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Abstract The slime mold Physarum polycephalum is presented as an alterna-
tive model due to its complex behavior, learning abilities, and promising elec-
trical properties, despite being a single-celled organism. Its unique characteris-
tics, such as forming efficient networks and demonstrating memristive properties,
make it a compelling candidate for new computing architectures. The slime mold’s
natural energy efficiency and problem-solving capabilities offer valuable insights for
Al network design, material science, and environmental monitoring. This chapter
proposes a framework for exploring Physarum’s potential both as a biological mate-
rial with neuromorphic qualities and as an inspiration for bio-inspired computing,
suggesting that it may hold the key to advancing beyond traditional computing
paradigms.

1 Introduction

When embarking into ‘perspectives of the aneural slime mold as a computing model
for artificial intelligence’, it is essential to understand what a computer model is
and the importance of a computer model for artificial intelligence (Al). Artificial
intelligence, in simple terms, enables computers and machines to simulate human
intelligence and problem solving. The first question that arises from this simple defi-
nition is, ‘How do computers and machines perform AI?’. To answer this question,
we need to look back to the evolution of computing models which are from here forth
known as computer architectures. The second question of the definition is ‘what is
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Fig. 1 Schematic of the a von Neumann architecture: the yellow arrow signifies the Von Neumann
bottle neck. b Harvard Architecture. The memory—where data and instructions are stored, the
control unit—which directs operations, the arithmetic/logic unit—which performs calculations,
and the input/output systems—which interact with the outside world are sketched here

human intelligence and problem solving?’. To answer this question, we need to look
into the definition of intelligence and cognition.

The evolution of computer architectures has been marked by significant mile-
stones, starting with foundational models such as the Harvard (1939), von Neumann
(1945) and modified Harvard (post 1945) architectures. A computer architecture
organizes the components (processor, memory, input/output devices) which make
up a computer system as shown in Fig. 1. The rules that contribute to the computer
architecture define how the software and hardware communicate in the device. These
early designs laid the groundwork for modern ‘computing’ but have encountered
notable challenges, especially in the context of big data and artificial intelligence
(AI).

The von Neumann architecture is characterized by its use of a single memory
space for both instructions and data. This is very beneficial in implementing and
self-modifying code. While the von Neumann architecture is easy to implement and
simple to use because the instructions are executed in a linear fashion, one after
the other, it suffers from a phenomenon called the ‘Von Neumann bottleneck’. This
drawback occurs due to the shared memory system where instruction and data use
the same communication path. In other words, this system can only retrieve one
item from the shared memory at a time. The bottleneck becomes a critical limitation
when dealing with immense data sets required for training Al models, leading to
inefficiencies and slower processing times.

In contrast, in the Harvard architecture the Von Neumann bottleneck is prevented
by implementing separate memory units for storing data and instructions. There-
fore, a level of parallelism is introduced since the data and instructions can be
retrieved simultaneously. This significantly improves the system’s overall perfor-
mance regarding speed and efficiency. While the von Neumann architecture has
a low implementation cost, and a simpler design that fits into a small chip, the
Harvard design results in high costs due to its complex design. However, modern
processes typically use modified Harvard architecture which provides a smooth
balance between the ease of implementation, cost and complexity.
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While artificial intelligence aspires to reach human intelligence there is a need
for more energy efficient computing architectures possibly inspired by nature. “What
other inspiration could there be if not for the highest inspiration of all time: the human
brain?” The architecture of the human brain is strikingly distinct, featuring distributed
memory and processing through every neuron, as well as parallel processing in
separate regions of the brain. Consequently, the brain is not particularly adept at
performing linear tasks such as calculations; however, itis highly proficientin training
and pattern recognition. To illustrate, during a conversation with a friend, one’s brain
may simultaneously process the other person’s attire, the content of their discourse,
and the relevance of the topic to other similar experiences, while also monitoring the
emotions and body language of the individual. To emulate these processes, contem-
porary Al programs frequently employ artificial neural networks (ANN) as software
on conventional computing architectures. The fact that computer architectures are
not yet optimized for parallel and distributed processing leads to excessive energy
use. As Al and machine learning applications continue to grow, the need for more
efficient computing paradigms has become apparent.

This necessity has driven the exploration of neuromorphic computing. Neuro-
morphic computing is an approach inspired by the architecture/structure and the
functionality of the human brain. Neuromorphic computing aims to replicate the
neural structure and synaptic activities of the brain to create hardware capable of
learning and processing information more efficiently. Potential benefits of a neuro-
morphic computing architecture include three-dimensional parallel processing as
well as plasticity, which lead to learning and adaptability, high performance and,
most of all, to energy efficiency.

Implementing neuromorphic architectures in hardware involves designing
specialized systems that can emulate the synaptic activity and neural computations of
the brain. These hardware implementations are crucial for realizing the full potential
of neuromorphic computing. This will enable the development of Al systems that are
not only more powerful but also more sustainable in terms of energy consumption.

Emerging computing architectures such as neuromorphic computing as well as
quantum computing and biocomputing are still quite immature in research. For
example, the von Neumann architecture, which established a clear and structured
approach to computing, separates tasks into distinct, hierarchical components. This
clarity and structure enabled the development of general-purpose computers, where
different types of hardware could operate under the same principles, allowing soft-
ware to function uniformly regardless of specific hardware details. As a result, it is
challenging to deviate from this well-established architecture.

Establishing hierarchy and structure for neuromorphic architecture and hardware
is sophisticated due to our lack of understanding of the brain. The anatomy of the brain
and the properties of many parts are understood, but research on the true functionality
is still complicated due to the size and complexity of the system. Most complex
behaviors and computations are still often dubbed an “emergent property” that occurs
when a sufficient number of neurons is connected, as the exact mechanisms are still
unclear. The same problem can be observed in artificial neural networks: While the
number of neurons and various parameters can be optimized for certain tasks, it is
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unclear what happens inside an artificial neural network and how it produces its
output.

To address these topics, in this book chapter we would like to propose investi-
gating a second possible computing architecture that may go hand in hand with the
neuromorphic architecture, which is the ‘slime mold architecture’. Slime molds are
unicellular amoebae, and the most widely studied slime mold species is scientifically
designated as Physarum polycephalum. It is recognized for its complex, intelligent
behavior, including the ability to respond to stimuli and learn from past experi-
ences, which is quite advanced for a single cellular organism. In addition, Physarum
polycephalum exhibits promising electrical behavior. The electrical properties of
Physarum such as oscillations and multiple resistances are important to understand
the electrochemical mechanisms of the slime mold. These mechanisms have the
potential to facilitate the incorporation of slime mold as an electrical component or
the construction of artificial components exhibiting analogous properties.

From our point of view, Physarum polycephalum can be studied under two aspects.
The first aspect would be to study the abilities and the functions of the slime mold to
mimic or be inspired by its behavior giving rise to a new computing architecture. The
second aspect would be to utilize the slime mold as a biological material with signif-
icant electrical properties to support the neuromorphic architecture. Both possible
aspects are converged in slime mold as a new model organism for Al

Accordingly, this book chapter will present a framework for considering the intel-
ligence of unicellular organisms, after providing an overview of the behavioral capa-
bilities of the slime mold that could be relevant for emulation. Subsequently, we will
address the second aspect, namely the electrical properties that make it a potential
foundation for neuromorphic computing.

2 Intelligence, Cognition and Aneural Cognition

Although the term “intelligent” was attributed to the slime mold in the introduction,
there is a degree of controversy within the scientific community regarding the appro-
priateness of this linguistic designation in this particular context. When speaking of
intelligence and cognition, both biological and artificial, the terms are often inherently
associated with brains and nervous systems. It is universally accepted and proven
that the brain serves as the centralized control unit of the human body. Sensory
information is evaluated in a complex process involving correlation and integration
of multisensory stimuli, memory and higher-order cognitive functions as thinking
about thinking, making predictions based on past outcomes and more. The human
brain is one of the most complex structures known to mankind, and the pinnacle
of what the evolution of nervous systems has achieved so far. Consequently, the
term cognition was first coined for describing human capabilities over half a century
ago, during a movement that later became known as the cognitive revolution. It
coincided with the first inception of artificial intelligence in the 1950s. At the time,
psychology as a field was facing a revolution of its own. Before, behaviorism was
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the mainstream in psychology: the assumption that every behavior is the result of a
stimulus or a learned reaction to a stimulus, while viewing the brain as a black box.
Its focus on observable behavior helped psychology to become an objective field
of science, but viewing the human mind as a black box denied any interpretation
about underlying mechanics. At that time, it became apparent that this approach
could mostly describe, but not explain complex behavior. Theories about the mental
state and mind of humans were needed, and the core principles of behaviorism were
slowly abandoned. These theories about information-processing in the brain made
fruitful interdisciplinary work possible, where the fields of psychology, philosophy,
linguistics, anthropology, neuroscience, and computer science could join forces in
what became called ‘cognitive sciences’ in 1978 [1].

The main goals of the cognitive sciences are threefold: To provide explanations
for what cognition is, what it does and how it works [2]. Since its inception fifty
years ago, no unified definition of cognition was found and agreed upon. Instead,
the historical approach was to wait until enough data has been accumulated, but
despite an enormous mass of collected data, no definition has emerged [3]. Both
cognition and intelligence can be applied in both broad and narrow contexts. Due
to the strong connections to psychology, historically cognition was seen as a human
trait, hence calibrated against the human experience [4]. In psychology, cognition is
often described without a clear definition, instead lists of traits considered cognitive
such as affect, learning, problem solving, communication, anticipation, or intention-
ality. Descriptions of these may read, for example, in problem solving as a listing of
“rational decision making” and “abstract thinking”. Another example for commu-
nication is given by Lyon: “Verbal or written symbol systems whose units have
semantic content (meaning) and their deployment is organized according to rules
(syntax), both of which are conventionally established expressly for the purpose of
information exchange.” [4]. In animals, communication is often not verbal and never
written, while problem solving behavior may be observed, abstract thinking might
only be inferred.

In human-centric sciences, describing human behavior in human terms seems
natural. However, problems arise when evaluating non-human intelligence, as it is
still measured against the human benchmark. If, for example, an animal displays
certain traits and behaviors that are deemed cognitive in humans, it is then said to
possess some degree of cognition, which typically is considered inferior to human
cognitive capabilities. Lyon [3] defines this as the anthropogenic approach to cogni-
tion, while proposing another approach called biogenic cognition. Before exploring
biogenic cognition, we should first investigate further into the anthropogenic
approach to see why a different approach might be proposed.

In the work of Lyon [3], a few traits of the anthropogenic approach to cogni-
tion are listed. Since human cognition is based on the brain and nervous system,
anthropogenic cognition assumes that cognition is a function of the brain. Often, it
is not referred to particular parts of the brain, as sometimes the neural substrate is
not entirely known. This prerequisite is simultaneously too broad and too narrow.
Too broad in the sense that not all parts of the brain and central nervous system are
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involved in what is considered cognitive, many others are just regulating bodily func-
tions. Therefore, claiming the brain as a prerequisite but not identifying which parts
of the brain seems inaccurate. This is often further specified as a brain of ‘sufficient
complexity’ without giving any indication of which level would be sufficient. The
scientific consensus on that shifted drastically over time.

During the cognitive revolution, the prevailing view was that learning and cogni-
tion were exclusive to higher organisms. These higher organisms at first included
mostly mammals, while every other animal was considered evolutionary lower, less
sophisticated, and not capable of cognitive functions. Invertebrates of any kind were
excluded on behalf of their lower number of neurons. Invertebrates were thought of
as purely running on instinct, executing their functions like pre-programmed robots
[5]. Despite this, in the 1950s to 1960s, researchers such as McConnell successfully
showed learning and memory in planarians, a type of flatworm with less than 50,000
neurons [6]. At the time, these findings were inconsistent with the prevailing theoret-
ical frameworks. Planarian researchers speculated that in these invertebrates memory
was not stored in the brain, but biochemically in special strands of RNA [7]. The
search for a “memory molecule” failed, not because it might not exist, but because
planarians and other invertebrates, appear to rely on their nervous system for cogni-
tion. In the following decades, more and more evidence of learning in invertebrate
organisms was investigated. These studies extended from the highly evolved octopus
to insects and crustaceans [8], even to jellyfish [9] and other cnidarians [10]. Due
to their different body plan, Cnidarians lack a centralized brain- instead featuring a
dispersed nerve-net, in some species with localized ganglia spread around the body.
With increasing amounts of data showing learning and memory in many formerly
underestimated phylogenetic groups of animals, from reptiles to fish to invertebrates,
the focus shifted from requiring a brain for cognition to merely having a nervous
system as a prerequisite.

It must be reiterated that, while lacking a clear definition of such a big concept may
seem to be a big oversight, the anthropogenic approach made sense both in a historical
and practical way. As humans, it would be intuitive to start with the human brain and
mind, because we have access to our own thoughts and can also communicate them.
A critical examination of the historical perspective on animal cognition reveals the
inherent limitations of this approach. It was assumed that animals considered most
similar to humans were also the most accessible, thus facilitating the assumption
that they possessed cognitive abilities. Down the evolutionary tree, where animals
were more different from humans, therefore harder to interpret intuitively, were seen
as less cognitively advanced. Sometimes, this view would even be reinforced by
applying unsuitable experimental designs to the animals under study.

For example, snakes and other reptiles were previously considered to exhibit
deficiencies in cognitive abilities because they were often tested in settings designed
for mice and rats, even though their metabolic rates are significantly slower. Mice
are compelled to ingest food on a near-constant basis to sustain their metabolic
processes, thereby making them highly motivated by food. In experimental settings
where food is used as a reward, mice have a high intrinsic motivation to explore
the setting, take risks and interact in any way possible to get to food. In contrast,
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reptiles have the capacity to survive for extended periods without food, therefore
have other options when confronted with an unfamiliar and potentially hazardous
environment. This typically manifests as a tendency to observe and move as little as
possible, a behavior that may be perceived as a form of risk aversion. For decades,
this behavior was viewed as a sign of the animal not being able to perform the given
mental task, when in fact more recent research with better suited methods contradict
this assumption [11].

The top-down anthropogenic approach fails to account for other potential
instances of cognition. If the measure of cognition is defined as a human-like experi-
ence of life and the presence of a brain, then non-human animals, non-neural organ-
isms, and artificial intelligence cannot be considered cognitive. This approach to a
phenomenon is unique to the field of psychology. In biology, the typical method
for studying a phenomenon is not to begin with the most complex organism that
exhibits the phenomenon but instead to focus on the simplest organisms where that
phenomenon is present. This allows us to access and correlate observations with
genetic and epigenetic data in order to get an understanding of the underlying systems.
With that knowledge, it is possible to advance to more complex organisms to assess
both similarities and differences, to get an understanding of the broader principles
of the phenomenon [12].

The application of principles derived from biological research to the field of
cognition has resulted in the emergence of the biogenic approach to cognition. The
biogenic approach is less well-known and accepted within the scientific community,
although it has gained some traction over the past few decades. The primary tenet
of the biogenic approach is the assumption that complex cognitive abilities have
an evolutionary history, evolving from more basic forms of cognition. This would
permit the advent of novel cognitive traits during evolution, while maintaining incre-
mental distinctions between organisms. Moreover, it would facilitate the pursuit of
the fundamental elements and most basic forms of cognition. From a biological
perspective, this approach facilitates a more comprehensive comparison of cognitive
processes with other features observed in living organisms. Additionally, it extends
the scope of cognitive inquiry beyond the domain of humans and their evolutionary
relatives, acknowledging the existence of cognitive abilities in other species [3].

To understand the importance of including other biological entities besides
animals, it might help to look at the evolutionary history of life on earth. The oldest
signs of life on earth are around 3.5 billion years old. The first fossil of what might
have been a eukaryote is about 1.5 billion years old. This means that life has been on
earth for at least 3.5 billion years. For the first 2 billion years of that, it was prokaryotic
life- meaning that life on earth consisted of cells with no nucleus such as bacteria.
Subsequently, with the rise of the eukaryotic life-forms, still nearly another billion
years passed until the first animals emerged, with the oldest fossils being around 560
million years old. Therefore, it can be clearly stated that life itself survived for around
3 billion years without any nervous system, and it also had time to evolve in many
ways. When looking at the phylogenetic tree of eukaryotic life-forms, it becomes
abundantly clear that what we know as animals, plants and fungi are just a few very
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Fig. 2 The timeline of the development of life on Earth illustrates that animals, and therefore
organisms with a nervous system, exist for only a small fraction of the entire existence of life itself

successful groups in a much larger mass of living beings. Most of the other groups
contain mainly unicellular organisms, making up most of earth’s biomass (Fig. 2).

Survival is dependent on multiple factors, of which the adaptation to changes in
the environment and the avoidance of life-threatening situations play a major role.
As LeDoux [13] states: “As soon as there was life, there was danger”. Therefore, a
system to detect danger and respond to it must have evolved long before animals and
nervous systems. This appears to be the case with numerous mechanisms that are
involved in the functions of the nerve cell. The primary function of this mechanism,
namely the generation and propagation of electric action potentials, is not exclusive
to animals; it is also observed in plants [14] as well as in the unicellular paramecium
[15]. Very similar systems can be observed even in bacteria: As McKinnon showed,
the structure and operation of the cellular ion channels to achieve electrical signals in
the bacterium Bacillus subtilis is very similar to that in a neuron. The bacterium even
uses that electrical signaling for both long-distance communication and coordination
of group behavior, not unlike neurons [16].

If organisms without neurons already have some of the tools for cognition avail-
able, how do they use them? There is already a small but growing range of evidence
for interesting adaptive behavior in unicellular organisms. While many of the cited
examples are rather recent, coinciding with the rise of the biogenic approach, it has
to be noted that this view on unicellular organisms was not uncommon before the
cognitive revolution. Darwin already thought of an evolutionary ancestor to learning
and complex behavior, not excluding any form of life out hand. In 1894, Binet
wrote a book called “The psychic life of Micro-Organisms—A study in experimental
psychology”, detailing his thoughts and work on unicellular organisms. In his book he
claimed: “We could, if it were necessary, take every single one of the psychical facul-
ties [of animals ] and show that the greater part of those faculties belonged equally to
Micro-organisms” [17]. Jennings, who worked extensively on the behavior of unicel-
lular organisms, found already in 1902 that the reactions of the ciliate Stentor roeseli
greatly varied both between individuals and different trials on the same individual,
calling their behavior complex and deeming them capable of learning [18].

Paramecium, a unicellular ciliate capable of moving freely through water, has
been colloquially dubbed a “swimming neuron” in the last few years. They produce
electrical action potentials as a reaction to stimuli, using them to modulate their
swimming behavior. As a free-living cell, their behavior is complex. Paramecium are
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capable of detecting various stimuli and moving either towards or away from them,
and even show simple social behavior. Their movement is sometimes described as
“trial and error”, because they do not have full control over every direction—instead,
using action potentials, they can swim backwards and rotate in a new, semi-random
direction, before swimming forward again. They thus can achieve variations of both
the duration and frequency of the reversal. The results of multiple escape experiments,
in which a Paramecium was trapped and remained so for as long as it continued
to follow its normal patterns of behavior, demonstrated that the Paramecium was
capable of altering its behavior in a number of ways. Even more impressive, it seems
to also retain some memory of the experience. When a Paramecium is tested multiple
times it takes much less time to switch to the new behavior in subsequent trials [15].

Perhaps an even greater feat is associative memory, in which a connection between
two previously unrelated stimuli, or a behavior and a stimulus, is learned and shown
through the emergence of new reactions to old stimuli. In psychology, this feat has
first been described by behaviorists as associative learning, and later in the paradigms
of classical and operant conditioning. This process requires not only learning and
memory, but also the information processing to correlate different sensorial stimuli
and change the behavior accordingly. In 2019 it was shown that multiple species of
amoeba can associate weak electric fields with a normally unrelated food stimulus.
After training they completely reverted their reaction to the electric field even without
the presence of the food stimulus [19]. This finding of classical conditioning in
amoeba shows the enormous capability of information processing and behavioral
flexibility in a single cell. [20].

While classical, anthropogenic approaches to cognition fail to account for these
examples of non-animal behavioral adaptivity, in the biogenic approach they point
to the evolutionary ancestors of our cognition. These phenomena have been found
in many instances of eukaryotic life and are currently being investigated in bacteria.
Looking for shared traits among different organisms can elucidate how similar some
processes are, and how some traits evolved into others. Genetic study on planarians
showed that 95% of the genes related to their nervous system, both involved in brain
and neural morphogenesis, are shared with other, not closely related animal species
like the fruit fly, the nematode C. elegans, and humans. This strongly implies a
common ancestor for all their nervous systems. Approximately 30% of these genes
are also shared by plants and yeast. These findings show that, much like the behavior
and its mechanisms, the genetic building blocks of the nervous system are also found
across the tree of life [21].

An approach to categorize the processes and mechanisms that allow organisms
to ensure survival by meaningfully interacting with their surroundings, even long
before nervous systems evolved, is the so called ‘basal cognition’. This concept, also
a biogenic approach to cognition, has been developed to describe and investigate
these instances of adaptive behavior that the anthropogenic approach to cognition
often dismisses, in search for similarities and common mechanisms [12]. From this
essence of the biogenic approach, a toolkit of basal cognitive capacities has been
developed and refined, with definitions for cognitive phenomena that allow for clear
testing without benchmarking on human intuition or outright excluding organisms. In
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this toolkit, the definition of learning is given as: “The capacity to adapt behavior to
salient stimuli according to past experience by altering the threshold for or the nature
of a response”. For the capacity of valence, which in anthropogenic approaches is
often called affect, the definition is given as: “An organism’s capacity to assign a value
(advantage/good, harm/bad) to a particular stimulus or the summary of information
about its surroundings relative to its own current state. The “building block” of
affect”. Analysis using this toolkit allows for the search for cognitive behavior in any
organism. Additionally it facilitates the comparison between behavioral capabilities
and their underlying mechanisms among species [12].

This approach with its toolkit allows the search for the minimal mechanisms
capable of cognition. This could not only benefit the understanding of intelligence but
also the development of artificial intelligence. Instead of imitating human behavior
and human brains due to the anthropogenic approach, it allows for a more open
view on cognition, both in consideration of what models to use and what artificial
intelligence is supposed to achieve. Under this framework, the unicellular slime
mold Physarum polycephalum can be deemed intelligent and capable of cognition,
despite lacking a nervous system. Therefore, in the next section, we will elaborate
on what Physarum is capable of and why it can be an interesting model for artificial
intelligence.

3 The Slime Mold Physarum Polycephalum

Due to their unconventional biology, slime molds have been puzzling biologists for
a long time. As the name implies, initially they were categorized as a special type
of fungus. This was due to the end of their life cycle, in which they produce fruiting
bodies called sporangia full of spores, visually similar to those of fungi. However,
with further observations, it became clear that they are not related to fungi but are
instead a special type of amoeba. In the case of acellular slime molds like Physarum,
their spores hatch into haploid amoeboid cells. These cells combine pairwise with
each other to form a diploid amoeba cell. Unlike other amoeba, this cell does not
normally undergo cell division for asexual reproduction. Instead, only its nuclei
multiply by division, while the cell itself constantly grows, forming a giant, multi-
nucleate cell called a ‘plasmodium’. This macroscopic amoeboid cell is one of the
biggest unicellular organisms in the world, being visible to the naked eye reaching a
few centimeters in diameter. The plasmodial stage is the main part of the slime mold’s
life cycle. The plasmodium forages for nutrition, until it has matured. After matu-
ration, an external stimulus triggers the transformation into the spore filled fruiting
bodies once more, thereby ending the life of the current plasmodium [22]. It must be
noted that other types of amoeboid slime molds with other life cycles exist in nature.
One of these is the well-studied cellular slime mold Dictyostelium discoideum, which
is often used as a model organism. This organism has unique modes of organization
and reproduction, but for this book chapter we will focus only on the plasmodial
Physarum polycephalum.
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In nature, Physarum polycephalum is found in temperate regions across the globe,
predominantly in forests and woodland areas. Despite being widespread and featuring
big, bright yellow plasmodia, Physarum polycephalum often goes unnoticed. The
plasmodia frequently remain hidden under the leaf litter or within decomposing
wood, where they feed on both the decomposing plant matter and the bacteria, fungi
and other organisms that inhabit it. Plasmodia are mostly similar to other amoebae,
except for their size. They move about by extending pseudopodia, though in larger
specimens these pseudopodia may fuse together to form wave-like structures. Like
other amoebae, they feed by phagocytosis, engulfing their prey in vacuoles, and trans-
porting it inside the cell for digestion. They are only active under humid conditions, as
they depend on humidity to survive; however, this does not mean they are exclusive to
damp environments. Under sub-optimal circumstances, a plasmodium may undergo
a process known as sclerotization. The removal of water from the system results in
the formation of a dry, hardened mass, which serves as a storage for cellular compo-
nents and nutrients while maintaining a state of complete dormancy and inertia. This
sclerotium has the capacity to survive for extended periods, up to several months or
even years. When conditions become more favorable, the sclerotium absorbs water
and revives into a healthy plasmodium. Consequently, Physarum polycephalum is
also found in more arid regions of the world, with its activity constrained to the
period following precipitation [22] (Fig. 3).

The plasmodial stage exhibits complex physiological and behavioral features,
easily observable due to their macroscopic size. The plasmodial stage is long-lived
and can be maintained in a laboratory setting for months, and subsequently stored
for months as sclerotia. The plasmodium’s amoeboid nature enables it to divide into
multiple independent parts, or it can be divided manually without affecting the health
of either part. The combination of these characteristics allows for rapid propagation
of plasmodia. Maintenance is also relatively straightforward, as oat flakes have been
established as a main food source. This has led to numerous researchers adopting
Physarum as a model organism, providing us with a wealth of information about this
organism, from its complete genome [24] to its biology and behavior.

What methods can be employed to analyze the behavior of a plasmodium?

By observing the organism’s reactions to stimuli, it can be determined whether the
organism is able to detect them. In the plasmodium, two main movement parameters
are considered: The rhythmic movement of the cytoplasm within the cell and the
movement of the plasmodium itself are of particular interest. The former is a slow-
moving, oscillating transport mechanism of cytoplasm throughout the cell, reversing
the direction of the flow every 60—120 s. This phenomenon, known as shuttle trans-
port, is vital for the distribution of nutrients and chemicals throughout the cell. It reacts
to stimuli, becoming faster or slower depending on the environmental conditions.

The second way to analyze the behavior of the slime mold is by observing its
movement across its substrate. The movement of an organism in response to a stim-
ulus is called taxis. Positive taxis is a guided movement towards the stimulus and
negative taxis is a movement away from it. Submitting a plasmodium to a controlled
environment with a gradient of a specific stimulus allows to determine if it perceives
the stimulus. If it moves repeatedly and systematically towards or away from the
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Fig. 3 a Plasmodium of Physarum polycephalum, moving as a wave of combined pseudopodia
and leaving behind a network of tubuli to connect with other parts of the plasmodium. b Plas-
modial movement with a spread of pseudopodia not connected at the tips. ¢ Mature sporangia of P.
polycephalum filled with reproductive spores, the end of the plasmodial lifecycle

stimulus, it is reasonable to assume that it perceives that stimulus, and gauging the
direction allows for speculation if the organism assigns positive or negative valence
to the stimulus. In contrast, if the organism does not move systematically but in
random patterns, it is possible to assume that it does either not perceive the stimulus
or does not assign any value to it. The following sections will present an overview
of the known stimuli that elicit a response from Physarum.

Chemical sensing—The world of microorganisms is mainly a chemical world,
and this is true for Physarum as well. It uses chemical senses both to find nourish-
ment and avoid harmful stimuli. Physarum responds with positive taxis to chemicals
supporting the growth of the plasmodium, such as some carbohydrates like glucose,
maltose or peptone. Others, however, like sucrose, fructose or ribose were ignored,
implying that they are either not relevant and/or cannot be sensed by the slime mold
[23]. The same applies to amino acids. Some evoke positive taxis, others negative,
and some do not influence movement at all [24]. Inorganic salts like chloride salts
of potassium or sodium and some others work as repellents [25]. These reactions
are not only dependent on the presence, but also on the chemical concentration of
the chemicals. High concentrations of carbohydrates are harmful to plasmodia, and
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it has been shown that they are actively avoided. When foraging, Physarum evalu-
ates nutrient ratios, choosing not the highest concentration but the best ratio for its
sustenance [26]. In Boisseau et al. acidic media have been used as repellents as well,
indicating that Physarum is capable of sensing acidity in a medium [27]. In recent
years it was also found that slime mold reacts positively to plants with sedative prop-
erties, strongest of all to Valerian root. While the reason is unclear, many animals
also show positive chemotaxis towards Valerian [28].

A special case of repellent is the extracellular slime consisting mainly of a glyco-
protein that is constantly exuded by moving plasmodia. This slime is avoided by the
plasmodium on contact and therefore serves Physarum as an external spatial memory,
marking the cell’s path and guiding foraging to new, unexplored areas. This reac-
tion however is also not absolute: When a plasmodium is completely surrounded by
extracellular slime, it stops avoiding it, so it cannot be trapped by its own slime [29].

Light sensing—Physarum has no complex optical sensors to perceive the world
around it in shapes, but it is capable of sensing light and differentiating between
different wavelengths. As a single cell, a plasmodium is vulnerable to UV-light.
Prolonged exposure to UV light initially causes a stress reaction, then irregular
streaming and disruption of the plasmodium until death. In many experiments it could
be shown that a plasmodium moves away from the UV light whenever possible [30].
This negative phototaxis could be shown for many wavelengths from UVC to UVA
and blue light. Negative phototaxis could also be found on the other end of the light
spectrum. Physarum exhibits an avoidance reaction to far red light close to infrared.
At first this is at odds with the fact that the spore-filled fruiting bodies are always
found in well-lit, raised places. To explain this it has been speculated that a well-fed,
healthy plasmodium ready to produce spores does not change its negative phototaxis
to positive. Instead, it inhibits its photoavoidance, while relying on other systems like
gravitaxis to find higher places for sporulation [31]. Furthermore, it could be shown
that prolonged irradiation with blue light and UV-light, as well as far-red light, could
induce a reaction called photofragmentation. After prolonged irradiation, the plas-
modium breaks up into equally sized spherules, forming small individual plasmodia.
It is not known however if this process is a stress-reaction, trying to break up into
smaller individuals to have more chances of escape, or instead part of the sporula-
tion process. The photofragmentation-process due to far-red light could be inhibited
by presenting red light with shorter wavelengths. This hints at similar processes to
those found in plants, suggesting that light-sensitivity is mediated by phytochrome-
like proteins [32]. The differentiation between red and far-red light is also present
in the behavior: Physarum moves towards red light, as long as it is not too bright,
being the only positive phototaxis the plasmodium expresses [33]. An experiment
measuring the oscillations of Physarum under various illuminations showed that it
not only reacted to the presence of red, blue, green, and white light, but also had
distinct oscillation patterns that could only be seen under red light and blue light
respectively, showing that it is capable of sensing visible light and especially differ-
entiating between blue and red light [34]. Calcium-inhibitors have been shown to
inhibit the phototactic reactions of Physarum, indicating that calcium ions and in
extension electrical signals play an important role in light sensing [35]. Quick pulses
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of illumination alternating with darkness are capable of reversing the negative photo-
taxis, showing a possible link between the internal oscillations of the slime mold and
its behavior [36].

Temperature sensing—Physarum polycephalum is found in a wide geographic
range, and therefore seems to withstand a broad range of temperatures. However,
it has been shown that the internal plasma transport is dependent on the outside
temperature, indicating that some temperatures are more favored than others [37]. It
is also known that cold temperatures close to freezing lead to sclerotization and
therefore seem to be unfavorable to Physarum [38]. When given a temperature
gradient, Physarum shows both positive and negative thermotaxis—moving away
from both extremes. While authors differ on what the optimal temperature is, with
some claiming 28-30 °C [39] or rather 24-26 °C [40], both studies show that the
plasmodium seeks out an optimum. A single plasmodium is simultaneously capable
of both positive and negative thermotaxis, withdrawing from the colder and warmer
sides to arrange itself in the optimal zone [40]. An experiment with oscillating temper-
atures as stimuli showed that timing the oscillation of the temperature in relation to
the shuttle-transport may reverse the thermotaxis. This suggests that the internal
protoplasm-oscillation may play an important role in the thermotaxis [41].

Gravity sensing—Few studies exist on the effect of gravity on Physarum, but the
main consensus is that it prefers to wander towards gravity. This has been shown by
BLOCK ET AL., where plasmodia were put on vertical plates. This could further be
shown in a glass cylinder that was rotated in regular intervals, in which the plasmodia
immediately changed movement direction after each rotation [42]. However, it must
be mentioned that gravitaxis may change during the lifecycle of a plasmodium,
as mature plasmodia might actively seek out elevated places in the light for better
spore dispersal. So far it is not known if this process is guided by gravitaxis. In
an experiment where slime mold was brought into zero gravity conditions during a
space-shuttle mission, it was observed that the oscillation of the cytoplasm slowly
increased after gravity reached zero, showing a response to missing gravity [43].

Electrical current sensing—Galvanotaxis, the orientation and movement along
electrical fields, can be found in many unicellular organisms. Therefore, it is not
surprising that it has been shown in Physarum as well. In a weak electric field,
Physarum generally tends to move towards the cathode. Instead of a guided move-
ment, the electric field seems to inhibit movement towards the anode, so rather than
exhibiting a specific taxis the electric field seems to interfere with the slime molds
coordination of movement [44]. A further study has shown that the electric field
mainly influences the distribution of potassium throughout the plasmodium, causing
an overall loss of potassium in the cell [45]. While an electric field can be used to
guide the movement of Physarum [46], galvanotaxis does not seem like an intentional
behavior.

Magnetic field sensing—A recent discovery is that Physarum also exhibits
magnetotaxis, indicating a response to magnetic fields. Given its demonstrated
capacity for galvanotaxis, researchers postulated that it might also react to magnetic
fields. When maintained in a magnetic field, the plasmodium consistently demon-
strates a tendency to move in alignment with the magnetic field lines. The direction
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of movement appears to be influenced by multiple factors, including the size of the
plasmodium and the strength of the magnetic field. Magnetotaxis is also found in
other organisms like bacteria and migratory birds, but both groups of organisms use
magnetosomes, magnetite crystals responding to geomagnetism. In Physarum, these
crystals have not yet been reported. Furthermore, unlike in Physarum, magnetotactic
bacteria are not able to change their magnetotaxis like Physarum does in relation
to its size, implying that a more complex mechanism is at work [47]. Magnetotaxis
might also explain the findings of another experiment in which plasmodia were put
into T-labyrinths showed an unexpected preference for the right arm. Lateralization
as we know it from bilaterally symmetrical animals at first seems baffling, since the
slime mold is amorphous without permanent structures. But in the discussion the
authors also noted that the right arm of the labyrinths was facing north, so a different
explanation might be that the slime molds instead followed the magnetic field of the
earth itself [48].

Considering a plasmodium is just a single cell, it can gather a plethora of infor-
mation from its surroundings. To coordinate unified reactions throughout the plas-
modium, it becomes necessary to process and integrate the information from the
various senses, especially considering that, due to the size of a plasmodium, different
parts of the cell might be in contact with different stimuli. The Skin-Brain-Hypothesis
proposes that early multicellular animals evolved a nervous system because they
faced a similar challenge, with both information processing and movement coordina-
tion equally important for survival of larger cell colonies [51]. While the mechanisms
might be different, slime mold shows many behaviors not unlike those of animals
with nervous systems. The following section will examine the evidence for complex
behavior and assess its potential to be classified as intelligent.

One of the most widely known findings is that Physarum is capable of reliably
finding the shortest path through a maze. In an experiment, the plasmodium was
allowed to spread out through a maze, while a food-source was placed on each of the
two ends of the maze. After exploring, the plasmodium retracted until only the most
efficient connection between the food sources remained—the shortest path [49]. In a
series of studies, it could be shown that in various contexts the plasmodia were able to
find the shortest paths between multiple food sources, showing complex structures
obeying mathematical rules [50]. This in turn inspired new mathematical models
for pathfinding in mazes and roadmaps [51]. In complex situations with multiple
food sources Physarum does not always use the shortest paths, but instead seems to
optimize between robustness and shortest-path-efficiency, including fault tolerance
for spontaneous disconnection [52]. This alone inspired many mathematical models,
for example new solutions to the traveling salesman-problem.

Physarum is capable of decision-making and evaluating different food sources.
In experiments with two choices [53] and three choices, the plasmodia took more
time to decide for one of the food sources if the overall nutritional value was low,
showing a more careful behavior in a low resource situation. Similar behavior is
observed in multiple species of higher animals, including humans [54]. Furthermore,
individual plasmodia from the same species show different foraging types, with some
making consistently faster decisions then others [53]. Physarum has a preferred ratio
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of carbohydrates and protein in their food. As mentioned above, when presented
with multiple choices, all featuring different ratios but without presenting an ideal
one, Physarum solves the problem by spreading out: They choose a few of the
different ratios available, so that the sum of the choices made is also the optimal
ratio, demonstrating the integration of various sources of information. [26].

Slime molds are also capable of integrating multiple types of stimuli. When given
a choice between low-quality food in the dark and higher quality food in a well-lit
area that the plasmodium would normally avoid, it chooses the safer option in the
dark—unless the difference in caloric value between the food sources is high enough,
causing a shift in preferences regardless of the light. This shows that the slime mold
is capable of comparison between food sources and of changing its foraging strategy
accordingly. In another version of the same experiment, the nutritional values of the
food sources were balanced, so that the Physarum had no strong preference for one or
the other. Then, an even lower valued food source in the dark was introduced as a third,
least desirable option. In previously starved plasmodia it had no effect, but in well-fed
plasmodia a significant shift in their preferences away from the food source in the
light could be found. While no plasmodium took the third option, it still influenced
the overall outcome. This irrational behavior, commonly seen in various animal
and human trials, shows that despite its efficient seeming nature Physarum does
evaluate its choices on comparative values [55]. The decision making in Physarum
has been further tested using the two-armed bandit problem from gambling. In the
experiment, the plasmodium has to choose between two paths with varying food
contents by testing both paths and using the information gained to ultimately make a
decision. Various scenarios were tested, using both predictable and non-predictable
configurations. Physarum was able to find good solutions even in unpredictable
environments, performing at the level of vertebrate animals [56].

These findings demonstrate that Physarum is capable of interacting in various
ways with its world, often using complex behavior to solve complex problems. But
is it also capable of adapting to change, by forming memory and learning?

One of the first findings concerning memory was the anticipation of recurring
events. In the experiment, the plasmodia were subjected to aversive stimuli at regular
intervals, causing them to slow down their movement during the application of the
stimulus. After only three applications, the slime mold would respond after another
interval had passed—even in the absence of the stimulus. While the reaction faded
in the continued absence of a stimulus, it could also be renewed with a single new
application, leading to another anticipatory reaction after the interval had elapsed
[57].

One of the simplest forms of learning is habituation: The decrease of a response
to a stimulus after repeated or prolonged exposure. In an experimental setup showing
habituation, plasmodia had to cross a path of agar enriched with the repellent quinine
to reach a food source. At first, the plasmodia would stop at the quinine for a while,
and when they extended along the bridge, the connection formed was narrow to
avoid exposure to the repellent. Over the course of 9 repetitions, the time it took to
cross the quinine-agar became shorter, the surface of the plasmodium on the quinine
agar greater. At the end of the experiment, the plasmodia behaved no different than
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the control slime molds that had to cross normal agar without quinine. Moreover,
if the repellent was withheld for two days, the aversive reaction to it spontaneously
returned. Additionally, if a slime mold habituated to quinine was confronted with
another repellent (caffeine), an aversive reaction occurred, showing specificity in
habituation. This shows that the slime mold is capable of habituating to aversive
stimuli while at the same time differentiating between them [27]. In a follow-up this
experiment was repeated with sodium chloride as a repellent, and it could even be
shown that the memory of habituation can be transferred to other plasmodia. When
a habituated plasmodium is brought into contact with another non-habituated plas-
modium, they typically form connections and exchange cytoplasm. After severing
the connection, the non-habituated plasmodium shows the habituation-response as
well [58].

So far, only one experiment on associative learning has been reported. In an
environment with a temperature gradient without other stimuli the plasmodia would
move towards the warmer side due to their positive thermotaxis. Food, however,
was only placed on the colder side. During one week of experiments, the plasmodia
acquired the tendency to move towards the colder side, reverting to the original
thermotaxis. Even the authors concede that this might either show associative learning
or just habituation to the cold, giving not enough evidence to completely assume
associative learning has happened [59]. It is, however, likely that Physarum might
show true associative learning in further studies, as it has already been shown in
distantly related amoeba species [20].

While only few experimental observations of slime mold behavior exist compared
to animals, they show that it is an organism capable of complex information
processing, decision-making and behavioral flexibility, despite being one cell instead
of a whole nervous system. To understand the cellular mechanisms leading to this
basal cognition might be a promising path to understanding both cognition in more
complex organisms, as well as emulating it to create artificial intelligence- not on
the level of human cognition, but as a more energy efficient autonomous problem-
solving machine, as many tasks for robots do not require human level intelligence.
Therefore, Physarum is already a promising behavioral model for artificial intelli-
gence. The behavior, however, is not the only interesting part—investigations into the
electrical properties revealed that Physarum itself might be an interesting biomaterial
and substrate.

4 A Brief History of the Electrical Experiments
on the Slime Molds

Electrical experiments are performed to understand basic electrical principles such
as current (the flow of electric charge), voltage (the potential difference that drives
the current) and resistance (opposition to the current flow). Electrical experiments
are also carried out to study how different materials conduct electricity. This is
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important in identifying suitable materials for various applications such as conductors
as electrical wires and insulators as protection for the wires and semiconductors for
computer chips. Many electrical experiments are performed to innovate and develop
new technologies, such as more efficient solar cells and batteries and even new
computing architectures.

The plasmodium state of Physarum polycephalum is a unicellular organism with
multiple nuclei. Such unicellular organisms have always been attractive in investi-
gating their biological processes and the driving force of these processes. Electrical
experiments on the slime mold Physarum polycephalum were first published in 1950
by Kamiya et al. [60]. They observed that the protoplasmic flow, which is the back-
and-forth movement of the slime mold’s protoplasm, generates a potential differ-
ence within the organism. The authors introduced a novel method to measure this
electromotive force, which is the electric potential of the slime mold. This method
involves two plasmodia of Physarum polycephalum connected by a protoplasm
strand exhibiting lively movement. They found that the electromotive force changes
rhythmically, corresponding to the cyclic back-and-forth streaming, with amplitude
variations within 10 mV under constant conditions. Their findings include:

¢ The rhythmic potential changes occur regardless of whether the flow is free or
obstructed by local blocking or balancing pressure.

e [ ocal differences in bio-electric potential are not directly caused by the proto-
plasmic flow or streaming potential and do not explain the flow as electroen-
dosmosis, which is the movement of water or solution in response to an electric
field.

e Besides slow cyclic variations, there are quick, transient potential variations
occurring spontaneously or induced by weak mechanical shocks (Fig. 4).

The effect of mechanical shocks on Physarum polycephalum was explored in
a subsequent study by Tasaki et al. [61]. They observed that the resistance of the
plasmodial strand between electrodes was generally about 5.0 Megohm, varying
rhythmically up to 20 percent. Furthermore, they identified key differences between
the responses of plasmodia and nerve cells.

e The response amplitude in the slime mold increases with the strength of the
stimulus within certain limits, whereas in nerve cells, the response follows an
all-or-none pattern.

e The slime mold shows summation when two stimuli are applied shortly apart,
unlike nerve cells which have an absolute refractory period until activity ceases.
The duration of the negative variation in the plasmodium is about 2000 times
longer than the chronaxie,' whereas in nerve cells, it is only several times longer.

! Chronaxie is a standardized method used in the field of biology to characterize the electrical
excitability of muscle cells and neurons. This allows for comparison between experiments and
types of cells. Excitation occurs at a faster rate in relation to the strength of the electrical stimulus.
For the characterization of tissue, the minimum stimulus (rheobase) and the time required for a
reaction to occur in response to it are recorded and compared to the so-called chronaxie, which
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Fig. 4 Some basic parameters helpful in understanding electrical properties. In the two left images,
a battery is connected to a lamp via a conducting wire. A battery supplies a voltage difference which
drives a current through the circuit. An electric current is just the flow of charged particles through
the wire. When the circuit is open, as shown in the top right image at the switch, the current flow is
interrupted. Therefore, the lamp is switched OFF. However, in the bottom left image, the circuit is
closed therefore the lamp is ON denoted by yellow. This shows that the chargers leaving the battery
should go through the closed circuit and come back to the battery for the lamp to be lit. In the two
schematics to the right, the lamp is replaced by a resistor which is an electrical component that
implements electrical resistance. According to Ohm’s law (V = IR) the resistance can be calculated
by the ratio of the applied voltage and the current output. The higher the resistance, lower the current
that passes through a circuit for a given voltage. When the two resistors are added in series the total
resistance is the summation of the two. This is shown in the Current—Voltage plot (I-V plot) on the
bottom right image

The study concluded that a stimulating current flowing outward through the proto-
plasm surface is more effective than one flowing inward. Furthermore, the underlying
process of electrical responses is consistent regardless of the stimulation method, and
protoplasmic flow continues unimpeded when electrical responses are induced.

Following these findings, Burr posed a key question: ‘Does the change in direction
of protoplasmic movement result in changed polarity, or does changing polarity
cause the reversal flow?’ [62]. At the time, Physarum polycephalum was studied
to understand the vertebrate brain’s behavior. Burr’s experiments confirmed that
electrical changes affect the growth patterns of the slime mold, similar to findings by
Kamiya and Abe. However, it remained unclear whether the streaming produces the
potential or vice versa. Burr observed protoplasmic movement without characteristic
potential changes and polarity changes without movement.

Burr also confirmed Physarum’s response to mechanical stimuli, similar to obser-
vations by Tasaki et al. He noted that Physarum not only responds to stimuli but also
transmits them through its protoplasm, akin to nerve fibers. However, later Burr et al.

represents the time required for cells to react to a stimulus with double the strength of the rheobase.
In this case, it is used to highlight the difference in excitability between plasmodia and neurons.



322 J. Freiberg and R. Madurawala

dismissed the hypothesis that the protoplasmic thread is similar to a nerve fiber due
to Physarum’s inconsistent responses. They noted that while Physarum can transmit
stimuli, it differs from other tissues. They referenced Tuac et al. where no action
potential was observed in Physarum, possibly due to membrane formation over the
electrode. Despite this, they concluded that a primitive life form like Physarum yields
an action potential when stimulated electrically or mechanically [63].

In 2007, Adamatzky introduced the concept of “Physarum machines” to compute
minimum spanning trees (MST) for various applications such as network design
[64]. In network design, finding an MST helps to determine the most efficient
way to connect all locations with the minimum total connection cost, avoiding
redundant paths. By using Physarum polycephalum, which naturally forms efficient
networks to explore its environment, Adamatzky et al. aimed to demonstrate how
biological systems can solve complex computational problems like finding the MST
in a graph. Although Physarum did not compute an exact MST, it demonstrated
stable and adaptive computation. This research established Physarum as a model for
studying behavioral intelligence, leading to several mathematical models explaining
its behavior.

The exploration of Physarum’s electrical characteristics continued in 2014 when
Gale, Adamatzky and De Lacy Costello questioned if Physarum could function as a
‘memristor’ [65].

5 Physarum as Memristor

A memristor, an abbreviation of “memory resistor,” is a specific type of electrical
component that regulates the flow of electrical current in a circuit. It possesses a
distinctive property, namely the capacity to retain the amount of charge that has
previously flowed through it. This memory capability results in a change in the
resistance of a memristor based on the history of the current that has passed through
it. This renders it a valuable component for incorporation into memory storage, signal
processing, and neural networks. Memristors were theorized by Chua in 1971 [66]
and were later physically realized by researchers at HP labs in 2008 [67]. Memristors
are considered the fourth fundamental passive circuit element alongside resistors,
capacitors and inductors.”

Gale et al. showed that Physarum exhibits memristive properties and hysteresis.
Hysteresis occurs when the response of a material to an external force depends on
the system’s history. Furthermore, the memristive response is attributed to the living
protoplasm since it disappeared when Physarum moved and abandoned the measure-
ment area. The study suggested that Physarum’s memristive behavior is similar to
neurological components, indicating a possible evolutionary use of memristance in

2 A passive circuit element is a component that does not generate energy but can store or dissipate it.
These components do not have the capability to amplify or create electrical signals, instead manage
the flow of electrical energy within a circuit.
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learning systems. This study further suggests that future electronic designs could
incorporate slime mold networks for high-density, low power computing elements.
The slime mold memristors in this study had a lifespan of 3—5 days. However, the
authors suggest that enhancements with functional materials could extend this and
provide varied electronic properties. Furthermore, growing electronic circuits from
Physarum could reduce water use and toxic waste in the electronics industry [65].

Further advancing the field, Adamatzki’s 2015 publication ‘A would be nervous
system made from slime mold’, proposed the concept of a Physarum neuron. This
study explored creating a living neural system with Physarum, comparing their proto-
plasmic tubes to neurons axons and dendrites. The slime mold’s ability to propagate
calcium waves and exhibit memristive properties suggested it could function as a
biological neural network. Proposed potential applications include biohybrid sensors
and hybrid wetware-hardware devices for detecting non-lethal substances for living
cells. The slime mold’s self-growing, low-maintenance nature makes it a promising
candidate for integration into bio-inspired robots and fluidic controllers [68].

In an experiment by Braund and Miranda, Physarum polycephalum was used as
a biological computing substrate in the field of unconventional computation [69].
Inspired by Miranda et al. [70], the extracellular membrane potential of Physarum
was recorded to create a bionic musical instrument. In this setup, Physarum serves
as a cost effective and resource-efficient biological computing substrate. The bionic
instrument generates sounds from the electrical activity of the slime mold, including
oscillations in the protoplasmic tubes and the electricity produced by the plasmodium
as it moves over a substrate.

6 Growing Bio-Memristors from Slime Mold

An ideal memristor, hypothesized by Chua, is a passive circuit element that does not
store energy, with its -V curve passing through zero [66]. However, the slime mold
showed an imperfect memristive curve (deviation from ideality) with an offset in the
hysteresis curve, which the authors related to the oscillating cytoplasmic movement
in the protoplasmic tubes. This movement coupled with ion flow, generates a current.
This phenomenon echoes the observations of Kamiya et al. in the 1950s, who noted
changes in resistance in the protoplasmic tubes, although they did not correlate
this to memristive behavior [60]. Miranda et al. modeled Physarum polycephalum
memristors as a ‘two port black box that contains a battery and a memristor’ [71]
(Fig. 5).

Miranda et al. further elaborated on a method for growing bio-memristors using
Physarum polycephalum. They used 3D printing to create receptacles for the slime
mold. High-impact polystyrene was used to print the chambers, lids and base,
while conductive polylactic acid (PLA) was used for the electrodes. The recepta-
cles presented in this work showed promising results for implementing Physarum
polycephalum memristors, demonstrating the potential of this approach for practical
bio-computing applications.
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Fig. 5 A memiristor is a potential electrical component that has the capacity to mimic synaptic func-
tions, thereby enabling brain-inspired neuromorphic computing. An array containing memristors
has the potential to provide synaptic characteristics, which, when combined with a neural network,
could be used for data processing in a neuromorphic computer. The term “memristor” is derived
from the combination of “memory” and “resistor.” In essence, it signifies the ability to retain the
amount of current flowing through it over time. An ideal I-V curve for a memristor would be repre-
sented by the plot on the left. The low resistance state is indicated by “on,” while the high resistance
state is indicated by “off.“ The transition from the high resistance state (off) to the low resistance
state (on) is referred to as a “set,” while the transition from the low resistance state (on) to the high
resistance state(off) is referred to as a “reset.” The plot on the right illustrates a schematic of how
such an ideal I-V curve for the slime mold would appear

At a future time point, with an increasing understanding of the brain and proper
hierarchy and structure for neuromorphic computing architecture is established, the
electrical properties of the slime mold such as the memristance, oscillations, response
to electrical and mechanical stimuli and embedded potential battery characteris-
tics could be harnessed from Physarum polycephalum. Furthermore, due to these
properties slime mold itself could be a biomaterial for such an architecture.
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7 Slime Mold Computing—Future Perspectives

The study of slime mold has witnessed a gradual yet consistent advancement over
time, uncovering a multitude of fascinating characteristics and frequently giving
rise to new inquiries. This ongoing discovery process suggests that slime molds,
particularly Physarum polycephalum, might hold the key to solving various complex
problems that span over multiple fields, such as:

Computing and network design: Physarum’s ability to form efficient networks
can inspire algorithms for optimizing network paths and resource distribution.
Material science and engineering: Physarum’s growth patterns and adaptive
behaviors can inspire the development of new materials and structures that self-
organize and self-repair.

Environmental monitoring and management: Physarum’s sensitivity to envi-
ronmental changes can be investigated to create biosensors for detecting pollutants
or monitoring ecosystem health.

Artificial intelligence and robotics: Physarum’s simple yet effective problem-
solving capabilities can contribute to the development of bio-inspired (Physarum-
inspired) algorithms and robots that mimic biological processes.

These unicellular organisms demonstrate remarkable complexity and sophisti-

cated behaviors, challenging traditional notions of intelligence and supporting the
biogenic approach to cognition proving that intelligence does not necessarily require
a brain or even a nervous system.

Physarum polycephalum, in particular, is a prime example of what a single cell can

achieve. Its behavior exhibits a degree of complexity and adaptability that challenges
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multi-cellular organisms. However, its unicellular nature makes it easier to study
compared to a network of cells. The slime mold’s electric properties are linked
to its behavior in a complex manner. These properties show both similarities and
differences to neuronal activity, suggesting that while Physarum’s behavior can be
partially understood through the lens of neuroscience, it also offers unique insights
that differ from traditional neural models.

Neural networks have often inspired the development of Artificial Intelligence
(AI). However, simulating artificial neural networks (ANNs) on classical computer
architectures is highly energy insensitive and inefficient. This inefficiency has driven
a shift towards new computing hardware architectures based on memristors which are
electronic components that mimic the synaptic behavior of neurons. While this shift
aims to emulate the biological structure of nervous systems, Physarum polycephalum
already naturally exhibits networked structures with oscillations and memristive
properties. Moreover, it achieves this with remarkable energy efficiency, operating
solely on simple nutrients like oat flakes.

Given its natural efficiency and computational capabilities, Physarum poly-
cephalum presents a compelling model for investigation and inspiration. It aligns
closely with the principles of memristive computing and demonstrates the potential
for complex problem solving. Although a single slime mold cannot match human
intelligence, understanding and harnessing its capabilities could lead to revolutionary
advancements in computer architecture. Such advancements might transcend the
limitations of traditional computing and redefine our concepts of intelligence.

In summary, slime molds, particularly Physarum polycephalum, challenge our
understanding of intelligence and computation. Their unique properties and behav-
iors offer valuable insights that could inform the development of more efficient and
effective computing systems. As research continues, the potential applications of a
slime mold-based computing architecture could transform technology and expand
our understanding of cognitive processes.
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