 

of these paGerns when hyphae fuse. The authors describe this process as monologue becoming 

dialogue.  
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6. Communica6on within plant-fungal networks 

Plant-fungus communicaBon is an area of very acBve research that spans different kinds of 

mycorrhizal relaBonships as well as the study of plant colonizaBon by pathogenic and 

endophyBc fungi (Zeilinger et al., 2016; Lu et al., 2021). The development of mycorrhizal 

symbioses between mycelia and the root systems of plants requires interspecies 

communicaBons that permit the fungus to penetrate the plant Bssues without sBmulaBng the 

destrucBve interacBons that occur when pathogenic fungi infect their hosts. In the 

ectomycorrhizal relaBonship between the mushroom-forming fungus Laccaria bicolor and 

poplar trees, the mycelium releases signaling molecules that acBvate ion channels in the root 

cells (Cope et al., 2019). The resulBng flow of calcium ions iniBates a cascade of gene expression 

in the plant that supports the formaBon of a stable symbiosis. The molecular interacBons 

between mycelia and plants raise the same quesBons about developmental complexity versus 

expressions of intelligence that arise with the wood-decomposing fungi discussed in SecBon 4. 

Greater controversy is raised by suggesBons that mycorrhizal fungi may act as conduits for 

communicaBon between plants, for which there is very limited evidence (Henriksson et al., 

2023; Karst et al., 2023; Robinson et al., 2024).              

 

7. Conclusion: developmental programming or consciousness? 

CriBcal studies on fungal development began with experiments on the growth paGerns 

produced by expanding mycelia and their interacBons during maBng reacBons. Oscar Brefeld 

(1839-1925) was one of the pioneers in this field of research, who provided detailed accounts of 

hyphal development following spore germinaBon and the formaBon of mushrooms. Brefeld’s 
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drawings of mushroom formaBon reveal one of the most complicated anatomical modificaBons 

that takes place in the fungi (Figure 6). 

 

 

Figure 6. Drawings of the early development of the ink cap mushroom, Coprinopsis stercorea. 

(A) The fruit body is ini6ated as a knot of hyphae. (B, C) Hyphae in the center of the aggregate 

form a recognizable growth axis from which (D) the cap and stem of the mushroom 

differen6ate. Source: adapted from Brefeld (1877). 
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Beginning with the aggregaBon of a small number of hyphae, the fungus organizes a template 

for the fruit body with minimal visible differenBaBon among the cells. What can be seen, as 

Brefeld showed, is the outline of the mushroom cap and stem that emerges from the 

orientaBon and shaping of hyphae in the middle of the aggregate. This structure is produced by 

the same kinds of filamentous hyphal cells that form the feeding mycelium, whose individual 

and collecBve behavior is evident from the feeding experiments described in SecBons 2 and 3. 

But when these cells weave themselves into the fruit body there is a tendency by observers to 

dismiss their sensiBvity and responsiveness. With the loss of their individuality and 

conformaBon to a geneBcally prescribed series of developmental steps in mushroom formaBon, 

the apparent self-possession of the hyphae seems to fade from view.  

This judgment is illogical. Each of the hyphae parBcipaBng in mushroom development 

senses its posiBoning relaBve to the surrounding cells and adjusts its growth in response to 

developmental signals that crap the mulBcellular fruit body. The hyphae are constrained in their 

growth responses, but the same is true of hyphae in a feeding colony that grow toward their 

food. We are misled by our bias toward idenBfying goal-oriented behavior in the hyphal 

response to external sBmuli, such as nutrient availability, as a prerequisite for cellular 

consciousness. Goals are also met in response to internal signals in the mushroom. We pursue 

similar thinking when we privilege the independent behavior of human cells growing in Bssue 

cultures and believe that they subsume their autonomy in favor of cooperaBon to create the 

embryo. The cells in developing mushrooms and humans are regarded as automatons because 

they respond to geneBcally-encoded programs from which any divergence can be catastrophic.  
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Whether we regard the behavioral repertoire of cells as a form of elementary 

consciousness is a quesBon for philosophers, but one thing is certain: Every expression of 

cogniBon in animals with brains is reliant on the sensiBvity of cells whose biochemical and 

physiological mechanisms are common to all organisms, including fungi. In the end, even the 

most complex manifestaBons of predicBve and purposeful behavior, including those predicated 

on the human belief in free will, are founded on elementary cellular processes common to all 

life. There is no ghost in the machine, only ions moving across membranes. 
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