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Abstract

The complex behaviour of the slimemould Physarum polycephalum, a simple eukaryote, has
been puzzling researchers since its discovery. The giant unicellular, but multinucleate organ-
ism is highly successful at tackling complex environments, despite being a very simple life
form. The organism forages for nutrients and flees from threat by reorganizing its network-
like bodymade of actomyosin-lined tubes. The tubes undergo periodic contractions, causing
a shuttle flowof the cytoplasm inside the tubeswhich in turn transports nutrients, signals and
redistributes body mass. Often termed intelligent, the organism displays behaviours usually
found in higher species with a nervous system.

In this thesis, we aim to uncover the governing principles behind several phenomena from
P. polycephalum’s abundant repertoire of behaviours. First, we delve into thememory encod-
ing abilities by studying how the network imprints the location of a nutrient source. Using
theoretical and experimentalmethods, we show that the nutrient stimulus triggers a release of
a tube-softening chemical agent. The propagation of the agent released at the stimulus site
is flow-based, causing tube dilation downstream. We show that the organism relies on the
hierarchy of the tube diameters in its network to encode and read out memories. Next, we
break down the complex oscillation dynamics of P. polycephalum in pursuit of characteristic
contraction patterns. We decompose the time series of tube contractions and identify combi-
nations of oscillationpatterns that correspond to stereotypedbehaviours, such as locomotion
and reaction to nutrient stimuli. Then, we turn to studying the role of calcium, the universal
signalling agent. By establishing experimental protocols for measuring and quantifying cal-
cium dynamics, we lay the groundwork for investigating calcium-related phenomena in the
plasmodial network. Finally, we focus on the wound healing response in P. polycephalum.
We analyze the contraction dynamics upon mechanical severing of the network and find a
multi-step pattern of tube oscillations accompanying the process of wound healing.

With this work, we uncover previously unidentified functioning principles of the slime
mould P. polycephalum, thereby contributing to the understanding of the apparent intelli-
gent behaviour of the organism.
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Outline for the reader of this thesis

Thework presented here focuses on the functioning principles of the slimemouldPhysarum
polycephalum. With the exception of Chapter 3 which presents the development of experi-
mental methods, the text preceding the article in each chapter contains both an introduction
to the particular topic presented in the article and a discussion of the obtained results.
Chapter 0: Introduction
The essential background needed to follow the discussions in individual chapters is provided.
Following themotivation behind the work, a short summary of the biological properties and
an overview of the intelligent behaviours of P. polycephalum is given.
Chapter 1: Encoding memory in network hierarchy
with Karen Alim
The ability of P. polycephalum to encode and read out the information about the environ-
ment is presented. The idea that morphology encodesmemory is introduced and the process
by which this happens in the organism is studied experimentally and theoretically.
Chapter 2: Emergence of behaviour from contractions
with Philipp Fleig, MichaelWilczek and Karen Alim
The generation of behaviour from network-spanning contractions is studied. The rich os-
cillatory dynamics of the P. polycephalum network is broken down into distinct contraction
modes to extract the basis of stereotypical behaviour.
Chapter 3: Unraveling calcium dynamics
with Karen Alim
By establishing methods for calcium imaging and quantification, the experimental ground-
work for studying calcium dynamics in the network of P. polycephalum is laid out.
Chapter 4: Patterns of wound healing
with Felix Bäuerle and Karen Alim
In this chapter, wound healing response of the organism is studied by following the organ-
ism’s response after complete severing of tubes in the plasmodial network.
Chapter 5: Conclusion andOutlook
A broad discussion of the presented work as a whole follows the short summary.
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0
Introduction

FindingourselvesontheEarthas itwasabillionyears agowouldlikely be

a shocking experience. The predecessor of the continents, a giant rocky platform float-

ing amid a gray ocean would look intimidating and inhospitable to life without the plethora

of plants and animals inhabiting today’s Earth. However, the rugged, seemingly uninviting

1



environment was far from barren. Unicellular organisms already thrived in the stormy seas,

the first lichens covered the craggy hills in muted colors, and at night, the ocean glistening

with swarms of bioluminescent organisms was the only source of light under the heavy blan-

ket of clouds in an atmosphere rich in carbon dioxide.

As the rapidly multiplying living beings kept on evolving under the pressure of the en-

vironment and mutual competition, multicellular life emerged and the phylogenetic tree as

we know it today was developing rapidly. In the early stages, before the emergence of plants

and animals, a curious organism surfaced and branched off into a separate lane. A billion

years later, the surface of the planet looks completely different, but the same organism can

still be found on shady forest floors. Retaining its simple build, this organism has been able

to cope with the increasingly complex environment, and even demonstrate intelligent be-

haviour. The question that naturally comes to mind is: what is the key to its success?

0.1 Motivation for this work

A researcher studying the slime mould Physarum polycephalum is in an extraordinary posi-

tion. The rich behavioural repertoire of the organism, as well as its aptness for growth in the

laboratory make it an ideal model organism. The slime mould has captured scientists’ atten-

tion since the early days of its discovery. Looking like a fungus but capable of locomotion, it

confused the botanistswho attempted to classify it. As a giant syncytium, this early eukaryote

exists on the verge between unicellular and multicellular life. While the ability to yield many

nuclei from its cytoplasm first made it popular in cell biology and genetics, it was not until

the early 21st century that the properties the organism is now famous for surfaced. The slime

mould is capable of solving a range of complex problems known from mathematics, which
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drew researchers into studying its strategies and ultimately made the organism a template for

bio-inspired design in computer science.

The network-like body of P. polycephalum lies at the heart of its renown problem-solving

abilities. Themorphologyof thenetwork is highlydynamic, allowing theorganism toquickly

react to stimuli and adapt to its environment. Numerous studies have tackled the mystery

of P. polycephalum’s apparent intelligent behaviour, and several phenomena have already

been reproduced in theoretical models. Nevertheless, there are many open questions con-

cerning the initiation of the observed behaviours, the properties of the signalling machinery,

as well as the interplay betweenmechanical properties of the plasmodium and physical forces

reigning inside of the giant cell.

In this thesis, we identify and address phenomena displayed by the slime mould P. poly-

cephalumwith the aim of uncovering the principles behind the functioning of the living net-

work.

0.2 Biology of P. polycephalum

In the recent yearsP. polycephalum has gained fame for its problem-solving abilities andmade

its way into being a model organism for research in biophysics and computing. However, P.

polycephalum has already been a model organism in cell and developmental biology for over

five decades116,141. Its unique properties, combined with experimental accessibility, have al-

lowed for extensive studies of a plethora of processes in the cell, such as DNA replication,

gene expression, chemotaxis, and cell differentiation which provided invaluable insight into

the function of living organisms139,141.
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0.2.1 Phylogeny

The true slime mould Physarum polycephalum belongs to the class of slime moulds called

Myxogastria within the Mycetozoa phylum, as part of the kingdom of protists40. Visually

and functionally reminiscent of fungi, the organismmisled the early researchers into classify-

ing it as such139. Subsequent research, as well as its growing popularity as a model organism

resulted in research on P. polycephalum’s genome, which not only allowed for correct classi-

fication, but provided insights into the evolution of eukaryotes.

Determining the sequence of small subunit ribosomal RNA and comparisonwith P. poly-

cephalum’s close relative, the cellular slime mould Dictyostelium discoideum revealed that P.

polycephalum divergence occurred before D. discoideum appeared62. In 2008, Gloeckner et

al. analysed roughly half of the total protein coding genes inP. polycephalum and found genes

shared withMetazoa but nonexistent inD. discoideum43.

In 2016, Schaap et al. conducted the biggest yet genome analysis in P. polycephalum, si-

multaneously comparing the genome with genomes of many different species. By finding P.

polycephalum shares photoreceptor genes with bacteria, metabolic pathways with plants and

a cell cycle control system with higher eukaryotes, their results provide an insight into early

evolution of eukaryotes141.

The fact that P. polycephalum possess genes of the likely last common ancestor of Amoe-

bozoa andMetazoa43,141 paints a picture of the crossroads at a very early stage of evolutionary

history, distinguishing P. polycephalum among model organisms.
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0.2.2 Life cycle

The essential life cycle of the slime mould P. polycephalum consists of three stages: plasmod-

ium, amoeba and spore (Fig. 1). In its plasmodial form, the organism exhibits its renowned

form that has earned it the name slimemould. Plasmodium found innature exists as an amor-

phous yellow mass capable of migration towards sources of nutrition and away from threat.

A closer look into the plasmodial structure reveals the intricate network of channels making

up a single giant multinucleate cell. In a plasmodium, cell division and nuclear division are

not coupled, resulting in growth without creation of new plasmodia139.

Figure 1: The essenঞal life cycle of P. polycephalum. The amoeba transforms into a plasmodium (1) which differenঞ-
ates into sporangia (2) forming spores (3) which give rise to amoebae (4). Illustraঞon from ’Developmental Biology of
Physarum by Helmut W Sauer. Reproduced with permission of The Licensor through PLSclear.

Unfavourable environmental conditions, such as lack of food and presence of strong light

trigger a self-preserving transformation of the plasmodium. The plasmodium splits into a

network of strands which form beads of plasmodial mass; the beads transform into a fruit-

ing body– sporangium– full of spores that preserve the genetic material until the return of
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favourable conditions139.

The fruiting bodies can forcefully burst open, ejecting dry spores that spread in all direc-

tions through the air. Spores that have fallen on a suitable substrate– moist and not in direct

sunlight– can break open and produce a single cell whose cell division is coupled to nuclear

division, just like in regular protozoans139. This stage of the life cycle of P. polycephalum is

known as the amoeboid stage. Unlike diploid plasmodia, amoebae are haploid and can repro-

duce both sexually and asexually. Fusion of haploid amoebae creates a diploid plasmodium,

thus completing the life cycle7.

The full life cycle of P. polycephalum contains several other forms and transformations.

As already mentioned, amoebae can fuse to form a zygote or proliferate, thus creating a hap-

loid plasmodium. However, they can also differentiate and form microcysts and flagellates.

Starved plasmodia can, besides into sporangia, also differentiate intomacrocysts. Themacro-

cysts embedded into amatrix of dried extracellular slimemake up a sclerotium that reversibly

transforms into a plasmodium upon the return of favourable conditions3,139,140.

Even though the life cycle of P. polycephalum reminds of the one of Dictyostelium dis-

coideum, the resemblance is only superficial. While D. discoideum never leaves its amoebal

stage and instead resorts to social behaviour in forming fruiting bodies and spores, P. poly-

cephalum undergoes a profound transformation in its structure and function139. Studying

the mechanisms at the base of transformations between the forms in its life cycle, one can

potentially come closer to understanding the transition from unicellular to multicelluar life.
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0.2.3 Structure and function of the plasmodium

The research conducted on P. polycephalum in this thesis has been performed solely on the

organism in its plasmodial stage, thus the description of other stages in the life cycle will be

omitted and the terms P. polycephalum, plasmodium and slime mould will be used inter-

changeably throughout the thesis.

Being an acellular slime mould which undergoes growth without cell division, the plas-

modium of P. polycephalum can grow to virtually any size. While the size of the area the plas-

modium covers in nature usually ranges between square millimeters and square centimeters,

the organism grown in the lab can cover several square meters116.

Figure 2: The cross-secঞonal con-
tracঞons of a P. polycephalum’s tube,
schemaঞc view. The cross secঞon of
a relaxed (a) and contracted (b) tube,
depicঞng the invaginaঞons of the
plasmodial membrane (1), gel-like
ectoplasm (2) and fluid endoplasm
(3). The bundles of microfilaments
(4) anchored to the plasmodial mem-
brane shorten, thus narrowing the
tube channel and displacing the
endoplasm. Illustraঞon from ’Devel-
opmental Biology of Physarum by
Helmut W Sauer. Reproduced with
permission of The Licensor through
PLSclear.

The body of the organism ismade up of a characteristic network of soft, fragile tubes. The

gel-like tube walls (ectoplasm) enclose a liquid protoplasm (endoplasm) that contains the

nuclei and flows freely through the network173. An actin-rich actomyosin cortex is anchored

to the cell membrane lining the tubes, giving the tubes the ability to contract and enabling
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locomotion of the whole organism132.

The periodic contractions of the tubes are a distinct feature of P. polycephalum’s. The

tubes contract cross-sectionally (Fig. 2), causing a shuttle flow of the protoplasm across the

network21,57. The oscillations are organized in a peristaltic wave whose wavelength scales

with the length of the organism, a phenomenon at the base of the ability of the organism to

maximise transport in the network 4.

Despite its simple build, the large number of different receptors P. polycephalum possesses

indicates a remarkable awareness of the environment. The synergy of the receptors and the

ability for locomotion allow the plasmodium to forage for food and recoil from threat. The

organism is capable of performing chemotaxis73,112,168, phototaxis49, thermotaxis98, and hy-

grotaxis158, resulting in survival abilities on par with higher organisms.

Whenmigrating, theplasmodiumhas awell-defined anterior-posterior axis (Fig. 3-A) char-

acterizedby a fan-likemigrationor foraging front and reducednetworkdensity at the back106.

The migration front appears amorphous compared to the rest of the tubular network, but a

closer look reveals an intricate structure containing small interconnected channels branching

off from the network body in a fractal manner and extending to the very front of the organ-

ism (Fig. 3-B). The network undergoes constant reorganization both when the organism is

at stillstand and while migrating. New tubes are formed in the migration fronts by growth

of the small channels, and unnecessary tubes are retracted by active pruning and relocation

of tube material66,87.

The material forming the body of the plasmodium exhibits fascinating properties. The

gel-like wall making up the tubes and foraging fronts is a porous39, sponge-like material, al-

lowing the protoplasm to flow through small channels and invaginations in tubewalls. Upon
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Figure 3: (A) Freely foraging plasmodial network exhibits characterisঞc shape with a dense, flared migraঞon front and
a sparse network in the back. (B) Structure of the migraঞon front of P. polycephalum in a different specimen. The small
channels at the ঞp of the migraঞon front (top of the image) join into larger tubes towards the bulk of the network. Image
in (B) with permission of Natalie Andrew.

external perturbation, e.g. stretching a plasmodial strand, the protoplasm can become gelati-

nous at the order of seconds, thereby cutting off the affected tube from the rest of the flow

network28,138,1. It is likely that such features of the organism have evolved as as means of

defense, minimizing damage inflicted by external factors.

The material properties and network morphology reflect the external and internal condi-

tions alike. The network can assume staggeringly different morphologies depending on its

age and starvation level, ranging from dense, lace-like networks of a well-fed plasmodium to a

characteristically sparse, lightning-shaped plasmodium experiencing starvation. The transi-

tions between the morphologies are generally reversible up to the stage of formation of fruit-

ing bodies45,103,118.

0.3 Intelligent behaviour of P. polycephalum

Even though its presence in cell biology and genetics research never completely ceased, P.

polycephalum’s use as a model organism declined by the end of the 20th century. Its waning
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fame was salvaged in the early 2000’s when Nakagaki et al. demonstrated the ability of the

plasmodial network to find the shortest path in a maze105. This discovery has lead to nu-

merous studies which showed that the organism’s ability to solve problems transcends path

finding in a maze setting. Some of the famous problems tackled successfully by the plasmod-

ium include the travelling salesman problem181, two-armed bandit130, Steiner problems163,

U-shaped trap from robotics129, towers ofHanoi12, finding optimal diet32,91, andminimum-

risk path finding104.

A famous demonstration of P. polycephalum’s sophisticated network-building capabilities

surfaced in a experiment by Tero et al. in 2010164. By arranging oat flakes used to feed the

plasmodium in a spatial configuration of Tokyo railway stations, they obtained a plasmodial

network closely resembling the existing network of railway lines, thus showcasing the organ-

ism’s ability to create optimized networks.

The range of problems solved, combined with the elegant simplicity of the organism’s

function has made P. polycephalum a highly desirable template for algorithm design, even

overshadowing ant colonies, its famous predecessor. In an extensive review article, Gao et

al. provide an in-depth overview of models and computations inspired by P. polycephalum,

ranging from cellular automata, agent-based systems and algorithms for solving differential

equations such as the current reinforcement model42.
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1
Morphology to encode information

Memory is a multi-faceted phenomenon underpinning all life on Earth.

From the tiny, blind bacteria utilizing their metabolic circuits in navigation of chemotactic

gradients to the sophisticated memory systems in humans, the ability to encode, store and

access stored information allows living beings to readily tackle the challenges imposed by the

11



ever-changing environment.

Anorganismcapable of internalizing the outsideworld increases its chances of survival and

fitness75. Even though they differ in mechanisms, the phenomena arising from the pursuit

of increasing fitness are surprisingly similar between starkly different species145. The phe-

nomena we address in this chapter are the interrelated behavioral concepts of habituation,

sensitization, learning and memory. In the immense body of research on memory systems,

the definitions of these key terms can differ slightly. Throughout the chapter, we will use

the following definitions and later highlight the differences when making analogies between

systems.

Habituation can be defined as a decrease in response to a repeated stimulus, an organism-

wide state following the adaptation of receptors to a stimulus34,172. The presumed evolution-

ary role of habituation is maintaining homeostasis by filtering out irrelevant stimuli. While

the definition of habituation is conserved across phylogeny, the definition of sensitization

tends to be more specific and vary between the species. However, regardless of the underly-

ing mechanism, sensitization can be defined as increase in response to a repeated stimulus,

and is presumed to aid the organism in estimating the significance of the stimulus34,135.

Habituation and sensitization can be considered two facets of themost basic formof learn-

ing, callednon-associative learning135. In essence, everyprocess resulting inmaintainedhome-

ostasis or an increase of the organism fitness following a change in external conditions can be

characterized as learning. If the information gained by learning is stored and can be retrieved,

it can be considered as memory.

In organisms with a nervous system, memory is stored in physical changes within single

neurons and in connections between multiple neurons127. Typically, behaviours arise from
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spiking activity generated by networks of neurons. The association of neurons in such ac-

tivity networks is termed learning, and their preservation memory96. The enormous differ-

ence in sizes of neural networks between species is often associated with the great range of

behaviours and cognitive abilities160. However, Marom et al.96 point out that the basic be-

havioural concepts of learning and memory are highly conserved despite the complexity of

the nervous system, therefore the formation and preservation of neuronal activity networks

should be based onuniversal principles. They argue that in order to understand howneurons

produce behavioural phenomena, we must first understand the underlying universals.

The phenomena of learning andmemory are not limited to organisms with a nervous sys-

tem. Immobile and constantly exposed to a range of environmental stresses, plants have

evolved memory encoding mechanisms not only to adapt to constant stresses, but also to

tackle variable and unpredictable episodes of external perturbations52. Plants possess stress-

responsive geneswhose expression is differentwith repeated stresses6, and this transcriptional

memory allows the organism to distinguish between single-occurrence and returning stresses.

Another memory phenomenon in plants, but also in animals and bacteria is the epigenetic

regulation, i.e. methylation of DNA as a response to stress, with the exact mechanism still a

topic of ongoing debate24,74,81.

A fascinating instance of memory is the immunological memory, the ability of the organ-

ism’s immune system to remember the encountered pathogen in the immune cells, enabling

a faster and stronger reaction at the second encounter with the pathogen108. Until very re-

cently, it was believed that only mammals, with their adaptive antigen-specific T and B cells

are capable of encoding long-term immunological memory88. However, recent research un-

covered immunological memory in organisms that possess only the nonspecific innate im-
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mune system, such as lower vertebrates, invertebrates and plants111,144.

In addition to the immunological memory of pathogens imprinted in the specific chem-

istry of the immune cells, some immune cells display the ability to encode information about

their environment. Leukocytes are motile cells that successfully navigate complex chemotac-

tic gradients by integrating conflicting signals and utilizing habituation to encode informa-

tion about the current environment, resulting in an increased response to novel or remote

chemoattractants41. Leukocytes are not alone in displaying this phenomenon; the ability

to encode and store information about the environment occurs across organisms capable of

chemotaxis. In bacterial chemotaxis, a well-studied instance of unicellular behaviour, Es-

cherichia coli uses methylation of its receptors to measure ligand concentrations in a chemo-

tactic gradient. This adaptation is dependent on the stimulus strength and sets a persistence

length the organism relies on when steering its behaviour89,114.

Another chemotactic organism and a close relative of the slime mould Physarum poly-

cephalum, the social amoebaDictyostelium discoideum is able to migrate towards the source

of travelling waves of attractant molecules. The mechanism behind this phenomenon was

an unsolved puzzle for a long time; previously encountered chemotactic mechanisms were

insufficient to explain how cells manage to preserve their original direction. After the peak

of the travelling wave of the chemoattractant has passed, an equal but opposing chemotactic

gradient is formed as a consequence55. Skoge et al. propose that that the directional memory

is guided by an adaptive mechanism and relies on a bistable hysteretic circuit147. The front

of the wave causes a polarization through sensitization at the front and desensitization at the

back of the cell. Because this internal state persists longer than the travelling wave washing

over the cells, the reversal of the gradient does not cause a reorientation of the cells.
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Storing memory in hysteretic circuits is a fundamental phenomenon existing outside of

the domain of life, in the realm of inanimate matter. The memory effect in magnetization

of ferromagnets is a well-known example of hysteresis that enables digital memory storage69.

This effect extends past magnetic materials, occurring regularly in disordered systems such as

glasses13, where the material remembers the past stresses applied to it.

The booming development of digital computation since the beginning of the last century

was supported not only by the rapid technological advances, but also by the ability to harness

the features of existing information processing systems in nature. The discoveries in neuro-

science inspired the creation of artificial neural networks– computing systems imitating the

principles that govern functions in the brain110. Just like their biological counterpart, neural

networks are capable of exhibitingmemoryphenomena54. Even thoughneural networks cur-

rently hold the spotlight due to their immense potential in different applications, there are

numerous computational implementations based on non-neural biological phenomena37.

The abundance of inspiration that can be drawn from biological systems is well-depicted in a

review article byWalker et al.170, where they elaborate on the algorithmic origins of life itself.

P. polycephalum is an intriguing organism frequently serving as inspiration for computa-

tional models42. The peculiarities of P. polycephalum, including its behaviour often labelled

intelligent are described in the introductionof this thesis (Chapter 0). The chemotactic prop-

erties of the slimemould do not suffice to explain the range and complexity of behaviours the

organism displays, prompting a closer look into its ability to encode information.

Several memory encoding phenomena have been identified in P. polycephalum. The or-

ganism is capable of creating an externalized memory of its environment by sensing the pre-

viously deposited extracellular slime, which enables it to solve a classic robotics test of au-
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tonomous navigation129. Apart from the capability to create externalized memory, the slime

mould also demonstrates the ability to internally encode periodic stimuli in the form of tem-

perature or humidity changes and ultimately anticipate them120, as well as to learn by habit-

uation to a repellent stimulus17.

The intelligent behaviour of P. polycephalum hints at the possible existence of memory

encoding phenomena beyond habituation.P. polycephalum-inspired algorithms are regularly

based on the presumed adaptive and learning abilities of the organism42, however the the role

of the central feature of the plasmodium used in these algorithms– the network of tubes–

remains experimentally unexplored in the context of memory encoding.

In this work, we studied the encoding of the location of a food source in the morphol-

ogy of P. polycephalum network. Starting from an experimental observation of a food source

imprint on the network morphology, we develop experimental and theoretical methods to

study stimulus encoding. We find that the location of the food source is encoded by setting

up a new hierarchy of tube diameters, that the encoding signal propagates by cytoplasmic

flows. Inspired by these experimental findings, we devise a theoretical model of stimulus en-

coding in P. polycephalum network: the stimulus causes a release of a chemical agent that

works to decrease the elasticity of the tube walls. The chemical agent subsequently gets ad-

vected across the network, initiating dilation of the tubes downstream of the stimulus. The

theoretical model reproduces the experimentally observed tube behaviour and correctly pre-

dicts the flow-dependent response of the network. Lastly, we investigate how the encoded

memories are read out to set the futuremigration direction of the network. We show that the

organism not only strongly relies on the hierarchy of tube diameters, but also distinguishes

between the tubes positioned close and far from the stimulus source.
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By showing that cytoplasmic flows are the means of encoding and reading out memories,

our results reinforce the notion of cytoplasmic flows being key to network adaptation and

propagation of signal5,164 in P. polycephalum. However, our results also bring out previously

unidentified aspects of memory encoding in P. polycephalum. Being a foraging organism,

the process of migrating and exploiting a food source are central for the function of P. poly-

cephalum. By identifying themechanism the organism uses to change its migration direction

and imprint the information about the food stimulus into its body plan, we identified the

missing piece of the puzzle relating signal propagation5, network adaptation164 and locomo-

tion87.

Furthermore, the role of tube diameter hierarchy in the encoding process elucidated in

this work is in stark contrast to the existing understanding of P. polycephalum as an organism

without an organising centre. We found that the large tubes established as a consequence

of high flow rates in the plasmodial network have a purpose beyond facilitating fast advec-

tion95,164. By demonstrating the activation of the relevant tubes when reading out stored

information, we showed that the organism governs its function in a highly hierarchical way,

hence uncovering its internal organization.

Taking into account the already existing and newly acquired knowledge from this study,

the question that naturally arises is the one about the extent of thememory encoding abilities

and learning in P. polycephalum. Is the organism capable of more than adaptation and habit-

uation, the non-associative forms of memory? We isolated the network plasticity of P. poly-

cephalum as the essential component in the encoding process. A comparable phenomenon

called synaptic facilitation canbeobserved innetworks ofneurons,where thebrain temporar-

ily enhances synaptic transmission. This complex phenomenon is presumed to play a critical
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role in information processing and formation of memories in the brain157. In their review

on synaptic facilitation, Jackman et al. propose that this short-term plasticity of the network

could be key to formation of long-termplasticity. In otherwords, synaptic facilitation creates

a working memory that could be further stored as long-termmemory60.

Althoughdifferent inmechanism, this effect is analogous toourfinding inP. polycephalum,

where the network induces a short-term plasticity to create long-termmemory written in the

hierarchy of tube diameters and the orientation of tubes. Due to faster pruning of small tubes

compared to thick transport tubes in the network95, the hierarchy established by the stimulus

remains even after the stimulus is removed, indicating the existence of a long-term memory

beyond adaptation– a phenomenon reminiscent of associative memory157.

In networks of neurons undergoing synaptic facilitation, the synapses act as band-pass fil-

ters and allow temporal filtering of the network128. By demonstrating the heterogeneous re-

sponse of the network previously assumed to be devoid of organizing centre, we have demon-

strated that the same is the case in P. polycephalum. These findings inspire exciting ideas for

future research on the mechanisms P. polycephalum uses to process information during the

encoding process.

In our experiments, the applied nutrient stimuli were not removed, allowing the network

to continually reinforce its connections. The next step in studying the encoding process

would be studying the network assessment of transient nutritive stimuli, as well as stimuli

of different strengths. Due to the highly dynamic nature of the plasmodial network and its

varying response to stimuli, as well as its reactivity to environmental changes, this is likely

going to be a challenging endeavour. However, obtaining further insight into the dynamics

of memory encoding process is P. polycephalum is a rewarding and worthwhile goal.
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With its memory-encoding abilities reminiscent of neuronal network and its simple build

closer to active matter, P. polycephalum is an exciting organism that could serve as a tem-

plate for bio-inspired design. Reinforcement learning algorithms using biological organisms

as inspiration110 can thrive on the ability of P. polycephalum to generate optimized transport

networks, while the mechanical properties of the organism can pave the way to using P. poly-

cephalum in building soft robots72,121,166.
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Encoding memory in tube diameter hierarchy
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The concept of memory is traditionally associated with organ-
isms possessing a nervous system. However, even very simple or-
ganisms store information about past experiences to thrive in a
complex environment - successfully exploiting nutrient sources,
avoiding danger and warding off predators. How can simple
organisms encode information about their environment? We
here follow how the giant unicellular slime mold Physarum poly-
cephalum responds to a nutrient source. We find that the
network-like body plan of the organism itself serves to encode
the location of a nutrient source. The organism entirely consists
of interlaced tubes of varying diameters. Now, we observe that
these tubes grow and shrink in diameter in response to a nu-
trient source, thereby imprinting the nutrient’s location in the
tube diameter hierarchy. Combining theoretical model and ex-
perimental data, we reveal how memory is encoded: a nutrient
source locally releases a softening agent that gets transported
by the cytoplasmic flows within the tubular network. Tubes
receiving a lot of softening agent grow in diameter at the ex-
pense of other tubes shrinking. Thereby, the tubes’ capacities
for flow-based transport get permanently upgraded toward the
nutrient location, redirecting future decisions and migration.
This demonstrates that nutrient location is stored in and re-
trieved from the networks’ tube diameter hierarchy. Our find-
ings explain how network-forming organisms like slime molds
and fungi thrive in complex environments. We here identify a
flow networks’ version of associate memory - very likely of rel-
evance for the plethora of living flow networks as well as for
bioinspired design.

flow networks | adaptive networks | decision making | behavior

Significance: Simple organisms manage to thrive in complex
environments. Remembering information about the environ-
ment is key to take decisions. Physarum polycephalum ex-
cels as a giant unicellular eukaryote being even able to solve
optimisation problems despite the lack of a nervous system.
Here, we follow experimentally the organism’s response to
a nutrient source and find that memory about nutrient loca-
tion is encoded in the morphology of the network-shaped or-
ganism. Our theoretical predictions in line with our obser-
vations unveil the mechanism behind memory encoding and
demonstrate the P. polycephalum’s ability to read out previ-
ously stored information.

Introduction
The ability to retain and access memories of past events when
making decisions about future actions puts an individual into
significant advantage over those lacking this ability (1). Con-
sequently, the mechanisms of storing and recalling memories

across species have evolved to be very complex (2). Even
though the concept of memory has been traditionally asso-
ciated with cognition (3), species devoid of nervous system
also possess abilities of memory encoding. Alternative strate-
gies of non-neuronal organisms involve metabolic or gene ex-
pression pathways. As such, organisms cope in multitude of
ways, from epigenetic mechanisms and DNA inversion (4, 5),
tunable circadian clocks (6) and cell memory during chemo-
taxis (7). Yet, encoding memory by gene expression path-
ways takes at least half an hour in simplest organisms (8) if
not a full day (6), only allowing for slow decision processes.
The fast decision dynamics of tens to twenty minutes of
the often termed intelligent unicellular eukaryote Physarum
polycephalum (9–11) suggest that so far unknown strate-
gies to encode memory may exist. The network-shaped
slime mold P. polycephalum is renown for its capability
to mount decision that solve complex problems. P. poly-
cephalum quickly re-organises its tubular body plan to feed
itself an optimal diet among multiple nutrient sources (10,
12), to find the shortest path between nutrients in a maze (13,
14), to connect nutrient sources with an optimized transport
network (9) and to solve the two-armed bandit problem (15).
Pure chemotaxis toward nutrient or avoidance of undesirable
territory (16, 17) cannot account for the complexity of prob-
lems solved. P. polycephalum’s strategy to encode and read
out memories about its environment remains unknown.
In the process of decision making the tubular network mak-
ing up P. polycephalum’s body constantly reorganizes its
actomyosin-lined tubes. Actomyosin cortex drives tubes
to rhythmically contract cross-sectionally (18) spatially or-
ganized in a network-spanning peristaltic wave (19, 20).
Contractions displace the cytoplasm enclosed by the tubes
thereby generating network-wide shuttle flows. Upon en-
countering a nutrient stimulus, tube contractions change to
propagate the signal by fluid flow (21). However, the change
in the contractions is transient (21, 22), indicating the exis-
tence of another mechanism that facilitates long-term mem-
ory encoding in the network of P. polycephalum.
The complex decisions of P. polycephalum emerge by mi-
gration of the cell or changes in the network morphology.
Network morphology, in particular the hierarchy in tube di-
ameters is controlling flow-based transport within the net-
work (23, 24). Migration is itself controlled by cytoplasmic
flows (25–28) and is thus also governed by network morphol-
ogy. This suggest that network morphology could be key to
elucidating the memory encoding abilities of the non-neural
organism.
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Fig. 1. Memory of a nutrient stimulus’ position is encoded in network hierarchy. Bright-field images of a foraging P. polycephalum network subject to a localized nutrient
stimulus (red arrow) applied at 0 min. The network previously migrating to the right, reorganizes migration direction facing the nutrient within 45 min. Subsequently nutrient
is exhausted, see 90 min until foraging is resumed, see 310 min. Nutrient location is imprinted in the network hierarchy by thick tubes formed around the nutrient source -
persisting long after the nutrient is consumed.

Here, we investigate how the location of a nutrient source
is encoded in the network morphology of Physarum poly-
cephalum. By analyzing the course of a networks response
to a nutrient stimulus in experiments, we find that the organ-
ism quickly imprints the stimulus by local tube dilation at the
expense of other tubes shrinking, thereby setting up a new hi-
erarchy of tube diameters. The signal to dilate tubes is prop-
agated across the network by cytoplasmic flows resulting in a
permanent change in tube diameters. Based on our observa-
tions we theoretically formulate a mechanism of encoding the
location of a nutrient stimulus into the network hierarchy: the
stimulus triggers the release of a chemical agent that causes
the gel-like tube walls to soften, resulting in a significant di-
lation of tubes receiving sufficient soluble agent. The chemi-
cal agent propagates by cytoplasmic flows, initiating dilation
downstream of the stimulus and thus propagating the infor-
mation about the stimulus location. Numerical solution of the
theoretical model correctly predicts the experimentally ob-
served flow-dependent tube diameter response to the stimu-
lus - generating the new network hierarchy. Finally, we show
that memories encoded in network hierarchy are read out as
network morphology is shaping the direction of future mi-
gration. This strategy to encode information by strengthen-
ing transport connections along the routes that stimuli prop-
agated along reminisces of associate memories and may thus
be important for living flow networks in general.

Results
Changes in tube diameter hierarchy imprint nutri-
ent stimulus position. To study the response of P. poly-
cephalum to nutrient stimuli, we collected time series of
bright-field images of the organism while foraging over ap-
proximately 5 h, during which a nutrient stimulus was ap-
plied as a single, local source in close proximity to the net-
work (Fig. 1). Within 45 min after stimulus application, the
organism internally re-organized to create a new migration
direction facing the stimulus. Subsequently, i.e. see 90 min
and 310 min, the organism migrated toward the nutrient stim-
ulus. At 310 min the organism almost fully consumed the
nutrient source and continued to forage. Strikingly, a ring
of thick tubes around the consumed nutrient source still im-
printed the stimulus location in the network. This observation
ignited the idea that tube diameters may encode the location
of a nutrient source. However, given that P. polycephalum is

known to make decisions even within 10 min to 20 min we
next focused on the immediate response after the stimulus
was applied.
To quantify network morphology and its dynamics in re-
sponse to nutrient stimuli we cleared the network by trim-
ming the specimen and analysed only networks with a stable
morphology and no overt reaction to microscope light. We
followed their initial reorganization during the 45 min after
nutrient stimulus application, see Fig. 2. We subsequently
analyzed the time series of bright-field images to quantify
the dynamics of tube diameters. A tube designates a seg-
ment between two network vertices. With diameter we refer
to the rest size of the rhythmically contracting tube, see Ma-
terials and methods and SI Appendix. The network rapidly
acquires a new spatial distribution of tube diameters within
about 15 min after stimulus application - a pattern that per-
sists until the end of the experiment (45 min), when the or-
ganism starts to migrate towards the stimulus.
Initially, application of the stimulus causes a large-scale in-
crease in diameter of the tubes in immediate proximity to the
stimulus location and a decrease in tube volume farther away
from the stimulus location (Fig. 2-A). Close inspection of the
stimulus-induced relative changes in tube diameter across the
network reveals spatial heterogeneity in the response: the di-
ameters of the thick tubes directed toward the nutrient stim-
ulus increase, while the diameters of thinner tubes in general
decrease - the more the further the distance from the stim-
ulus or the further from the thick tubes directed toward the
stimulus location (Fig. 2-B). Altogether this heterogeneous
response increases the hierarchy in network tube diameters.
The observation that thinner tubes that are close to thick tubes
do not shrink compared to those further away from thick
tubes correlates with the dispersion pattern of chemicals in
networks (24) and thus suggests that fluid flows based trans-
port is at the basis of the observed network reorganization.

Fluid flow propagates stimulus into the network. To in-
vestigate if transport by flow is underlying the change in tube
diameters we sort all network tubes by their Euclidean dis-
tance to the stimulus location and display their diameter dy-
namics over time (Fig. 3). We find that the dilation of tubes
propagates in a wave-like manner from the stimulus site at
the speed of 15 µm/s, corresponding to the speed of particles
advected through the network, see SI Appendix, Fig. S1. A
remarkable feature of the observed process is the persistence
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Fig. 2. Rapidly after nutrient stimulus application hierarchy of tube diameters changes establishing a new migration direction. (A) Bright-field images of a network before and
after the application of a nutrient stimulus (red arrow). A new migration direction is being created at the top of the network. (B) Relative tube growth over the 45 min after
stimulus (red dot) application. While overall mass is redistributed from the bottom to the top of the network, close to the stimulus site, initially larger tubes lose less mass, thus
increasing network hierarchy.

of tube dilation. The new distribution of tube diameters is
established within about 15 min of stimulus application and
persists to the end of the experiment (45 min).
The stability of the new tube diameters indicates a lasting
change of the mechanical properties of the tube material
caused by the stimulus that would allow withstanding the
rapid movement of mass by shuttle flows throughout the net-
work. The rapid and significant, up to two-fold, dilation of
tubes near the stimulus site suggests that a chemical agent
acts on the mechanical properties of the tubes. Agent-driven
softening of tube walls would be in line with observations of
migration fronts being softer than the remaining tubular net-
work (29, 30).

Mechanism of encoding memory in differential tube
diameter dynamics. Experiments suggest the following
mechanism to encode memory of a stimulus location into net-
work hierarchy: Upon stimulus application a soluble chem-
ical agent gets released within the liquid cytoplasm at the
stimulus location. The chemical agent softens tube wall ma-
terial and thereby triggers tube dilation. This effect spreads
throughout the network as the agent gets advected by cyto-
plasmic flows within the tubular network.
To test whether this mechanism can explain experiments we
build a theoretical model with physiological parameters (Ma-

Fig. 3. Tube dilation propagates by flow transport velocity from stimulus site. Rel-
ative tube diameters throughout the network over time, individual tubes sorted by
their Euclidean distance to the stimulus site. Stimulus time is denoted by white verti-
cal line. The speed of the dilation front triggered by stimulus matches flow advection
velocity of P. polycephalum networks.

terials and methods). As the networks’ response is domi-
nantly graded with distance to stimulus site, see Fig. 3, we
focus on the dynamics within a single tube of network size
directed toward the stimulus site only. The cylindrical tube of
radius a(z, t) extends along the longitudinal axis z ∈ [0,L].
The thin shell of the active, elastic tube represents the ac-
tomyosin cortex that is enclosing the incompressible, low
Reynolds number cytoplasmic fluid (Re∼ 10−3). The cor-
tex exerts stress σ (z, t) = σT +σE in radial direction, where
σT is the contractile stress of the cortex activity and σE is
the elastic restoring stress of the tube wall. As the tube is
long and slender, a/L� 1, the flow velocity of the cytoplasm
u(z, t) caused by tube contractions follows Stokes equation
simplified with lubrication approximation,

ū=− a
2

8µ
∂

∂z

(
σT +σE

)
. (1)

where µ denotes cytoplasm viscosity. To describe the peri-
staltic contractions, the contractile stress is set to σT =
Acos(ωt−kz),A being the amplitude of the peristaltic wave
and ω its contraction frequency. The elastic stress is consid-
ered linear due to the small thickness of the tube wall com-
pared to the radius of the tube: σE = E (a−a0), where E
is the elastic modulus of the tube wall and a0 its resting ra-
dius (31). We model the softening effect of the time-averaged
concentration of the chemical agent 〈c〉 on the elastic modu-
lus as

E = E0− δE
〈c〉

〈c0〉+ 〈c〉
, (2)

where E0 is the elastic modulus of the unperturbed tube wall
and 〈c0〉 is the time-average of the agent concentration re-
leased at the site of the stimulus along the tube.
To average out concentration gradients arising solely due to
shuttle flow we time-average the concentration of the chemi-
cal agent over two contraction periods, ∂

∂t 〈c〉= (〈c〉− c)/ τ
where τ is the characteristic timescale of the elastic modu-
lus to respond to the stimulus. The transport of the chemical
agent by fluid flow is described by Taylor dispersion (32, 33)
which we extend by a decay term accounting for the chemical
being degraded:

∂c

∂t
= ∂

∂z

{
− ūc+

(
κ+ ūa2

48κ

)
∂c

∂z

}
−kdegc (3)
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where κ is the molecular diffusivity and kdeg the decay rate of
the chemical agent. Note that we here aim to model the very
quick sensing response of the organism on the time scale of
tens of minutes, which precedes the engulfment of the nu-
trient stimulus on the time scale of hours. Therefore, we
account for a one-time release of the chemical agent due to
sensing only. Finally, the total mass in the tube is conserved:

∂a2

∂t
=− ∂

∂z

(
a2ū

)
(4)

giving rise to self-organised tube radii. As before we use the
term diameter to refer to the rest size of the contracting tube.

Memory encoding mechanism predicts flow driven
tube diameter dynamics in agreement with experi-
ments. We test the memory encoding mechanism by sim-
ulating a one-time, local release of the softening agent and
tracking the diameter dynamics along the closed tube as the
chemical gets advected by the flow. We distinguish diam-
eter dynamics at two segments along the tube at increasing
distances from the stimulus site, see Fig. 4-A. Shortly after
stimulus release close to tube end, the tube segment closest
to the stimulus site dilates while the other reference segment
further away decreases in diameter - due to conservation of
fluid volume. Only as time progresses does the tube segment
further downstream receive softening agent by flow driving
it to dilate subsequently (SI Appendix, Fig. S2). Yet, the
tube segment downstream does not dilate as much as the seg-
ment close to the stimulus site thereby creating a hierarchy
of tube diameters in our beforehand uniform tube. The hier-
archy arises as tube segments downstream receive less agent.
These different softening agent concentrations are not caused
by agent’s decay, which is very slow kdeg = 0.001s−1, here,
also exemplified by the long-term persistence of the dilation.
Rather, the flow velocity at stimulus site is much slower than
in the middle of the tube due to the eminent closed bound-
ary at the end of the tube. Thus, most of the soluble agent
stays close to it’s release site while only a part gets advected
causing the delayed and decreased response downstream.
We next aim to make a quantitative prediction from the model
that exemplifies the crucial role of flow-based transport. To
this end we probe how the tube diameter response time is al-
tered by changing flow velocities. Here, we use that contrac-
tion frequencies, which directly control flow velocities, vary
naturally in P. polycephalum. We quantify as response time
the time between stimulus application and minimal diameter
in our tube segment further along the tube, Fig. 4-A, while
decreasing contraction frequency, see Fig. 4-B. We find that
the response time increases with decreasing contraction fre-
quency, underlining the central role of flow-based transport
in setting up the hierarchy in response to the stimulus.
Having in hand these two predictions on the tube diameters
dynamics close and far to the stimulus and the response time
we now return to our experimental data. We automatically
sort tubes by their response to the stimulus (as described in
SI Appendix) resulting in the two characteristic dynamics pre-
dicted by the model, see Fig. 4-C, with pure tube dilation

close to the stimulus and tube shrinkage and subsequent dila-
tion further from the stimulus. This tube behaviour is robust
among all data sets (SI Appendix, Fig. S4-S8). Predicted dy-
namics along a single tube and experimentally observed dy-
namics within a network strongly resemble each other apart
from two factors that arise due the simplification of a sin-
gle tube in the model. First, the magnitude of dilation and
shrinkage is directly tied to the total volume of the tube, see
also (34), and as such smaller in the single tube compared to
the voluminous network. Second, in a network, the softening
agent is more and more diluted in the multitude of tubes the
further it gets from the stimulus site therefore less softening
agent gets to an individual tube and also gets more rapidly
spread onward. This results in an on average smaller dilation
and subsequent tube shrinkage. Taken these geometry-related
considerations into account the resemblance of predicted dy-
namics and observations is striking.
Finally, we categorize our experimental data sets by contrac-
tion frequency (SI Appendix, Fig. S3) and quantify the re-
sponse time across the networks (Fig. 4-D). As predicted the
observed response time increases as contraction frequency
decreases. And that is despite the very different morpholo-
gies and sizes of the networks. Taken together with the dy-
namics of tube diameters this agreement of data and predic-
tion confirms that the advection of a softening agent by fluid
flows imprints nutrient location into a specific change in hi-
erarchy of tube diameters.

Network hierarchy is read out. Taken together our experi-
ments and simulations show that a nutrient stimulus changes
the hierarchy of tube diameters and thereby imprints its lo-
cation into the network. To state that this imprint in network
hierarchy poses a memory for the organism we need to test
if the memory, i.e. network hierarchy, is read out. Does the
network respond differently to a new nutrient stimulus when
previously having encountered one in the same direction or
not? Directly testing this is a futile approach as for P. poly-
cephalum there are never two identical networks to compare
dynamics with and without memory. However, every net-
work comes with a given hierarchy in tube diameters, with
particularly thick tubes formed in response to previous stim-
uli. We here use this fact to test if the memory of previous
stimuli represented by thicker tubes affects the response to a
new nutrient stimulus.
To visualize the spatio-temporal dynamics across a network
we depict the instantaneous dilation or growth of the tubes
(Fig. 5-A. This representation readily shows that there are
thick tubes starting close to the nutrient source that stand out
as they dilate earlier (Fig. 5-A at 7 min) and more (Fig. 5-A at
10 min) than their immediate neighbors and thereby enhance
the hierarchy toward the nutrient source very effectively. The
memory of previous events that led to these thick tubes does
impact the stimulus response observed here. Given the in-
sight gained from our model it is clear that being thick mat-
ters for the response to a nutrient stimulus as thicker tubes
have higher flow velocities (24) and thus earlier receive and
more effectively transport the soluble softening agent. Yet,
thick alone is not sufficient as highlighted in Fig. 5-B. While
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Fig. 4. Theoretical model of elastic tube dilation triggered
by flow transported softening agent captures character-
istic tube dynamics observed in experiment. (A) Predic-
tions of a theoretical model of a closed peristaltic tube
(sketch) on the tube diameter dynamics at the marked
segments. Releasing a soluble wall-softening agent (ver-
tical line in plot, red symbol on sketch) within an elastic
tube undergoing peristalsis predicts characteristic tube di-
lation and relaxation. Tube dilation response time (dotted
line) is shifted in time due to agent being transported by
peristaltic flow. (B) A decrease in contraction frequency
slowing down flows within the tube directly increases the
tube segment’s response time until dilation. (C) Exper-
imental tube diameter dynamics are fully classified into
the two characteristic dynamics predicted by the model
(sketch). The dynamics of the mean tube diameter av-
eraged over each ensemble of tubes follow theoretically
predicted tube dynamics. (D) Quantification of the re-
sponse time until dilation in experimental data sets shows
increase of response time with decreasing contraction fre-
quency, thereby showing the theoretically predicted be-
haviour. Error bars show the full range of tube response
times in every data set.
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Fig. 5. Network reads out memory encoded in network
hierarchy by previous stimuli. (A) Instantaneous tube di-
ameter dynamics reveal distinct patterns of tube dilation
as dilation wave propagates into the network from stim-
ulus site. Pre-stimulus the network is undergoing small
tube diameter fluctuations. With stimulus application only
tubes close by dilate while tubes elsewhere shrink. Over
time tube dilation spreads into the network, notably travel-
ing first along the tubes large in diameter and positioned
close to the stimulus in flow-based travel time. (B) Bright-
field image of the plasmodial network right after stimulus
application. (C) Within the part of the network overall un-
dergoing shrinkage, thick transport tubes positioned close
(red) and far (orange) with respect to stimulus differ in dy-
namics. The average tube diameter of the tubes closer
by flow-based travel time to stimulus undergo less shrink-
age and recover their pre-stimulus diameter, whereas the
tubes farther away shrink overall permanently.

the two initially thick tubes positioned close to the nutrient
stimulus grow, an even thicker tube far from the stimulus
site drastically shrinks, (≈50 %) loss in diameter. The far
away tube is far in travel time by flow from nutrient stimulus
and therefore hardly receives softening agent. So memories,
i.e. thicker tubes, may be overwritten as in the case of the far
away tube or enhanced as in the case of tubes starting close
to the stimulus site. Likely memories keep being reinforced
during nutrient consumption which we do not follow here,
due to the ensuing changes in network morphology adverse
to quantification.

The key to why tube hierarchy represents memory and im-
pacts organism behaviour is the flow. Flows are the mean
to transport mass, to migrate toward a nutrient source. In-
geniously precisely these flows we here find to be used to
enhance transport and flow toward a nutrient source by grow-
ing specifically those tubes that are quickest to be reached
from the stimulus site by flow-based transport. Having thick
tubes, as memories of previous stimuli, positioned close to
the stimulus allow the new stimuli to spread more quickly
and reorganize mass transport more efficiently.

Discussion

Our observation of a nutrient stimulus leaving an imprint on
network morphology lead to the discovery of memory forma-
tion in the living flow network P. polycephalum. We showed
that the process of stimulus encoding starts with a local soft-
ening of actomyosin-built tube walls, creating a stimulus-
specific hierarchy in tube diameters. Both experimental data
and numerical simulations show that softening is caused by
a chemical agent transported by flows within the tubes, prop-
agating graded tube growth across the network. While the
softening agent flows through the network it reads out the
existing hierarchy of tube diameters as it is encoding a new
stimulus, thus using information stored by previous stimuli.

The identity of the chemical agent causing tube soften-
ing is still unknown. However, the phenomenon of acto-
myosin softening has been observed across living organisms,
e.g. through inhibition of myosin II (35) in fibroblasts or de-
polymerisation of F-actin (36) in blood vessel endothelial
cells. Perhaps the most likely candidate for the chemical
agent is ATP, whose concentration is found to be twice as
high at the migration front compared to the back of the or-
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ganism (37), the migration front formation here being a direct
result of nutrient uptake.
Softening of tube walls to trigger their immediate growth is a
mechanism that allows for very quick changes in tube diame-
ter hierarchy. The timescale of less than 15 minutes observed
by us now explains P. polycephalum’s fast decisions within
10-20 minutes (9–11) that out-compete other basal organism
in speed (6, 8). Our observations show that these quickly
formed memories can be overwritten but particularly also can
reinforce each other as tubes with fast flow-based travel times
from stimuli keep being fueled. Finally, P. polycephalum’s
ability to highlight the shortest path in a maze (13, 14) or
solving the traveling salesman problem (38) seem the logical
result of memories being formed. It would be fascinating to
see how different qualities or quantities in nutrient stimulus
affect memory to next understand how a living flow network
can adjust its architecture for an optimal diet (10, 12).
The novel concept that tube diameter hierarchy serves as
memory not only elucidates the remarkable problem-solving
capabilities of P. polycephalum, but also demonstrates its
ability to mimic phenomena known from higher organisms,
in this case synaptic facilitation (39) or synaptic plastic-
ity (40) and reinforcement learning (41). Demonstrating the
ability of the network to exhibit a phenomenon reminiscent
of associative memory (42) may very well be of relevance
for the plethora of living flow networks and contribute to bi-
ologically inspired design for biomimetic materials and soft
robots (43, 44).

Materials and Methods
Culturing and imaging of P. polycephalum. Plasmodial
networks were prepared from microplasmodia grown in a liq-
uid culture using the medium by Daniel and Rusch (45) with
hematin (5 mg/mL) instead of chicken embryo extract (46).
The networks were imaged 24-36 h after plating on 1,5% agar
and incubated under microscope light for 1 h after trimming
to decrease the influence of light and cutting on the tube con-
traction (22). The plasmodia were imaged with a Zeiss Axio
Zoom V.16 microscope equipped with a Hamamatsu ORCA-
Flash 4.0 digital camera and a Zeiss PlanNeoFluar 1x/0.25
objective. The Zeiss Zen 2 (Blue Edition) software was used
for imaging. An image was acquired every 3 sec. Stimuli
were applied by placing small pellets of heat-killed HB101
bacteria on the agar using an Eppendorf® Microloader pipette
tip. In two experiments presented in SI Appendix (data sets 1
and 3), 1 µL of a solution containing 0.5M glucose and 0.1M
leucine was placed on the agar close to the network as a nu-
trient stimulus.

Image analysis. First, the network skeletons, pixel intensi-
ties and tube radii dynamics were extracted using a custom
written MATLAB code, see (22). Subsequently tube diam-
eters are calculated from the time average of tube radii over
100 frames thereby averaging out radii contractions.

Numerical simulations. The equations of the theoretical
model were solved numerically in a custom-written MAT-

LAB code using a theta-weighted Crank-Nicholson scheme
with closed boundary conditions. Initially the tube has a uni-
form radius a0. The softening agent is introduced from stim-
ulus time onward growing exponentially in time to a final
concentration of 60.0 at 4 min. In space the stimulus is repre-
sented as a narrow Gaussian concentration profile close to the
left end of the tube. The parameters used in the simulations
are as follows: resting tube radius a0=50 µm, tube length L=
0.5 cm, contraction frequency ω= 2π/120 s (47), wavelength
of the travelling wave λ=L, dynamic viscosity of cytoplasm
µ= 6.4 ·10−3Ns/m2 (48), tube wall height h= 0.1a0, con-
traction amplitude A= 0.1a0, molecular diffusivity of small
chemical species κ = 10−10m2/s, decay rate of the chem-
ical agent kdeg = 0.001s−1. The parameters give rise to
Reynolds number Re = 2ūa0/ν ≈ 0.001. The resting elas-
tic modulus is E = 10kPa (49, 50), and for the feedback
of chemical agent on cortex mechanics δE = 2.5kPa and
〈c0〉 = 10.0 were chosen to result in E = 0.8E0 at the mini-
mum.
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2
Emergence of behaviour from

network-spanning contractions

There isastriving inscienceforsimplicity. Ever sincewe startedusing the language

of mathematics to describe natural phenomena, simple representations have been preferred
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over the complex ones and even ascribed aesthetic qualities such as beauty and elegance. As

we venture further from inanimate matter into the realm of living organisms, simplification

becomes a necessity due to the vast complexity underlying the behaviour of biological organ-

isms.

As is the casewithmemory, the concept of behaviour is typically associatedwith organisms

capable of cognition. Stimuli are taken in by the sensory systems and passed to the nervous

system that processes them and orchestrates behaviour31. Understanding how behavior is

generated from neuronal firing patterns is a coveted goal of neuroscience and great progress

has been achieved since the beginnings of research on the nervous system27,122.

Even though there is an intuitive understanding, a proper definition of behaviour is neces-

sary in order to study its generation. With the aim of mapping out behavioural sequences in

the fruit fly Drosophilamelanogaster, Berman et al. define behaviour as a trajectory through a

high-dimensional space of postural dynamics15. Using principal component analysis (PCA)

to decompose postural dynamics, they reveal that the behaviour of the fruit fly is governed by

interlinked periodic sequences of behavioural motifs, indicating an existence of low- dimen-

sional attractors. Their findings further inspire questions about the underlying mechanisms

at the neuronal level, as well as about the impact of environmental stimuli.

In a follow-up study, Berman et al. explore the multiple time scales spanned by the be-

haviour of the fruit fly and find a well-defined hierarchy at the base of the organisation of

behavioral motifs, allowing for a prediction of future behaviour far beyond the capabilities

ofMarkovian models14. A similar study in the wormCaenorhabditis eleganswas carried out

by Stephens et al.150, where they also use PCA to decompose the movement of the worm.

They demonstrate a striking reduction of dimensionality by showing that approximately
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95% of the behaviour can be described by three or four top-ranking modes, conveniently

named eigenworms.

Significant advances towards the goal of understanding behaviour generation through fir-

ing patterns were made in 2016 by Nguyen et al. with their whole-brain, cell-level imaging

of neuronal activity in an unconstrained C. elegans113. Combining PCA for shape dynam-

ics characterization with cell-resolution imaging of calcium spiking patterns, they identify

neurons responsible for generation of locomotory behaviour.

From the standpoint of behaviour generation, Physarum polycephalum is an interesting

organism to study. Unicellular but typically existing as a spatially extended network of in-

terconnected tubes, the organism exhibits properties of evolutionarilymore advanced organ-

isms. Its behaviour is often labelled as intelligent, as outlined in the introduction of this

thesis (Cahpter 0). On amore fundamental level, the organism is capable of locomotion and

response to a range of external stimuli49,87,98,158,168.

The central role of tube contractions and the resulting cytoplasmic flows in behaviour

generation in P. polycephalum is by now a well-established fact and there has been tremen-

dous progress in understanding the interplay between cytoplasmic flows and the biochemical

properties of the organism2,46,87,92,97,117. However, the scope of the studies on behaviour of

P. polycephalum to date is often limited by one or more of the following aspects: only a

plasmodial strand or a microplasmodial droplet investigated instead of the plasmodial net-

work152,178, just the dynamics in a fragment of the organism are observed while ignoring the

spatial extent142, or studies of the semi-steady state of a behaviour such as unbroken inter-

vals of growth and pruning of the tubes without taking into account the onset of the be-

haviour164.
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The listed limitations inspiremanyquestions aboutnetwork-wide generationofbehaviour

in P. polycephalum. In the first study of this kind, we decompose the contraction dynamics

of the tubes in the network and show that stereotyped behaviours stem from characteris-

tic network-spanning modes of contraction. We map the contraction dynamics acquired

from the bright-field time series recording of a P. polycephalum network on a pseudo one-

dimensional skeleton. We apply PCA on the resulting simplified representation of the data,

obtaining a spectrumof contractionpatters, i.e. modes, and their corresponding time-varying

coefficients.

The continuous spectrum of eigenvalues obtained from the principal component analy-

sis of the P. polycephalum network is in stark contrast with the results from C. elegans150,

at first rendering the analysis futile. However, despite the lack of clearly defined dominant

modes, the organism still exhibits coordinated contractions, end-to-end directed flow and

locomotion, indicating a possible tug-of-war of contraction modes. A similarly continuous

spectrum was observed in the fruit fly15, where such analysis proved useful.

A further breakdown of the results offers more insight into the coordination behaviour of

P. polycephalum. Mapping the spatial structure of individualmodes reveals that high-ranking

modes span larger portions of the network, whereas lower-ranking modes have a fine spatial

structure. We find that less than 50 modes are typically needed to reconstruct 90% of total

amplitude of contractions, which is surprising given the vast number of total modes and the

continuous spectrum. Furthermore, we observe that when the network uses a small num-

ber of significant contraction modes, they tend to be strongly anti-correlated, as opposed to

uniform distribution of correlations values in states with high number of significant modes.

These results are interesting in several ways. The existence of intervals with high and low
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numbers of significant modes points to a possible role in behaviour. In a free, unperturbed

network such as the one in our experiments, these couldbe the intervals of attempteddirected

motion of the network corresponding to low number of significant modes, and intervals of

resting or internal reorganization reflected in a high number of significant modes. In order

to discern between the two proposed states, we steer the behaviour of the network by apply-

ing a nutritive stimulus that reliably results in migration of the network towards the food.

Interestingly, we observe a decrease in the number of characteristic contraction modes, as

well as a change in their spatial structure compared to the unstimulated network. The top

three significant modes, with their coefficients displaying large amplitudes, clearly dominate

contraction dynamics after the application of the stimulus.

With the complexity of flow patterns that could result from the observed contraction

mode dynamics, the main question about the generation of behaviour is left unanswered.

To tackle this issue, we resort to a one-dimensional plasmodial strand where the flow rate is

possible to obtain in addition to contraction modes. Surprisingly, even in the case of a single

strand, the number of significant modes, as well as the total number of modes, is large. This

result indicates that the multitude of modes does not result only from the network complex-

ity, but in the first place from the activity of individual coupled oscillators, i.e. presumably

from the contractile actomyosin rings making up the lining of the tubes132,155. However, a

large flow rate through the tube can only be obtained when the number of significant modes

is small. This result validates our hypothesis about locomotive and resting behaviour. It is

important to note that a small number of significant modes alone does not result in high

flow rates. Instead, the modes need to be correctly correlated to produce a high flow rate.

In the single tube, the combination of the top-ranking significant modes produces typical80
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plasmodial oscillation patterns, i.e. travelling waves and the standing wave.

Our results open up an array of new questions. In Physarum polycephalum, we have the

unique opportunity to observe both the behaviour generation on the level of contractions

as well as the behaviour of the specimen as a whole. Even though P. polycephalum is indis-

putably a much simpler system, several features that arose in this study are reminiscent of

behaviour generation in neural organisms. For example, the large tubes of the network are

organised in a contraction mode that is consistently among the high-ranking modes both in

the unstimulated and the stimulated network. In the case of the fruit fly, where the move-

ments of the animal are nested in sub-clusters with a clear hierarchy, Berman et al. point out

that this behaviour could be a direct result of the hierarchical structure of the brain14. Even

though P. polycephalum is often characterised as an organism without an organising cen-

tre, our results both in this study and the study of memory encoding (Chapter 1) disprove

that, clearly pointing out the decisive role of hierarchy in the functioning of the organism and

giving way to the premise that structure dictates function. However, in order to study hier-

archical relationships between the contraction modes in P. polycephalum and the behaviours

resulting from them, further sampling is necessary.

Another intriguing feature that arose in this study is the presence of states characterized

by a large number of significant modes active for a short period of time, which could also be

viewed as intervals ruled by network-wide noise. Even though we did not find a proof of a

behaviour specific to those states, they could still represent states of internal reorganization

or change of migrating direction. Noble et al. proposed that organisms actively make use

of stochasticity to generate possible solutions to the challenges the changing environment

presents them115. For the case of P. polycephalum , Meyer et al. showed that noise helps
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the network in assessment of time-variant risk factors99. However, by introducing noise to

the famousmaze-solving algorithmbyTero et al.164, they probed the influence of the noise in

the environment rather than the noise within the organism. The freely foraging plasmodium

frequently exhibits sharp turns without obvious environmental cues134, which hints at the

possibility of the organism actively harnessing its internal noise.

A question about the mechanisms generating and regulating network-wide contraction

patterns arises naturally from the findings outlined above. In essence, this is a question about

the nature of network-wide coupling of individual actomyosin oscillators. Takamatsu et al.

compared the oscillation patterns arising from a simple system of three interconnected plas-

modial fragments with results from the symmetric Hopf bifurcation, showing that the the-

ory based only on system geometry is able to reproduce experimentally observed oscillation

patterns155.

However, the mechanism behind the coupling was still a puzzle. The two most promi-

nent candidates for network-wide coordination are the hydrodynamic coupling of cytoplas-

mic flows and the electrical coupling ofmembranepotentials. In a 2017 review article, Teplov

argued that hydrodynamic interactions alone should be enough to generate coordinated con-

tractile activity along a protoplasmic strand162. In 2018, Julien et al. modelled the genera-

tion of contractions in a P. polycephalum tube with a two-component model featuring an

actomyosin contraction-driving chemical. Interestingly, the simulated system displays self-

sustained oscillations of the cortex, which give rise to oscillatory flows. The oscillatory flows

are identified as key in generating contraction waves whose wavelengths scale with system

size63.

However, our results reveal a number of high-ranking network-wide oscillation patterns,
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i.e. modes, which display in-phase activity of distal areas of the plasmodium, as well as in-

phase contractions of large transport tubes along their whole length (≈5mm). Furthermore,

the switching between combinations ofmodes is very rapid. These phenomena cannot be ex-

plained by hydrodynamic coupling alone, thus hinting at the presence of another oscillator

able of network-wide acting on shorter timescales than the one stemming fromhydrodynam-

ics alone.

The prime candidate for such oscillator are the synchronous oscillations ofmembrane po-

tentials83. Their role in coordination of the contractions was initially ruled out after demon-

strating that the cessation of the flows – but not membrane potential activity – is followed

by a decoupling of tube contractions2. However, there is still the unexplained correlation be-

tween theperistalticwave and the electric potentialwave180. This correlation, the observation

that themembrane potential responds tometabolic events84, and the effect ofmembrane po-

tential changes on the mechanosensitive calcium channels44 in tube walls together point at

a likely synergy of the hydrodynamic coupling and the membrane potential oscillations in

coordinating the network-wide contractile behaviour.

Lastly, the potential role of molecular agents in the generation of behaviour should not

be disregarded. By introducing a nutritive stimulus, we undoubtedly triggered a cascade of

metabolic events in the organism. It is already known that several metabolites, e.g. ATP,

NADH and Ca2+ undergo periodic oscillations with different phases and exhibit spatial pat-

terns152. These chemical oscillators were taken into account in poroelastic models of P.

polycephalum droplets, yielding spiral waves and other spatio-temporal patterns in simulated

plasmodial droplets123,124. Moreover, Takagi et. al. induced a creation of rotating waves in a

plasmodial droplet by applying a light pulse, a stimulus which triggers metabolic events153.
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Furthermore, Tachikawa et al. demonstrated that the nonlinearity in cytoplasm viscosity

can cause symmetry breaking in amodel of a plasmodial strand151, challenging the previously

assumed sole responsibility of the tube contractions for the directed flow, i.e. migration. In-

terestingly, they propose that a nonlinearity of cytoplasm viscosity is necessary for exhibiting

behavioral modes on different timescales, i.e. tube oscillations and migration. Sato et al.

showed that the viscosity of the endoplasm is oscillatory as well as a complex function of

shear138, adding to the complexity of the puzzle of behaviour generation.

Given thepreviousfindings onhydrodynamic couplings,membranepotential oscillations,

oscillations of themetabolic agents, the complexity of the endoplasm viscosity, and the newly

acquired knowledge on network-wide oscillation patterns, constructing a minimal model

able to reproduce the observed modes of behaviour is a challenging, but rewarding task.
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Uncovering the origin of behavior is a challenging task. Al-
though typically associated with a nervous system, simple life
forms also show complex behavior - thus serving as a model
to study how behaviors emerge. Among them the slime
mold Physarum polycephalum, growing as a single giant cell,
is renowned for its sophisticated foraging behavior. Here, we
show how locomotion and morphological adaptation behavior
emerge from self-organized patterns of rhythmic contractions
of the acto-myosin lining the tubes of the network-shaped or-
ganism. We quantify the spatio-temporal contraction dynamics
by decomposing experimentally recorded contraction patterns
into spatial contraction modes. Surprisingly, we find a contin-
uous spectrum of modes, as opposed to few dominant modes.
Over time, activation of modes along this continuous spectrum
is highly dynamic resulting in contraction patterns of varying
regularity. We show that regular patterns are associated with
stereotyped behavior by triggering a behavioral response with a
food stimulus. Furthermore, we demonstrate that the continu-
ous spectrum of modes and the existence of irregular contrac-
tion patterns persist in specimens with a morphology as simple
as a single tube. Our data suggests that the continuous spectrum
of modes allows for dynamic transitions between a plethora of
specific behaviors with transitions marked by highly irregular
contraction states. By mapping specific behaviors to states of ac-
tive contractions, we provide the basis to understand behavior’s
complexity as a function of biomechanical dynamics. This per-
spective will likely stimulate bio-inspired design of soft robots
with a similarly rich behavioral repertoire as P. polycephalum.

ethology | flow network | unicellular | self-organization | living matter

Significance: In living systems behavior arises from under-
lying seemingly impenetrable complex processes. It is there-
fore common to apply a top-down approach: first find stereo-
typed behaviors; then seek to understand their individual
emergence. The nature of the living matter network P. poly-
cephalum allows the reverse approach: we analyze the dy-
namics of the living matter and thereby explain the emerging
observed behavior. We show that a surprisingly broad distri-
bution of dynamic states empowers a rich plethora of behav-
ior. Each single behavior is associated with a set of few dom-
inating dynamic states, yet transitions are marked by a large
number of equally important states. This bottom-up insight
into the emergence of behavior opens up new perspectives in
biomimetics and soft robotics.

Introduction
Survival in changing environments requires from organisms
the ability to switch between diverse behaviors (1, 2). In

higher organisms, rapid changes in neural activity enable this
capacity, ranging from almost random to strongly correlated
firing patterns of neurons (3, 4). However, many organisms
without a nervous system are also able to readily transition
between a multitude of behaviors, which suggests that the un-
derlying biophysical processes display a dynamic range anal-
ogous to that of a nervous system.
Examples of specific behaviors in non-neural organisms
include the run-and-tumble chemotaxis of the E.coli bac-
terium (5), environmentally cued aggregation of the social
amoeba Dictyostelium discoideum (6, 7) and the cooperative
growth behavior of B.subtilis bacterial colonies (8, 9). An or-
ganism with an exceptionally versatile behavioral repertoire
is the slime mould Physarum polycephalum - a unicellular,
network-shaped organism (10) of macroscopic dimensions,
typically from a millimeter to tens of centimeters.
P. polycephalum’s complex behavior is most impressively
demonstrated by its ability to solve spatial optimization
and decision-making problems (11–15), habituation to tem-
poral stimuli (16), exploration versus exploitation strat-
egy (17).Such behavior, comparable to that of some higher
organisms, implemented on a macroscopic scale, requires a
mechanism that allows for long-range spatial coordination.
Characteristic for P. polycephalum are the active, rhythmic,
cross-sectional contractions of the actomyosin cortex lining
the tube walls (18–20). The contractions drive cytoplasmic
flows throughout the organism’s network (21, 22), transport-
ing nutrients and signalling molecules (23). Cytoplasmic
flow is responsible for mass transport across the organism
and thereby contractions directly control locomotion behav-
ior (24–28).
So far only the most dominant network-spanning peristaltic
contraction wave (22, 29) has been described experimen-
tally. However, for small P. polycephalum plasmodial frag-
ments various other short-range contraction patterns have
been observed (25, 26) and predicted by theory of active
contractions (30–34). Similarly, up to now unknown com-
plex, large-scale spatio-temporal contraction patterns might
explain some of P. polycephalum’s behavior.
Here, we decompose experimentally recorded contractions of
a large P. polycephalum network of stable morphology into a
set of physically interpretable contraction modes using Prin-
cipal Component Analysis. Surprisingly, we find a continu-
ous spectrum of modes and high variability in the activation
of modes within this spectrum. By perturbing the network
with an attractive stimulus, we show that the resulting loco-

Fleig et al. | April 29, 2020 | 1–7



Fig. 1. Principal Component Analysis yields a continuous spectrum of contraction modes of the P. polycephalum network. (A) Exemplary stack of bright-field images of
the recorded network. Pixel intensities encode the contraction state (tube dilation) at each point of the network. Principal Component Analysis is performed on a stack of
post-processed bright-field frames. (B) Relative eigenvalues in percent, plotted against the mode rank µ on a log-log graph. The eigenvalue spectrum is continuous, without a
natural cutoff. (C) (i) Structure of the four highest-ranking modes ~φ1,2,3,4 with their respective coefficients shown in (ii). The red-blue color spectrum indicates the contraction
state. The modes are eigenvectors of the covariance matrix. The coefficient a1 of the first mode captures the organism’s characteristic oscillation period of ∼ 100 sec, while
the coefficients a2,3,4 show considerable variation in amplitude and frequency over time.

motion response is coupled to a selective activation of regular
contraction patterns. Guided by these observations, we de-
sign an experiment on a P. polycephalum specimen reduced
in morphological complexity to a single tube. This allows us
to quantify the causal relation between locomotion behavior,
cytoplasmic flow rate and varying types of contraction pat-
terns, thus revealing the central role of dynamical variability
to generate different behaviors.

Results

Continuous spectrum of contraction modes reveals
large variability in organism’s contraction dynamics.
To characterize the contraction dynamics of a P. poly-
cephalum network, we record contractions using bright-field
microscopy and decompose this data into a set of modes
using Principal Component Analysis (PCA). At first, net-
works in bright-field images are skeletonized, with every sin-
gle skeleton pixel representing the local tube intensity as a
measure of the local contraction state (35). Thus, any net-
work state at a time ti is represented by a list of pixels, ~I ti ,
along the skeleton, see Fig. 1A. Performing PCA on this data

results in a linear decomposition of the intensity vectors ~I ti
into a basis of modes ~φi (SI Text):

~I ti =
∑
µ

atiµ
~φµ . (1)

The modes, ~φi, are orthonormal eigenvectors of the covari-
ance matrix of the data and represent linearly uncorrelated
contraction patterns of the network. atiµ denotes the time-
dependent coefficients of the modes.
We rank modes according to the size of their eigenvalue.
Contrary to the small number of large eigenvalues found in
a number of biological systems (36–38), here the spectrum
of relative eigenvalues (SI Text) reveals a continuous distri-
bution of eigenvalues with no natural cutoff Fig. 1B. As a
result, PCA does not directly lead to a dimensionality reduc-
tion of the data. Instead, we here investigate the special char-
acteristics of mode dynamics that result from a continuous
spectrum and how these shape the organism’s behavior.
The highest ranking modes shown in Fig. 1C(i) have a
smooth spatial structure that varies on the scale of network
size. As we will discuss below, such large scale modes
are associated with the long wavelength peristalsis observed
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Fig. 2. Dynamics of network contraction pattern is subject
to strong variability in the percentage of significant modes
and correlations between them. (A) Significant modes
given by the percentage of the total number of modes re-
quired for the cumulative sum of their relative amplitudes
to reach 70% (light green) and 90% (dark green) of the
total amplitude plotted over time. Gray dashed line in-
dicates the 4.68% (≈ 70 modes) average of significant
modes. (B) Distribution of coefficient correlation values
depending on the number of significant modes taken from
the 70%-cutoff curve in (A). Correlation values show a
trend from strong (anti-)correlation for a small number of
significant modes (lower) to a more uniform distribution of
correlation values for a large number of significant modes
(upper).

in (21, 22). Interestingly, we also find modes highlighting
specific morphological characteristics of the network. The
structure of mode ~φ4 corresponds to the thickest tubes of the
network, c.f. Fig. 1A, which suggests a special role of these
tubes in the functioning of the network. Finally, as we go to
lower and lower mode rank, the spatial structure of the modes
becomes finer and finer. Yet, despite lacking an obvious inter-
pretation for their structures, like for mode ~φ30, SI Appendix
Fig. S1, it is not possible to ignore their contribution relative
to high ranking modes.
Next, we turn to the time-dependent coefficients of modes
shown in Fig. 1C(ii). In accordance with the known rhyth-
mic contractions (39) the coefficient a1 of the highest ranked
mode ~φ1 oscillates with a typical period of T ∼ 100 sec.
Most strikingly, amplitudes of mode coefficients vary signif-
icantly over time - even on orders of magnitude.
To map out the complexity of contractions over time, we de-
fine a set of significant modes for every time point. We quan-
tify the activity of a mode by its relative amplitude

ptiµ =
ã2ti
µ∑

ν ã
2ti
ν

, (2)

where ã2
µ denotes the amplitude of the square of the coeffi-

cient. By definition the sum over the relative amplitudes of
all modes is normalized to one at any given time,

∑
µ p

ti
µ = 1.

We order the modes by their relative amplitude from largest
to smallest and take the cumulative sum of their values until a
chosen cutoff percentage is reached, see Fig. 2A. We find that
the percentage of modes required to reach a specified cutoff
value varies considerably over time. For a 90% amplitude
cutoff we find that on average 6.06% (≈ 70 modes) of the
1500 modes are significant with a large standard deviation of
36.96%.
Apart from the number of significant modes, the dynamics of
the network depends on the temporal correlation of modes.
In Fig. 2B we show the distribution of temporal correlations
between mode coefficients as function of the number of sig-
nificant modes Materials and Methods. For a small num-
ber of significant modes the coefficients are strongly (anti-
)correlated in time, while for a large number of significant
modes, temporal correlations between coefficients are more
uniformly distributed over the entire interval. The first re-
flected in coordinated pumping behaviour/contractions, and

the latter giving rise to irregular network-wide contractions.
The above analysis shows that the dynamics of network con-
tractions covers a wide range in complexity, from superpo-
sition of few large-scale modes strongly correlated in time,
to superpositions of many modes of varying spatial scale and
temporal correlations. This gives rise to strong variability
in the regularity of the contraction dynamics over time. For
now we investigated an ‘idle’ network not performing a spe-
cific task, so we next stimulate the network to provoke a spe-
cific behavior and scrutinize how the continuous spectrum of
modes contributes to it.

Stimulus response behavior is paired with activation
of regular contraction patterns interspersed by many–
mode states. To probe the connection between a specific
behavior and network contraction dynamics we next apply a
food stimulus to the same network, see Fig. 3A. Food acts as
an attractant and causes locomotion of the organism toward
the stimulus in the long term. The stimulus immediately trig-
gers the network to inflate in a concentric region around the
stimulus site. Also, the thick transport tubes oriented toward
stimulus location increase their volume, see Fig. 3A(iii). Al-
together these morphological changes are typical for the spe-
cific behavior induced here, namely the generation of a new
locomotion front.
To identify potential changes in the contraction dynamics due
to stimulus application we perform PCA on a 700 frames
long subset of the data subsequent to the data of the previ-
ous section. At first, we rediscover a continuous spectrum
of modes displaying large variability in the number of sig-
nificant modes resembling the ‘idle’ dynamic states, see SI
Appendix Fig. S2. Yet, when mapping out the spatial struc-
ture of the highest-ranked contraction modes, see Fig. 3B, we
discover that the now dominant modes clearly reflect the vi-
sually determined response of inflation close to the stimulus
and the activation of the thick transport tubes. In fact, for
more than 500 frames after the stimulus has been applied, the
rhythmic contraction dynamics of the network are dominated
by the three highest ranked modes, see Fig. 3C and SI Ap-
pendix Fig. S3 for the mode coefficients. During this period,
every time a single mode is the most active one for a duration
of > 30 frames, its amplitude exceeds that of any other mode
by 20-30%.
Taken together, we observe the imprint of the generation of
a new locomotion front, as after stimulus application new
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Fig. 3. Network reacts to stimulus with variations in the dynamics of the contraction pattern. (A) Bright-field frames showing the network’s growth response to a food stimulus
(red arrow). (B) The spatial structure of the three top-ranked modes. (C) Dynamics of the relative amplitudes of the three top-ranked modes. After the stimulus (dashed
line at frame 1670) time intervals with a single contraction dominating in amplitude (red, blue, yellow) over all other modes, mode amplitudes four to seven shown in gray
for reference. Interspersed we find time intervals where a larger number of modes have a similar amplitude. These times are indicated by the blue shaded boxes extending
across (C) and (D). (D) Percentage of total number of modes required to reach a cumulatively summed amplitude of 70% (light green) and 90% (dark green) of the total
amplitude, over time. Gray dashed line indicates the 6.06% (≈ 42 modes) average of significant modes.

stimulus-specific modes like ~φ2 and ~φ3 emerge and dominate
with very regular contraction dynamics for extended phases
of time. Strikingly, these regular contractions dynamics are
interspersed with many-mode states where the number of sig-
nificant modes increases considerably, see Fig. 3D. The num-
ber of significant modes seems to oscillate after the stimulus
and distinct maxima, of many modes, coincide with times
at which the organism switches from one dominant contrac-
tion pattern to another, as indicated by the shaded regions
in Fig. 3C and Fig. 3D. While our observations suggest that
prolonged regular dynamics dominated by a few or even a
single mode are associated with specific behavior like lo-
comotion, the many-mode states seem to serve as transition
states between them. While the network morphology is char-
acteristic for P. polycephalum, reducing network complexity
may help to conclude on the role of regular dynamics, many-
mode states and the therefrom arising continuous distribution
of modes.

Number of significant modes determines maximum
cytoplasmic flow rate in the minimal morphological
representation of the network. We next perform exactly
the same course of experiments as before but on a P. poly-
cephalum specimen reduced in complexity to a single tube
with a locomotion front at either end, see inset in Fig. 4.
Strikingly, again we find a continuous spectrum of modes dis-
playing a large variability in the number of significant modes,
see SI Appendix Fig. S4 and S5. This observation finally un-

derlines that the continuous spectrum of modes and its vari-
ability in activation is intrinsic to the organism’s behavior,
ruling out that the complexity of contraction modes only mir-
rors morphological complexity. Foremost, this minimal net-
work allows us now to directly map the effect of variations
in the contraction dynamics onto behavior. From the exper-
imentally quantified tube contractions we calculate the max-
imal flow rate at any point of the tube (40) and correlate the
flow rates driving locomotion at the tube ends with the num-
ber of significant modes at a time, see SI Appendix. For both

Fig. 4. Number of significant modes is indicative for the volume flow rate in a cell
reduced in its network complexity to a single tube. Inset: Single tube with locomo-
tion fronts at both ends. Main plot: Volume flow rate at the left tube end, calculated
from tube contraction dynamics versus the number of significant modes at different
times. High flow rates are only achieved for a small number of significant modes.
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the flow rate at the left and right end of the tube, shown in
Fig. 4, and SI Appendix Fig S6., respectively, we find that
large flow rates are only achieved when the number of sig-
nificant modes is small. We had previously found that few
significant modes are highly (anti-)correlated, whereas states
with many significant modes are not, see Fig. 2. This ob-
servation now confirms our physical intuition that the irregu-
larity of states consisting of many modes goes hand in hand
with reduced pumping efficiency and thus unspecific behav-
ior. Since a small number of significant modes not neces-
sarily always implies a large flow rate, we next turn to anal-
yse their exact spatial structure and instantaneous temporal
correlation to determine how cytoplasmic flow rates impact
behavior.

Instantaneous coupling and selective activation of
modes determine locomotion behavior. We now demon-
strate the impact of changes in the dynamics of a small num-
ber of modes on the organism’s behavior. For this we quan-
tify the locomotion behavior of the single tube by tracking
the area of the locomotion fronts protruding from each end
of the tube over time, see Fig. 5B(ii). While initially the right
end is protruding faster at the expense of the left end, a food
stimulus applied to the left end of the tube flips the direction
of locomotion.

Turning to the modes that drive this behavior, we find that
over long time intervals, and in particular after the stimu-
lus, the two top-ranked modes dominate the tube’s contrac-
tion dynamics, see Fig. 5(B)(i) and SI Appendix Fig. S4 and
S7. Parametrizing the single tube with a longitudinal coordi-
nate, the spatial shape of these dominating modes ~φ1 and ~φ2
approximate Fourier modes, see Fig. 5(A). To illustrate the
connection between tube contraction dynamics and locomo-
tion behavior, we pick two representative time intervals after
the stimulus where either only mode ~φ1 or modes ~φ1 and ~φ2
equally dominate overall, see vertical pink bars in Fig. 5(B).
During the first interval when the mode ~φ1 alone is dominat-
ing, the tube is driven by a standing wave contraction pattern
- yielding only a low cytoplasmic flow rate. Correspondingly,
the size of the locomotion front at either end shows no signif-
icant change in area during this interval. In contrast, during
the interval when both modes ~φ1 and ~φ2 are equally active,
the resulting superposition is a left-traveling wave produc-
ing a large cytoplasmic flow rate in that direction. The left-
traveling wave is in accordance with the growth of the left and
retraction of the right locomotion front. These two examples
solve the conundrum of Fig. 4, which shows that a small num-
ber of significant modes does not necessarily lead to high cy-
toplasmic flow rates. The direct mapping of contraction dy-
namics onto ensuing cytoplasmic flows confirms that a small
number of significant modes is associated with specific be-
havior. High cytoplasmic flow rates at the tube ends drive
locomotion, while lower flow rates likely lead to other be-
haviors such as mixing. Furthermore many-mode states seem
necessary for transitions in a multi-behavioral space.

Fig. 5. Locomotion behavior of a single tube is determined by activation and tem-
poral coupling of modes. (A) The two top-ranked modes. (B) (i) Activation of the two
top-ranked modes given by their relative amplitude. (ii) Behavior of the locomotion
front at each end of the tube over time. Vertical pink bars indicate two representative
time intervals and the nature of the two-mode superposition is specified.

Discussion

To uncover the origin of behavior we quantified the dynamics
of the often dubbed intelligent slime mold P. polycephalum.
The simple build of this non-neural organism allows us to
trace contractions of the acto-myosin-lined tubes, compute
cytoplasmic flows from the contractions and finally link these
dynamics to the emerging mass redistribution and whole-
organism locomotion behavior. Decomposing the contrac-
tions across the network into individual modes, we discover a
large intrinsic variability in the number of significant modes
over time along a continuous spectrum of modes. Trigger-
ing locomotion, we identify that states with few significant
modes and regular contraction patterns correspond to specific
behaviors like locomotion. Yet, also irregular contraction
patterns consisting of a large number of significant modes
are present, particularly marking the transitions between dif-
ferent regular states. Our findings suggest that a continuous
spectrum of contraction modes allows the living matter net-
work P. polycephalum to quickly transition between a mul-
titude of behaviors using the superposition of multiple con-
traction patterns.
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Our observation of interlaced regular and irregular contrac-
tion patterns in P. polycephalum reminds of the strongly cor-
related or random firing patterns of neurons in higher organ-
isms (3). Also in neural organisms, stereotyped behaviors are
associated with controlled neural activity, as for example for
locomotion in C. elegans (41) or the behavioral states of the
fruit fly Drosophila melanogaster (42, 43). Though rarely
discussed, variability in the dynamics of behavior is also ob-
served in such neuronal organisms (44, 45). It is, thus, likely
that the transition role of irregular states consisting of many
significant modes observed here for P. polycephalum paral-
lels the mechanisms of generating behavior in higher forms
of life.
P. polycephalum is renowned for its ability to make informed
decisions and navigate a complex environment (11–17, 46,
47). It would be fascinating to next follow the variability of
contraction dynamics during more complex decision-making
processes. Further, it would be interesting to observe ‘idle’
networks during foraging over tens of hours. It is likely that
the contraction states with many significant modes here act as
noise that can spontaneously cause the organism to ’decide’
and reorient its direction of locomotion.
P. polycephalum’s body-plan as a fluid-filled living network
with emerging behavior finds its theoretical counterpart in
theories for active flow networks developed recently (48, 49).
Strikingly, these theories predict selective activation of thick
tubes which we observe in the living network as well, promi-
nently appearing among the top ranking modes, see ~φ4
Fig. 1C(i) or ~φ3 in Fig. 3C. This is a first hint that dynam-
ics states arising from first principles in active flow networks
could map onto behavioral and transition states observed
here.
Likely our most broadly relevant finding in this work is that
irregular dynamics, here arising in states with many signif-
icant modes, play an important role to switch between be-
haviors. This should inspire theoretical investigations to em-
brace irregularities rather than only highlighting regular dy-
namic states. The most powerful aspect of P. polycephalum
as a model organism of behavior lies in the direct link be-
tween acto-myosin contractions, resulting cytoplasmic flows
and emerging behaviors. Therefore, the broad understanding
of the theory of active contractions (30–34) might well be the
foundation to formulate the physics of behavior. This would
not only open up an new perspective on life but also guide the
design of bio-inspired soft robots with a behavioral repertoire
comparable to higher organisms.

Materials and Methods
Experiments. The specimen was prepared from fused mi-
croplasmodia grown in a liquid culture (50) and plated on
1,5%-agar. The network was trimmed and imaged in the
bright field setting in Zeiss ZEN 2 imaging software with a
Zeiss Axio Zoom V.16 microscope equipped with a Hama-
matsu ORCA-Flash 4.0 digital camera and Zeiss PlanNe-
oFluar 1x/0.25 objective. The acquisition frame rate was
3 sec. The stimulus was applied in a form of a heat-killed
HB101 bacterial pellet in close network proximity.

Distribution of temporal correlations. For a given time
point ti, the significant modes are determined based on the
70% criterion curve from Fig. 2A. Next, the temporal corre-
lations among the coefficients are computed in a time interval
of ±15 frames around the time point ti. The correlations are
then counted in bins of the appropriate row of Fig. 2A. Re-
peating this processing for all time points and normalizing
each row by the total number of correlations in that row, we
obtain the final distribution shown.
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3
Unravelling calcium dynamics in the

plasmodial network

Cell signalling is atthebasisofall life. In order to survive, cells need to constantly

monitor the processes that are taking place inside them, as well as to respond to the changing
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environment. In the very early days of evolution, cells developedmetabolic pathways that re-

quired efficient regulation of calcium concentration inside of the cell. Once the cells became

highly sensitive and fast in response to the presence of calcium, the ground for cell signalling

mechanisms was laid out137.

Calcium is the ubiquitous signalling molecule. Cells use calcium to regulate every aspect

of life; to trigger important events such as fertilization, apoptosis and differentiation, as well

as tomaintain their normal physiological state23. The signal transduction is typically initiated

in twoways: by activating ion channels which are embedded in themembrane, or as a second

messenger that is released after the stimulus is recognized, causing a string of chemical reac-

tions called signalling cascades. Although they share a common ancestor, the mechanisms

of calcium signalling are diverse and adapted to specific microchemistry of individual organ-

isms30. Thanks to its ability to bind a number of motor proteins and their binding partners,

calcium also lies at the heart of cellmotility, enabling contractions ofmuscle tissue, beating of

cilia and flagella, cytoplasmic flows, microtubule dynamics, and formation of pseudopods30.

In the slime mould P. polycephalum, it is generally agreed that calcium regulates the con-

tractions of the actomyosin sheet enveloping the tubes that build the network of its body.

However, themechanism of the regulation still poses a puzzle. The binding of calcium to ac-

tomyosin produces opposing effects in plants and animals, respectively inhibiting126 and en-

abling30 contractions. P. polycephalum is an ancient organism at the crossroads of the animal

and plant kingdom43, hence the regulating mechanism cannot be hypothesized by analogy.

In this chapter, we present the development of the framework for studying calcium dy-

namics in P. polycephalum. Starting with an introduction to calcium signalling and acto-

myosin regulation, we delve deeper with an overview of the research on calcium dynamics
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in P. polycephalum and formulate the central question: is calcium the universal signal and

key to integrating information in P. polycephalum? After dedicating a significant part of this

chapter to the development of experimental methods for calcium imaging and quantifica-

tion, we present the results of successful imaging of calcium in a living specimen. In a series

of experiments, we show the calcium response of the organism to mechanical perturbation

and the effects of application of various chemicals associated with calcium dynamics in vitro

and in other organisms. Lastly, we discuss the obtained results and provide an outlook for

possible research in the future.

3.1 Calcium as a ubiquitous signalling molecule

In the stormy, bitter waters of the primordial soup, single cells started to use phosphate-based

compounds in their metabolic pathways. The product of calcium ions and the orthophos-

phate group isweakly soluble, compelling the cells to developways ofminimizing the calcium

content in the cytoplasm. Consequently, the cells developed sophisticatedmachinery to keep

calcium ions below the micromolar level of the ocean137.

Over the next two billion years, multicellular life emerged.23 The cells, now set to cooper-

ate, were able to use their sensitivity to calcium as a foundation for development of signalling

pathways.137 It is interesting that despitemagnesium’s greater abundance in seawater, nature

preferred calciumovermagnesium for this role. Apresumed reason is the coordination chem-

istry of calcium which makes it versatile for binding with a large number of biomolecules23.

In the cytoplasmofmost cells, the concentrationof free calcium ions is kept in thenanomo-

lar range30. However, the total concentration of calcium is measured in the micromolar

range, indicating the cell’s preference to keep calciumbound to proteins, compartmentalized
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in organelles or excreted into the extracellular matrix23. With the help of adequate capture

and release machinery, this sharp gradient between the bound and unbound calcium allows

for rapid cell response using calcium signalling126.

Themultitude of processes regulated through calcium signalling all share a common basic

mechanism: the signal is triggered by a cue that causes a release of free Ca2+ ions into the

cytoplasm, which in turn further triggers Ca2+-activated processes. Once the processes have

been carried out, ion pumps remove the free calcium from the cytosol to establish the pre-

stimulus calcium concentration16.

Due to the ubiquity of calcium signaling and specific microchemisty of each cell type,

calcium signalling pathways evolved in a vast and complex network involving a multitude of

interacting elements and spatio-temporal regulation16. Although each aspect is fascinating

in its own right, this enormous field of research by far extends the scope of this thesis. For that

reason, a detailed introduction to calcium signalling mechanisms will be omitted. Instead,

we will focus on the aspects of calcium regulation we deem relevant for understanding the

processes in P. polycephalum.

3.1.1 Calcium regulation of actomyosin

One of the most widely known roles of calcium in sustaining life, i.e. its regulation of ac-

tomyosin function, was also the first finding in the era of research on calcium signalling. In

1883, Sidney Ringer performed an experiment on rat hearts and noticed that the hearts beat

when suspended in tapwater, but the beating ceases when themedium is replaced by distilled

water133. Having subsequently identified calcium as the key component for the beating of

heart muscle, Ringer laid out the foundation for research on calcium signalling.22.
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Calcium regulation of actomyosin likely stems from the early cells’ response to wound-

ing. The rupture of a cell membrane is succeeded by a rapid release of free Ca2+ ions which

trigger wound healing cascades. However, the early cells could have developed a preventa-

tive mechanism which would trigger the calcium release– and thus healing– before the ac-

tual rupture occurs. The hypothesised mechanism would give rise to what is today recog-

nized as stretch-activated calcium channels, and the increased sensitivity to stretching would

be achieved by coupling them to actomyosin whose binding partners Rho and ROCK are

directly involved in wound healing. That way, the ability of actomyosin to contract could

counteract the stretching of the membrane and help maintain cell shape.20

Due to its ability to contract and flow, actomyosin classifies as an active material56. Its

three basic building blocks: actin, myosin and calmodulin are ubiquitous across eukaryotic

organisms35,143,47 and are involved in essentially every process in the life of a cell, e.g. cell

shape, mechanics, division, and migration9.

Actin is a highly conserved family of proteins48 with the ability to exist in a monomeric

state called G-actin, or associate the globular monomers of G-actin into a filamentous form

called F-actin. Themolecules of F-actin are polarized and can further cross-link, giving rise to

structures such as meshworks and bundles9. Its binding partner, myosin, represents a large

family of motor proteins found exclusively in eukaryotes143. Exploiting the abilities to bind

actin and hydrolyze ATP, myosin generates force for physical movement along actin fibers61.

According to current classification, there are 35 to 37 classes of myosin within the myosin

super family, grouped by their genetic similarity and the role they perform in living organ-

isms.131. The majority of myosin proteins consists of three domains: head, tail and neck.

The head domain hydrolyzes ATP and binds to actin, exerting force and causing movement
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along the actin fibers131. The tail domain connects to cargo transport, and the neck domain

has a linker role, in addition to binding light chains, independent proteins that regulate the

function of myosin38. Calmodulin is a small and versatile calcium-binding protein found

in all eukaryotic cells. It plays a role in numerous cellular processes, one of them being the

contraction of smoothmuscle, where a calcium-bound calmodulin activates themyosin light

chain kinase, which in turn phosphorylates the head of the myosin light chain156.

The first regulatorymechanism of calcium on actomyosin was found in skeletal myosin of

animals, where calciumbinds regulatory protein troponin on the thin filament of themuscle

to enable contraction125,169. The signalling leading to calcium-driven actomyosin contrac-

tion differs in smooth and striated muscles, however in both cases calcium has an activatory

role in generating contractions53,82.

Among the multitude of regulatory functions calcium performs in plants171, the effect

of inhibiting actomyosin contraction has been observed in plants that exhibit cytoplasmic

streaming50. In several plants exhibiting calcium-mediated actomyosin inhibition, calcium

wasobserved to causedissociationof calmodulin, thereforehindering actomyosin function50.

3.1.2 Calcium regulation of cell migration

Cell migration is a complex process resulting from concerted interaction of cellular machin-

ery. The stringent control cell exerts on calcium dynamics makes it a good candidate for such

a highly coordinated process167.

In polarized cells, such as mammalian cells that migrate by interacting with the substrate

through creation of focal adhesions, the building blocks of the adhesions- actin and myosin,

as well as their binding partners such as Rac, Rho and Cdc42- have to be regulated in a pe-
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riodic fashion. Myosin is regulated by short pulses of Ca2+ that are presumably emitted by

the endoplasmic reticulum of the cell. Simultaneously, a gradient of calcium concentration

from the back to the front of the cell is present throughout the locomotion process167.

A simple eukaryote, social amoeba Dictyostelium discoideum closely related to Physarum

polycephalum is able of locomotion and chemotaxis. In 1996, Yumura et al. showed thatD.

discoideum also exhibits a back-to-front gradient of intracellular calcium during chemotaxis,

pointing out the analogy with mammalian cells176. However, four years later, Traynor et

al. disproved those findings, re-opening the questions about the role of calcium in ameboid

locomotion 165

3.1.3 Measuring the intracellular calcium

Considering the importance of calcium dynamics in all life forms and its ubiquity in cel-

lular processes, calcium labelling has been an important goal since early days of calcium re-

search. The development of first fluorescent indicators in 1980s caused calcium research to

soar. Consequently, the development of increasingly specific and refined calcium indicators

ensued, resulting in today’s multitude of available calcium-specific dyes.

Calcium indicators bind only Ca2+ ions, i.e. calcium not bound to cellular components

and free to diffuse in the cytoplasm. Most of the cellular calcium content is buffered by bind-

ing to proteins and the concentration of free calcium ions is highly dependent on the cell

type. Calcium indicators themselves buffer free calcium, prompting careful selection of the

indicator and its concentration in order to maintain homeostatic conditions119.

In an extensive review article, Takahashi et al. provide an overview of indicators and tech-

niques for measurement of intracellular calcium154, including the properties of Calcium
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Green and Oregon Green, dyes used in this work.

3.2 Calcium dynamics in P. polycephalum

The appeal of research on P. polycephalum extends far beyond its ability to build optimized

networks. Hidden away in anookof thephylogenetic treebut still eukaryotic,P. polycephalum

is an exciting system for investigating the role of calcium in the regulation of the actomyosin

contractions that generate shuttle flow in the network.

In the late 1970s, as the research on actomyosin expanded with the discoveries of new

myosin types, Kessler et al. isolated and characterised the actomyosin content in P. poly-

cephalum, finding that it bears a significant resemblance to the vertebrate muscle myosin71.

Drawing an analogy with the previously established finding of calcium’s activating role of

actomyosin contractions in skeletal muscle cells, the early researchers expected the same to be

the case in P. polycephalum.

However, in a later study, Kessler et al. discovered that the myosin light chain of P. poly-

cephalumhas the ability tobind calcium, aproperty previously unidentified in skeletalmuscle

myosin70. At roughly the same time, Kohama et al. performed complementary procedures

of P. polycephalummyosin purification and analysis and showed that the binding of calcium

in fact inhibits the interaction between actin and myosin, effectively hindering the contrac-

tions78,77.

The inhibitory effect of calciumon the contractions and consequently cytoplasmic stream-

ing is not unheard of; plants such as Nitella and Chiara undergo cessation of the cytoplas-

mic streaming when exposed to elevated calcium levels68. However, the similarity of P. poly-

cephalum myosin to the skeletal muscle myosin made this finding unexpected, sparking in-
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terest in the research community and brought forward the need for a new model of calcium

regulation.

Interestingly, several studies targeting the same phenomenon obtained the opposite result,

i.e. the actomyosin activity increased with the addition of Ca2+ 67,86. However, Kohama et

al. argue that this result can be reproduced by using crude preparations of actomyosin that

still contains ATP-pyrophosphohydrolase, a Ca2+-activatable enzyme. After sufficient purifi-

cation of the actomyosin sample, the result reverses and an inhibitory effect is reproducibly

observed77.

Over the next forty years, Kohama et al. performed numerous studies of calcium regu-

lation of P. polycephalum actomyosin which confirmed the initially identified inhibitory ef-

fect. In a recent review article, Kohama summarizes their results together with the findings of

complementary studies on structure and function of P. polycephalum actomyosin and its re-

lationship with calcium. In the current proposed model of calcium-actomyosin interaction,

myosin is active when phosphorylated, and binding of calcium to phosphorylated myosin at

the calcium-binding light chain deactivates it76.

In addition to the in vitro studies outlined above, calcium dynamics has also been studied

in vivo. Yoshiyama et al. used a calcium-specific fluorescent dye to measure the change in the

concentration of Ca2+ during contractions of a plasmodial fragment. The concentration of

Ca2+ oscillated periodically, peaking right after the maximum contraction of the plasmod-

ium. This result is consistent with the inhibitory effect observed in vitro. Additionally, the

authors report that the increase in Ca2+ concentration propagates through the entire plas-

modial fragment in a wave-like manner175.

Zhang et al. expanded significantly on this study by parallel measurement of contractions,

51



cytoplasmic flows, calcium concentration and traction forces in a freely migrating small plas-

modium lacking network structure. They found that the oscillations of calcium concentra-

tion are in phase with tractions stresses, which agrees with earlier reports from Yoshiyama

et al179. However, the model of Ca2+ oscillator by Smith and Saldana149 proposes a complex

biochemical basis of contraction generation, promptingZhang et al. to suggest cautionwhen

interpreting the seemingly simple measured relationship between calcium and cytoplasmic

flows or traction stresses. Indeed, a model of contraction generation in P. polycephalum by

Julien et al.63 from 2018 features a flow-transported actomyosin activator. The dynamics of

the hypothesized activator matches the one of experimentally measured calcium, indicating

a likely high degree of complexity underlying the process.

While the model of Smith and Saldana propose a model underpinned by a detailed net-

work of biochemical reactions149 later expanded byRadszuweit et al. to account for diffusion

and advection by cytoplasmic flows123, the other family of models of contraction dynamics

prioritize mechanical and hydrodynamical coupling over the regulatory role of calcium161.

In their recent review, Oettmeier et al. argue that an optimal model of oscillations in P.

polycephalum should include both the biochemical basis as well as the hydrodynamics and

mechanics of the system 116.

3.2.1 Calcium in locomotion of Physarum polycephalum

Despite severalmissingpuzzle pieces in the full picture, it is generally agreed that the plasmod-

ium actively utilizes its contractions for locomotion97. Unfortunately, almost all models of

P. polycephalum contractions ignore the interaction of the plasmodium with the substrate,

resulting in an inability to probe locomotive behaviour.
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Themodel ofP. polycephalum contractility by Zhang et al.177 is one of the first to combine

themechanical properties of the plasmodium in a poro-elasticmodel with the adhesive forces

between the plasmodium and the substrate. They show that the coordination between hy-

drodynamics of the streaming, contractions and substrate-plasmodium adhesion are enough

to reproduce their experimental results on flow and traction stresses in a migrating plasmod-

ium. However, the model does not explicitly include calcium dynamics, leaving the role of

the following experimentally observed spatial calcium gradient unexplained.

In two related studies in 1992 and 1993, Natsume et al. probed the spatio-temporal pat-

terns of calcium in a specimen exhibiting chemotactic behaviour. They measured the con-

centration of calcium using a ratiometric Ca2+ dye in a small plasmodium lacking network

structure. In addition to the oscillations in cytosolic calcium levels, they report a consistently

elevated concentration of Ca2+ at the migrating front of the organism and a corresponding

lower concentration at the back, making up a stable gradient of calcium concentration along

the plasmodium65. In the follow-up study, they introduced a repulsive stimulus to the mi-

grating front and observed the gradient reverse while a new migrating front was forming109.

Matsumoto et al.97 used these observations to argue that this asymmetry in calcium base-

line concentration is the driving force behind the plasmodium’s directed motion. However,

their proposed mechanism of propulsion necessitates a higher concentration of calcium at

the back of the plasmodium, contrary to the results of Natsume et al.65,109. Furthermore, in

the extensive study by Zhang et al. from 2017177, ratiometric imaging of calcium in amigrat-

ing microplasmodium with a clearly defined body axis does not reveal a presence of a spatial

gradient of calcium.
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3.2.2 The central question and strategy of this work

Virtually all studies on calcium regulation in P. polycephalum were performed either in vitro

or in small plasmodial fragments. The distinctive feature of the organism, however, is the

network of interconnected tubes. The behaviour of P. polycephalum often-labelled as intel-

ligent, e.g. maze solving105, building an optimized network164 or decision-making32,91,130 all

stem from the ability of the organism to build a network. In a 2007 article, Shirakawa et al.

report generation of morphological order in the network. Arguing that this is an ability be-

yond computation, they suggest the existence of an emergent property in the plasmodium,

likely linked to the contraction dynamics146.

Taking into consideration the indications of calcium’s regulatory role in tube contractions

and plasmodium-wide organization, studying its dynamics in the tubular network appears

to be the next logical step. Given the existence of emergent properties in the network, it is

reasonable to expect different calcium dynamics compared to non-tubular plasmodial frag-

ments. The plasmodial network, albeit rapidly changing its morphology, possesses a few ad-

ditional advantages over plasmodial fragments. The endoplasm in the network is better re-

solvable from the gel-like wall, which could play an important role in studying the possible

coupling between calcium in the endoplasm and the ectoplasm. Furthermore, the thickness

variations of the tubes are smaller than in plasmodial fragments, allowing a better signal qual-

ity in fluorescence imaging. Lastly, the shuttle flow in the tubular network is generally of

higher magnitude, aiding the assessment of the importance of hydrodynamic effects in the

generation of contractions.

Here, we lay the experimental groundwork for answering the central question: is calcium

theuniversalmessenger andkey to integrating information in theplasmodial network? Specif-
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ically, we devise experimental protocols for live-imaging of calcium in a network of P. poly-

cephalum that would subsequently allow for answering specific aspects of the central ques-

tion.

First, we address the question of calciumdistribution in the network. As outlined above, a

calcium gradient has been reported in plasmodial fragments lacking network structure. Due

to the high magnitudes of shuttle flow, it is not clear whether a calcium gradient can be sus-

tained in the tubular network. Another interesting phenomenon could be hidden in prun-

ing tubes. The plasmodial network is undergoing constant reorganization, with many tubes

pruning away as the new tubes are formed at the front of the organism. The causes and

mechanism of pruning remain largely unexplored, and as a first step in uncovering this phe-

nomenon, we explore the localization and dynamics of calcium in pruning tubes.

Second, we investigate calcium’s potential role as the universal messenger by applying ex-

ternal stimuli to the plasmodium. Reports of wounding-induced calcium release are present

in many living organisms (as described in Chapter 4), prompting an analogous study in P.

polycephalum. Given the plasmodium’s distinct body parts, i.e. migrating fronts and tubes

constituting the bulk of the network, the question of potential differences in wound healing

in different body parts arises naturally.

By devising a protocol for simultaneous imaging of free calcium and tube diameter dy-

namics, as well as developing quantification protocols, we build a base for deciphering the

relationship between tube contractions and calcium dynamics. Furthermore, by establish-

ing protocols for microinjection of dyes in a living plasmodium and live-imaging of calcium

in plasmodial networks, we lay the groundwork to study calcium dynamics in the networks

of P. polycephalum.
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3.3 Experimental setup

The plasmodia used in the experiments were developed from sclerotia (Carolina Biological

Supply) grownat roomtemperature (22± 2) ◦Con1.5% agar plates and fedwith autoclaved

oat flakes (Kölln brand).

The imaging was carried out using Zeiss Axio Zoom V.16 microscope with a Zeiss Plan-

NeoFluar 1x/0.25 objective andHamamatsuORCA-Flash 4.0 digital camera. Imagine aqui-

sition was performed with Zeiss ZEN 2 (blue) software in bright-field setting for bright-field

imaging.

For fluorescence imaging, an external HXP 200C lampwas used for excitation of the dyes

and the emitted lightwas collectedwithZeiss filter set 38HE (excitation λ = (470± 40) nm,

emission λ = (525± 50) nm) for calcium-specific dyes and Zeiss filter set 63HE (excitation

λ = (572± 25) nm, emission λ = (629± 62) nm) for the passive reference dye.

Themicroinjection of the fluorescent dyeswas performedwith Eppendorf® FemtoJet®4i

microinjector and InjectMan®4 micromanipulator, using Eppendorf®Femtotips glass mi-

crocapillaries. The microcapillaries were loaded with Eppendorf®Microloader pipette tips.

3.3.1 Fluorescent dyes

A passive, dextran-bound reference dye Texas Red™ (Thermo Fisher Scientific, 3000 MW,

neutral) was used to correct for volume changes taking place due to tube contractions. Free

calcium was labelled using dextran-bound Calcium Green™-1 (Thermo Fisher Scientific,

3000 MW, potassium salt, anionic) and dextran -bound Oregon Green™488 BAPTA-1

(Thermo Fisher Scientific, 10000 MW, potassium salt, anionic). Using dextran-bound dyes

for both passive and active labelling produces comparable clustering and aggregation be-
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haviourof thedye inboth channels, which is of vital importance for the assessment of calcium

dynamics.

The dyes were dissolved in distilled water to the final concentration of 3.0mm for Texas

Red, 2.7mm for Calcium Green and 0.01mm for Oregon Green dye. Using calcium-free

buffers as dye solvent has not shown to be advantageous over distilled water. A calcium-

specific dye was mixed with the passive reference dye in 1:1 ratio. Due to unforeseeable

spillages and dye bleaching, the total dye volume loaded in the microcapillary should not

exceed 5 µL.

The above listed dyes are large, dextran-bound molecules that require microinjection in

the organism. Membrane-permeable dyes, specificallyCal-520 (Abcam) andFluo-8 (Abcam)

were tested as well. However, presumably due to the extracellular slime layer, the uptake of

the dyes was insufficient and the resulting signal was poor. A significant advantage of using

dextran-bound dyes is prevention of dye compartmentalization due to the large size of the

dextran molecule, which allows for extended imaging.

3.3.2 Microinjection in Physarum polycephalum

The success of the microinjection in P. polycephalum is largely dependent on two factors:

suitability of the specimen and the microinjection technique. Well-fed organisms are most

suitable for microinjection due to the optical and mechanical properties of their tubes. In

a starving organism, the decreased transparency of the tubes presents a challenge to correct

microcapillary positioning and injection, and the changedmechanical properties of the tubes

often result in spillage and inability to close the injectionwound. Furthermore, well-fed spec-

imens are more likely to exhibit an increased hierarchy of tube diameters as well as a dense
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network of tubes, simultaneously providing thick tubes for microinjection and neighbour-

ing tubes for efficient re-routing of the flow in case of tube obstruction. These properties

combined significantly decrease the incidence of tube bursting, spillage and network-wide

damage, consequently increasing the success of the injection.

Themost successful microinjection technique tested in this work conquers the challenges

posed by the mechanosensitivity of the tubes and makes use of the advective capabilities of

the organism. Amechanical perturbation of the tube surface often results in cessation of the

flows and gelation of the cytosol, rendering the tube unsuitable for injection. However, the

effect of themechanical stimulus introduced by themicroinjection can be decreased with ap-

propriate tube choice andmicroinjection technique. Ideally, themicroinjection is performed

on a tube of larger diameter (>20 µm) that serves as a transport highway to the region of inter-

est for calcium dynamics imaging. While it is possible to include the tube used for injection

in the region of interest, it is inadvisable due to small dye spillages and wounding-induced

calcium release even in best-performed microinjections. Even though a microinjection mi-

crocapillary with a smaller tip diameter introduces less mechanical perturbation, the choice

of the microcapillary tip width needs to be balanced against the likelihood of microcapillary

clogging. The thick extracellular slimewill irrecoverably clog a narrowmicrocapillary as soon

as the microcapillary touches the tube. A commercial narrow-tipped ( 1 µm) microcapillary

needs to be widened by breaking to 5 µm at the tip for optimal results. This is best per-

formed through a rapid movement of the microcapillary with its tip buried underneath the

agar surface, or gently touching the sharp edge of a razor blade resting on the agar surface. A

well-prepared microinjection microcapillary does not leak dye or release air bubbles.

Apreparedmicrocapillarywith the dye is positioned close to the plasmodial tube of choice.

58



Figure 3.1: Microinjecঞon in a tube of P. polycephalum: two microcapillary posiঞoning approaches. The purple micro-
capillary on the upper side of the tube represents the acute angle approach and the blue microcapillary on the lower
side of the tube represents the perpendicular approach. The movement of the microcapillary into the plasmodial tube is
depicted by the do�ed line extending from the capillary ঞp into the tub, and its end denotes the posiঞon for microinjec-
ঞon. The direcঞon of protoplasmic flows is marked by dashed arrows.

Due to the organism’s inherent sensitivity to light, the plasmodial network should be kept

under constant illumination for at least 30min to ensure a more stable morphology. The il-

lustration in Fig. 3.1 depicts twomicroinjection techniques that delivered best results in this

work: perpendicular- and acute-angle approach. For both techniques, the direction of the

protoplasmic flows is of crucial importance. The needle is placed in the immediate proxim-

ity of the tube wall and the microinjection is carried out once the flows are directed towards

the region of interest. Preferably, the injection is carried out quickly and at the time of high-

est flow rate and the capillary is retracted quickly with as little lateral movement as possible.

Furthermore, special care should be taken that the capillary does not obstruct the protoplas-

mic flows; in the best case, it will cause a cessation of the flows and bursting of the tube and
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spillage in the worst case. A plasmodium with a burst tube should be discarded due to dye

spillage and the triggering network-widewound healing signalling that will interfere with the

measurement. The acute-angle approach is less likely to obstruct the flows, but more likely

to mechanically perturb the tube wall compared to the perpendicular approach, for which

the opposite is true.

Microinjection can be carried out in multiple sites in the network before imaging. It is

advisable to trim away the injection sites before imaging, otherwise the continuous influx of

the dye from the injection site combined with the inhomogeneity of the dye mixture due

to wounding-induced calcium release could hamper the measurement of the homeostatic

calcium dynamics. The imaging should start no earlier than 40min after trimming to ensure

the reorganization of the contractions induced by the trimming has taken place11.

3.3.3 Dye calibration and bleaching

Themicromolar concentrations of the dyes used in the experiments might seem too high for

the free calcium in nanomolar range, but the microinjected volume is very small compared

to the total volume of the protoplasm. The organism injected with dye shows no changes in

contraction dynamics or tube morphology, indicating that the used concentrations are not

toxic and the dye does not buffer significant amounts of free calcium. Lower concentration

of the dyes results in a weaker signal without an improvement in the overall health of the

specimen compared to when higher concentrations are used.

Due to the inability to measure the injected volume, the dynamic nature of sol-gel conver-

sion, the advection of the dyes, as well as their non-ratiometric properties, it is not possible

to estimate the concentration of the dyes in the plasmodium. Furthermore, the dye particles

60



0 10 20 30 40 50

time [min]

0.5

1

1.5

n
o

rm
a

liz
e

d
 in

te
n

si
ty Ca2+ dye

Ca2+ dye + Ca 2+

Ca2+ dye in vivo
Ref. dye in vivo

Figure 3.2: Bleaching rates of the calcium-specific dye differ in vivo and in vitro; reference dye bleaches at a lower rate
than calcium-specific dye. In vitro: 10µL of 0.1mm aqueous soluঞon of Oregon Green dye alone (blue) and with 1µL
of aqueous 1µm CaCl2 soluঞon (red). In plasmodium: total intensity of the plasmodium in calcium channel with Oregon
Green dye (yellow) and reference dye Texas Red (purple).

tend to cluster and get trapped in vesicles, making the signal they produce unreliable. How-

ever, the homogeneous signal from the dyes in the sol and the comparable dextran-based

structure of the calcium-specific and the reference dye enable the measurement of free cal-

cium dynamics.

To investigate the bleaching behaviour of the dyes, the solutions of the dyes without cal-

cium, as well as dyes mixed with solutions of calcium chloride in a range of concentrations

from nanomolar to milimolar were imaged. The passive reference dye generally bleaches at

a lower rate compared to calcium-specific dyes (Fig. 3.2). A universal calibration of the dyes

is not possible due to the difference in bleaching dynamics in the organism compared to a

water solution of the dye or its mixture with calcium chloride.
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3.4 Results

3.4.1 Dye properties set the experimental constraints

A successful microinjection results in a uniform spread of the dye in the plasmodium, as de-

picted in Fig. 3.3. Ideally, the imaging region of interest is positioned far from the microin-

jection site to minimize tube damage and allow for dye advection by shuttle flow. The latter

results in an increase of the signal in both channels, however the dye incubation time before

imaging should not exceed 45min atmost because the dyemolecules are prone to aggregation

and encasement in vesicles.

200 um200 um

A B

Figure 3.3: Distribuঞon of reference dye Texas Red (A) and calcium-specific dye Calcium Green (B) in a growing plas-
modial migraঞon front.

The signal quality of the calcium-specific dyes is consistently lower compared to the one of

the reference dye anddecaysmore rapidly due tobleaching. Also, the autofluorescence of agar

emitting in the same green part of the spectrum as the dye contributes to high background

noise. However, these obstacles can be tackled to a good degree by using high concentrations

of the dye, decreasing the exposure to fluorescent light and substituting agar with phytagel as

plasmodium substrate to decrease background autofluorescence.
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3.4.2 Measuring the calcium gradient

Measuring the hypothesized organism-wide calcium gradient is not expected to produce re-

liable results in the given experimental setup. Microinjection introduces tears in the tube

wall that trigger wound repair signalling cascades, and the dye trapped in tube walls creates a

gradient of signal from the injection site to the far end which cannot be avoided, even with

distal microinjection sites. The short time window permitted by the tendency of the dyes

to aggregate and get trapped in vacuoles does not allow for long incubation times that could

potentially result in healing of microinjection or trimming sites. In order to reliably measure

the calcium gradient, a membrane-permeable dye such as Cal-520 should be used. However,

due to low signal and the tendency of such dyes to compartmentalize, caution is advised.

3.4.3 Elevatedcalciumsignalupontheapplicationofmechanicalandchem-

ical stimulus

To ensure the dye concentration is in a functional range, i.e. not too dilute thus producing

weak signal nor too concentrated to buffer all free calcium, we applied two kinds of stimuli

known to cause a change in calcium levels.

First, we applied a droplet of aqueous 0.2mm EDTA solution on a section of the plas-

modial tube (Fig. 3.4). EDTA, being a potent calcium chelator, rapidly caused a disruption

of flows in the tube. The release and subsequent encasement of stored calcium can be ob-

served as a short, bright calcium signal that fades out quickly (<20 sec) as calcium is chelated.

The absence of the same signal in bright-field and reference channel confirms that our choice

of calciumdye and the concentration is suitable for investigating calcium-related phenomena

in the plasmodial network.
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Figure 3.4: The effect of 0.2mm EDTA soluঞon on the plasmodial tube in bright-field channel (first column), fluorescent
reference dye channel (middle column) and fluorescent calcium dye channel (last column). The applicaঞon of the chem-
ical causes a cessaঞon of flows and a brief elevaঞon of calcium-channel signal before its a�enuaঞon as calcium is likely
released from storage and subsequently trapped by the chelator.

Second, in another plasmodium, we applied a quick mechanical stimulus by perturbing

the tube wall with a microcapillary pipette tip. A burst of calcium signal lacking in the refer-

ence channel appeared right after the stimulation (Fig. 3.5) and faded as the tubewall healing

took place, revealing that calcium is released upon wounding. The spatial distribution of

the calcium signal that can be observed at the wounding site indicates the potential for high-

resolution tracking of the wound repair response in the future.

3.4.4 Increase in calcium signal coincides withwound healing

We further probed calcium response in wound healing by mechanically perturbing a larger

section of a rapidly growingmigration front (Fig. 3.6). Apart from an increase of calcium sig-

nal that follows rapidly post-stimulus, pooling of bodymass can be observed in the reference
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Figure 3.5: Mechanical sঞmulus causes an increase in calcium levels. (A) A quick mechanical sঞmulus was applied to the
tube wall, causing an increase in calcium signal immediately visible at the site of sঞmulaঞon (marked by white arrow)
before fading away. (B) A kymograph was recorded along the tubes traced in white. (C) Kymograph along the traced
tube in calcium channel (le[) and reference dye channel (right). An increase in signal is clearly visible in the calcium
channel while absent in the reference channel (marked by dashed red line).

and bright-field channel. This effect is a hallmark of wound healing in P. polycephalum (de-

tailed in Chapter 4).

Strikingly, the areas of the migration front exhibiting pre-stimulus calcium levels, i.e. un-

affected by the stimulus continued to grow at the same rate as before the stimulus, while the

affected area lags. Given the presumed role of calcium in generating contractions and setting

organism polarity, this phenomenon could be an indication of the fine-tuning of calcium

signalling machinery in P. polycephalum, allowing the organism to use the same signal in a

multitude of ways.
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Figure 3.6: Mechanical sঞmulus applied to a growing migraঞng front causes an elevaঞon in calcium levels and local
stalling of growth. bright-field (first column), fluorescent reference dye channel (middle column) and fluorescent calcium
dye channel (last column). A mechanical sঞmulus (marked by white arrow) causes a signal increase in the calcium chan-
nel and a stalling of fan growth at the site of elevated signal (denoted by yellow dashed line). Unaffected parts of the
migraঞng front conঞnue to grow at pre-sঞmulus rate.

3.4.5 Pruning tube deposits calcium

In a report by Kuroda et al.85 from 1980, the authors hypothesize that P. polycephalum reg-

ulates the calcium content during starvation by excreting calcium-containing vacuoles. We

confirm this hypothesis by imaging a pruning tube in a functional plasmodium (Fig. 3.7).

The pruning of the tube starts with a gradual cessation of the flows through the tube. The

tube subsequently undergoes a decrease in diameter in the middle section while the material

is actively transported out into neighbouring tubes. Normalizing the signal in the calcium

channel by the reference channel signal reveals a deposition of calcium in the pruned section

of the tube.
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Figure 3.7: Calcium deposited by a pruning tube. (A) Posiঞon of the pruning tube in plasmodium marked by white ar-
row. (B) Time lapse of the pruning: funcঞonal tube at 0min and cessaঞon of flow through the tube due to pruning at
30min. Bleaching causes a decrease in the signal intensity at 30min in the network bulk. (C) Kymograph along the
length of the pruning tube. Calcium channel normalized by the reference dye channel. Dashed red line denotes the
elevated calcium signal corresponding to the pruned segment.

3.4.6 Calcium oscillations are in phase with contractions

Oneof the long standing disputes regarding the role of calcium inP. polycephalum is its role in

generating tube contractions. The current setup formeasuring calcium dynamics consists of

a calcium-specific dye channel and a passive reference dye channel that can be used to correct

for volume changes caused by tube contractions. Due to the inability to precisely estimate

injected volume in the imaging region of interest and the tendency of the dyes to aggregate,

we deem measuring absolute concentrations of calcium from the signal unreliable even in

the two-channel setting. However, the phase relationship between the time evolution of the
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Figure 3.8: Oscillaঞons of calcium are in phase with the contracঞons in the pruning tube. (A) Tracking of the ঞme evo-
luঞon of total signal in calcium-specific and reference channel within the region of interest denoted by dashed white
rectangle. (B) Signal fluctuaঞons over ঞme for both channels. The signal is detrended to exclude the effect of bleaching.
The fluctuaঞons in both channels are comparable in magnitude and in phase.

signal from the two channels is unaffected by dye concentrations. Therefore, we expect the

phase relationship to reflect the dynamics of calcium and tube contractions.

We first focus on the pruning tube discussed in the previous section and track the signal

in a fragment of the contracting tube in the calcium-specific and reference channel over the

course of pruning until the cessation of flows through the tube. The reasoning behind this

choice is the expected distinctive contraction dynamics of the pruning tube compared to a

sustained tube, potentially highlighting the role of calcium through previously unrecorded

dynamics.

We track the cross-sectional oscillations of the tube within the marked region of interest

in Fig. 3.8-A in calcium-specific and reference channel. The time series of signal fluctuation

for both channels are depicted in Fig. 3.8-B. The fluctuations of the signals are matching in

magnitude, however the calcium signal curve is shifted with respect to the reference signal,

peaking≈ 1.4 s earlier than the reference channel signal.
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Figure 3.9: Relaঞonship between calcium oscillaঞons and contracঞons is consistent across different specimen and tubes,
here a plasmodium with a mechanically sঞmulated tube shown previously. (A) Imaged secঞon of a large plasmodium.
Dashed orange rectangle denotes a tube secঞon downstream of the mechanical sঞmulus, dashed blue rectangle denotes
a tube unaffected by flow in the sঞmulated tube. (B) Fluctuaঞon of the detrended signal in both channels in the tube
segment marked in blue, sঞmulus ঞme marked by dashed line. (C) Fluctuaঞon of the detrended signal in both channels
in the orange-marked tube segment, sঞmulus ঞme marked by dashed line.

The same effect can be observed in the plasmodium introduced earlier, the signal fluc-

tuations depicted in Fig. 3.9. Signal fluctuations were measured both in an unaffected and

the mechanically perturbed tube. Even though the signal fluctuations in both channels tem-

porarily diminish in the affected tube post-stimulus, the relative magnitude and phase lag of

the fluctuations are consistent with the previous measurement.

A closer look into the imaging settings reveals the cause of the ≈ 1.4 s lag between the

channels. The reference channel is recorded before the calcium-specific channel. With the

acquisition time of both channels being 0.7 s and no delay between the channel acquisition

within a frame, the expected lag of the calcium channel amounts to 1.4 s.
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This result reveals that the signals of calcium-specific and the reference dye channel are

actually in phase, indicating that the role calciumplays in regulating actomyosin could indeed

be inhibitory, which is in agreement with the previous findings outlined above.

3.5 Discussion

By establishing protocols for imaging calcium in the plasmodial network, we paved the way

for in-depth studies of calcium dynamics in the network and testing hypotheses posed by

the theoretical models of P. polycephalum function. Most recent models featuring calcium

dynamics such as the one by Schenz et al.142 from 2017 and Julien et al.63 from 2018 focus

on adaptive tube formation and scaling of contraction waves, respectively. These are aspects

of plasmodial function that necessitate the usage of tubes in experiments, i.e. plasmodial

networks instead of microplasmodia.

The question of the existence of a calcium gradient along the migration axis is still a puz-

zle. While the work by Natsume et al.65,109 reports the existence of a gradient, later work by

Yoshiyama et al.175 and Zhang et al.177 do not report the existence of a gradient despite their

experimental setups being capable of measuring it. Especially in a network setting, the high

flow rates in the tubes would likely cause the gradient in the tubes to flatten.

Due to its homogeneous build, resolving the calcium signal in the tubewall from the cyto-

plasm signal is challenging in a microplasmodium. By establishing a protocol for measuring

the calcium signal at high resolution across the tube, we open the pathway to measuring cal-

cium dynamics between the tube wall and cytoplasm, i.e. the key interacting components in

a number of models of P. polycephalum function63,142.

However, for a model able to simultaneously emulate more than one calcium-involving
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phenomenon in the plasmodium at a time, an understanding of spatial and temporal decod-

ing of calcium signal is imperative. As cells in virtually all organisms rely on calcium as the

ubiquitous signalling species, the mechanisms to decode calcium signals have evolved to be

very sophisticated18,101,148. Investigating the decoding of spatio-temporal calcium signal in P.

polycephalumwould be an exciting pursuit, especially given the complexity of the organism’s

network, interconnectedness of body parts, and the high speeds of transport by flow.
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4
Network-wide patterns of wound healing

Living beings are fragile. Even animals covered in hard, armour-like keratin or chitin

layers have unprotected body parts that can easily suffer damage. The ability to heal wounds

is essential for survival and organisms have developed sophisticated mechanisms to control

and undo the damage inflicted bymechanical forces. The response to wounding is preserved
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across living organisms and its intimate bond to all life sparked debate about it being the

origin of consciousness8. Wounding starts with a disruption of the cell membrane. In or-

der to protect the interior of the cell and prevent the influx of extracellular material, as well

as cytoplasm loss, cells must be quick to minimise the damage. There are several proposed

mechanisms of wound healing based on the observed processes of membrane hole closure in

different organisms.

Thefirst proposedmechanism features actomyosin contractions as key inpluggingofmem-

brane holes. Uponwounding, a contractile network of F-actin andmyosin forms around the

hole and pulls together the undamaged membrane and cytoskeleton surrounding the dam-

age. However, the timescale of this process is at the order of minutes rather then seconds,

potentially exposing the cell to the influx of unfavorable chemical species from the extracel-

lular space107.

Another proposed mechanism is hole patching, where internal cell compartments are hy-

pothesised to fuse at the site of damage, effectively patching the wound. Even though this

mechanism can explain the rapid healing observed in several experiments, the identity of

patch constituents is still unknown. Furthermore, patching would likely produce a double

membrane which would have to be transformed into a single membrane through currently

unknownmechanisms102.

Two interrelated possible mechanisms of wound closure are internalization and external-

ization; the first relying on endocytosis of the membrane fragment containing damage and

the second facilitatingwound closure by pinching off the damagedmembrane. The existence

of both mechanisms is supported by experimental evidence, but the size limit of membrane

holes that can be repaired this way is likely small102.
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The quest of identifying the specific mechanism of wound healing is preceded by an im-

portant question: how does the cell know it has been wounded? In a clever evolutionary

ploy, the cells learned to trigger healing upon influx of the same chemical species whose ele-

vated levels lead to cell death: free calcium51,159. As described in more detail in the previous

chapter, the cells exert stringent control over intracellular calcium levels. While an increase

in cytosolic calcium sets off numerous signalling cascades, prolonged exposure of the cell in-

terior to elevated calcium concentrations will cause precipitation of calcium phosphate and

ultimately cell death19.

Interestingly, despite the crucial importanceofwoundhealing inmaintaining cell function

and preservation of parts of signalling cascades across eukaryotic kingdoms, the exact role of

calcium influx in wound healing remains unexplained51. In a recent review article on the

topic of cell wound healing, Nakamura et al. point out that the gradient of calcium concen-

tration across the membrane necessary for wound healing is unusually high107, hinting that

membrane potentials could play a key role in the healing process. Studying the dynamics of

membrane potentials during cell wounding and repair in Xenopus laevis oocytes, Luxardi et

al.94 showed that calcium influx causes an inward electric current at the center of the wound

and an outward current at wound sides. The influx of positively charged calcium causes the

membrane to depolymerize, triggering the repair processes. Surprisingly, they showed that

calcium is essential throughout the whole process of would healing, not just the initiation;

the external calcium helps maintaining the electric circuit, thus enabling cell membrane re-

polarization.

In Chapter 3 of this thesis, we showed that mechanical perturbation of a tube in the body

of the slime mould P. polycephalum results in elevated levels of free calcium, likely stemming
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from the calcium-containing vesicles located in tube walls36. On the one hand, this result is

hardly surprising and further demonstrates the ubiquity of calcium signalling inwoundheal-

ing in eukaryotes51. On the other hand, this finding is exciting because it opens the possibility

of using P. polycephalum as a model organism for wound healing. The real appeal of study-

ing wound healing in P. polycephalum , however, lies in the organism’s intricate morphology

and body-spanning periodic contractions. As a consequence of connectedness of the tubes

in the plasmodial network, severing a single tube does not only perturb local function, but

affects the whole plasmodium. Despite strand and network fragment excision being a rou-

tine step of specimen preparation in experiments, surprisingly little is known about wound

healing inP. polycephalum. One consistent observation across previous studies is the gelation

of the protoplasm induced bymechanical perturbation2. A cessation of the contractions and

consequently flows has been observed, but unreliable to reproduce in the past experiments28.

Thiswork is thefirst to address the impact of tube severingon thedynamics of thenetwork-

spanning contractions in P. polycephalum. We acquired time series of bright-field images of

the plasmodiumbefore and after tube severing anddevised amethodofmapping contraction

dynamics onto a one-dimensional representation of the network. Reducing the complexity

of the acquired information allows for identification of wound healing hallmarks in the con-

tractile dynamics of the plasmodial network.

We found that the wound healing process in P. polycephalum is reflected in four succes-

sive phases of characteristic contraction dynamics. Right after wounding, the amplitude and

frequency of contractions increases. This phase is followed by a network-wide stalling of

contractions and flows. The two sub-networks that emerge as a result of severing restart the

contractions, each network displaying an individual contractions dynamics. The re-fusing
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of the severed tube is marked by pooling of material in the form of a foraging front at the

wounding site. As the severed tube regains function, the two sub-networks undergo vigor-

ous, coordinated contractions. The vigorous contractions persist until the severed tube is

fully recovered, and the network reverts to the pre-wounding contraction dynamics.

Our results show that wounding is a significant disruption of function of the whole net-

work, even when the affected area is small compared to the total plasmodium area. Spatial

mapping allows for extracting stereotypical contraction dynamics, which not only elucidated

the previously debated stalling of contractions upon wounding, but revealed the step-wise

wound repair response. Surprisingly, we found that the plasmodium treats wounding as an

attractive stimulus and transports material to the cut site by creating a foraging front. This

result shows the organism’s intrinsic tendency to repair damages, rather than abandoning

the wounding site by pruning away the damaged tubes. Also, the wounding reaction being

markedly different to the reaction to light10, another unfavorable stimulus, showcases the

fine-tuning of the organism to different environmental perturbations.

The questions that arise from the findings of this study inspire several directions of fu-

ture research on P. polycephalum. First, the discovery of foraging front formation at the cut

site indicates that the processes of wound healing and migration front establishment share a

commonmolecular basis. Given the evidence of calcium release by wounding, a comparative

study of calcium signalling in the two processes is a worthwhile pursuit. Furthermore, simul-

taneous labelling of actin or its binding partners and free calcium could provide a unique

insight into cytoskeletal reorganization and clarify the still unsolved puzzle of internal orga-

nization of P. polycephalum.

The second intriguing direction for possible future research concerns the functioning of
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the network as a whole. While the terms robustness, resilience and optimization are regularly

linked toP. polycephalum, the existing researchmostly focuses onP. polycephalum’s strategies

of combating externally imposed threat or risk58,90,104. Studies on the dynamics of internal

damage management and its impact on plasmodial network architecture and function are

lacking. Research on that topic would be beneficial not only for gaining further insight into

the function of P. polycephalum, but also as a model of other flow networks that occur in na-

ture, such as vascular systems that often undergo internal damage and clogging of individual

tubes and regions, leading to pathological states93.

The third potential direction of research deals with the coordination of contractions, a

phenomenon unifying molecular machinery and network function. Even though the coor-

dination of contractions in theP. polycephalum network has been assessed fromdifferent per-

spectives in this thesis (Chapters 2 and 3), the unique context of wound healing could prove

advantageous over other settings for studying this phenomenon. If membrane potentials are

indeed implicated in the organisation of contractions, measuringmembrane potentials while

disrupting the membrane by wounding would provide extraordinary insight both into the

electrical activity of the plasmodium and its debated coupling to the actomyosin system.

Apart from uncovering another aspect of P. polycephalum function and opening alleys for

future research, the results of this work have an important practical purpose. Trimming the

plasmodial network in preparation for experiments carries the risk of studied phenomena be-

ing overshadowed by the organism’s wound repair response. Our results showing that the

response to wounding ceases after approximately 45min allow for the execution of experi-

ments without the risk of signal overlay.
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1.  Introduction

Simple organisms like fungi and slime moulds are able to dis-
play complex behaviours. This is surprising given that their 
network-like body plan lacks any central organizing centre. 
The slime mould Physarum polycephalum has emerged as a 
model system to study the complex dynamics these organ-
isms use to adapt to their environment. The organism has 
been shown to find the shortest path through a maze [1] and 
connect food sources in an efficient and at the same time 
robust network comparable to man-made transport networks 
[2]. Furthermore, the slime mould distributes its body mass 
among several resources to obtain an optimal diet [3] and is 
able to anticipate recurring stimuli [4].

P. polycephalum is a true slime mould that forms a plas-
modial network. Nuclei keep on dividing without forming 
cell walls, which results in a syncytial web-like network. The 
cytoplasm within this tubular network flows back and forth 
in a shuttle flow [5]. These cytoplasmic flows are driven by 
cross-sectional contractions of the actin-myosin meshwork 
lining the gel-like tube walls [6]. Flows are organized across 
the entire network in a peristaltic wave of contractions that 
matches organism size [7]. Flows generated in the organism 
are optimized for transport as contractions increase the effec-
tive dispersion of particles way beyond molecular diffusivity 
by a mechanism called Taylor dispersion [8].

P. polycephalum adapts its network-like morphology to 
its environment by chemotaxis [9–11]. Here, stimulants are 
classified by being an attractant or a repellant depending on 
the organism’s response to migrate toward or away from 
the stimulant. Stimulants have also been shown to affect 
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cross-sectional contractions organism-wide by an increase in 
their frequency and amplitude for an attractant or a decrease 
for a repellant [12, 13]. A variety of chemical stimuli have 
been discussed for P. polycephalum, with glucose being a 
prominent attractant and salts like NaCl being effective repel-
lants [14–16]. Temperature [17, 18] and light [19, 20] have 
also been found to act as stimulants that trigger organism-
wide restructuring of the transport networks’ morphology. In 
fact, the cytoplasmic flows themselves serve as the medium by 
which stimuli pervade the organism [21].

A lot less is known about the impact of mechanical pertur-
bations on the organism. In its natural habitat the slime mould 
suffers predation from grazing invertebrates causing severing 
that disrupts the transport network and its cytoplasmic flows. In 
experiments it has been found that quickly stretching a strand 
to 10–20% of its length while keeping it intact increases the 
amplitude of oscillations [22]. Excising a single strand from a 
plasmodial network has been observed to lead to a roughly 20 
minute cessation of contractions in the strand until recovery 
[23]. This phenomenon was not observed for strands excised 
from the growing fan region of the slime mould resulting in 
speculations about the motive force being limited to the fan 
only. Yet, the cessation of contractions turned out to be hard 
to reproduce, see [24] and references therein. Among these 
discordant observations what remains established is local 
gelation of cytoplasmic flows upon touch without severing the 
organism [25]. Despite the limited knowledge, wounding the 
organism by severing the network is part of daily laboratory 
routines and an eminent perturbation in natural habitat.

Here, we investigate P. polycephalum’s dynamics during 
wound healing following the quick and complete severing of 
a tube within the organism’s network. We follow the process 
of wound healing across the individual’s entire body, over the 
course of one hour after severing. The exemplary quantita-
tive analysis of organism-wide contractions reveals a stepwise 
response spanning four different states. Briefly after severing, 
the contractions are often marked by an increase in amplitude 
and frequency, followed by a several minutes long cessation 
of contractions and stalling of cytoplasmic flows. This resting 
state is terminated by a sudden restart of vigorous contrac-
tions as the severed tube re-fuses. The vigorous state then 
transitions into a state of network-spanning contractions and 
continuous fan growth at the wounding site until the organism 
reverts back to pre-stimulus dynamics. Timing and signifi-
cance of individual steps varies with the severity of cutting 

and cutting site location within the network. For example, 
stalling is found to be less pronounced when the network is 
cut in fan-like region. Overall, quick and complete severing 
triggers a response pattern with characteristics of the response 
to an attractive stimulus, including an increase in amplitude 
and frequency and net movement to stimulus site, see figure 1. 
The reproducibility of stalling clarifies earlier contradictions 
and at the same time opens new avenues to investigate the 
biochemical dynamics behind the highly coordinated acto-
myosin contractions underlying P. polycephalum’s arguably 
fascinating dynamics.

2.  Methods

2.1.  Culturing and data acquisition

The plasmodium is prepared from microplasmodia grown in 
liquid medium. The recipe for the medium is inspired by [26], 
see section S1. The advantage of this method over growing the 
plasmodium on oat flakes or bacteria is the ability to precisely 
control the nutritional state and amount of the organism. Also, 
plasmodia grown this way are free from oat flake residues or 
vacuoles containing food, which provides a cleaner sample for 
imaging. To prepare the plate for imaging, 0.2–0.5 ml of the 
microplasmodia grown in a shaking culture at 30 ◦C are trans-
ferred to an 1.5% agar plate and stored in a closed, but not 
sealed, dish in the dark. After 12–24 h, the microplasmodia 
fuse into a single plasmodium. The plasmodium is ready for 
imaging when there are no visible traces of liquid medium and 
the organism assumed its characteristic network shape, which 
usually occurs up to 36 h after plating.

The imaging is performed with a Zeiss Axio Zoom V.16 
microscope, equipped with a Zeiss PlanNeoFluar 1x/0.25 
objective and a Hamamatsu ORCA-Flash 4.0 digital camera. 
A green filter (550/50  nm) is placed over the transmission 
light source of the microscope to diminish P. polycephalum’s 
response to the light, and a humidity chamber prevents the 
sample from drying out. The acquisition of the images is 
done in Zeiss ZEN 2 (Blue Edition) software with bright-
field setting. During the acquisition, the illumination of the 
sample is kept constant, and an image is taken every 3 s. The 
plasmodium is imaged for  ∼1 h before the application of the 
mechanical stimulus to allow for the accommodation to the 
light [10]. The stimulus is applied manually, using a microin-
jection needle with a blunt tip. The needle tip is held above the 

Figure 1.  Wound healing process in P. polycephalum illustrated at four time points using bright field images. The cut occurred at 18 min 
and the fan grown at cut site reached its maximal size at 60 min. The network morphology was restored after 85 min.
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surface of the agar at a small angle and quickly dragged across 
the chosen plasmodial tube. The cut is severe and complete 
if the two parts of the tube separate completely. The plasmo-
dium is then further imaged for more than 1 h.

Using microplasmodia is so far the optimal way of obtaining 
non-severed networks, where the size and nutritional state 
are reproducible. However, there are challenges during the 
imaging that decrease the reproducibility of the experiment. 
In particular, plasmodia are highly motile and change their 
morphology accordingly. Furthermore, the organism tends to 
develop very large foraging fronts, which are not a suitable 
input for the presented comprehensive data analysis as they 
lack network characteristics. Lastly, the microscope light can 
act as stimulus [2, 19, 20], and even the green-filtered low-
intensity illumination may cause the network to respond and 
change its behaviour to escape the imaging region. These 
challenges combined make the reproducibility and required 
stability of the network morphology over time challenging.

2.2.  Comprehensive network-based contraction analysis

To quantify contraction dynamics we analyse bright field 
recordings in two different ways: for two morphologically 
static networks (see E2 and E3 in the experiment list) we per-
form an exhaustive network-based analysis as outlined in the 
following (see figures  5 and S4, available online at stacks.
iop.org/JPhysD/50/434005/mmedia). For the additional 19 
specimen, which alter their network morphology dramatically 
over the course of the experiment, we analyse kymographs 
along static parts of the network as described in details in sec-
tion S3 (see exemplary E1 and mov. S5).

Images recorded as a time series are processed as 8-bit 
uncompressed TIFs. At first every image is processed sepa-
rately, then the results are stitched together, largely following 
[7], and lastly the collective is analysed. On every single 
image, background is removed with the rolling-ball method. 

Then the image is used to create a mask, a binary image, with 
an intensity threshold that separates the network from the 
background. The mask is enhanced further, i.e. only the big-
gest structure is considered, small holes are filled and single-
pixel edges are smoothed. Subsequently, the resulting mask is 
used as a template for extracting the network’s skeleton with 
a thinning method. In the skeletonized mask each pixel can 
be understood as a data point representing local intensity and 
diameter (see figure  2). Local diameter is calculated as the 
largest fitting disk radius around the point within the mask. 
Within this disk the average intensity is computed and saved 
as intensity at the considered data point. Intensity and diam-
eter anti-correlate due to the optical density of the slime mould 
and can therefore be used interchangeably considering Beer-
Lambert law. Individual data points are attributed to a specific 
network branch of the network skeleton. To represent network 
topology, the network is broken down into vertices and edges 
where vertices describe pixel positions of branching points 
and edges represent two connected vertices. Each edge then 
acts as a parent for one specific branch. In this sense edges are 
abstracted simple connections and branches represent pixel-
based resolution of a tube.

After the network is extracted in space, the edges, vertices, 
diameters, and intensities are concatenated in time. To map 
intensity and diameter over time, a reference image is used, 
usually from an early time point. For every data point the 
shortest distance to any pixel in the reference image is calcu-
lated. This gives a quasi-static (x, y, t )  →  (intensity, diameter) 
dataset, i.e. the topology and vertex positions stay the same, 
but intensity and diameter can vary. This is justified as long as 
growth of the organism and vertex movement is minimal. The 
oscillatory behaviour of tubes in a certain time window can be 
described by four time dependent variables, namely amplitude 
A, frequency f (or period P), phase ϕ and trend (base diam-
eter) d. Each can be calculated from the time-evolution of the 
diameter or the intensity data, but if not stated otherwise the 
following results are only derived from intensity analysis.

Figure 2.  Scheme of intensity and diameter data extraction based 
on P. polycephalum bright field images. The light grey area depicts 
the network mask based on the bright field images. Dark grey lines 
represent the network skeleton and the corresponding topology is 
shown in blue. Each pixel of the skeleton acts as a reference point 
for data derived during the analysis. The diameter is set as the 
distance from the reference point to the next non-mask pixel. The 
intensity is calculated by averaging individual pixel intensities over 
a corresponding disk (red).

Figure 3.  Derivation of oscillation specific parameters, i.e. 
amplitude A(t), frequency f(t) and trend d(t), from single pixel time 
series. The trend is calculated using a moving average with a kernel 
width of 200 s. Intensity is filtered with a Gaussian of width 39 s. 
Amplitude and frequency are calculated from the absolute value and 
angle of the complex-valued analytic signal, respectively.
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The trend d(t) is obtained with a moving-average filter with 
a kernel width of 200 s on each time trace (see figure 3). The 
dataset is detrended using the calculated trend and smoothed 
with a Gaussian using a kernel width of 39 s. The kernel 
widths were chosen to extract the characteristic contraction 
pattern which usually has a frequency of  ∼90 s. The values 
at every data point are stored as a complex valued time array, 
with the detrended and smoothed intensity representing the 
real part and the corresponding Hilbert transform representing 
the complex part, see S2 for more details. This time array, 
denoted analytic signal, serves as a basis to get instantaneous 
phase, frequency and amplitude by computing the angle or 
absolute value of the complex time series. Finally, the results 
are mapped back onto the network structure for each time 
point. In this fashion one can follow oscillatory behaviour 
resolved in time and space. Furthermore, the maps can be 
clustered in sub-networks and averaged separately to pinpoint 
local events in time. It should be mentioned that averaging 
of results for line plots, i.e. figure 5, is always done after the 
data-point based analysis took place. In this way for example, 
the apparent amplitude of the averaged intensity (figure 5(D)) 
can be lower than the amplitude of each data point averaged 
(figure 5(B)).

3.  Results

3.1.  Wounding induces fan growth at cut site

We observe specimens before and after a quick and complete 
severing of a tube to follow the response of P. polycephalum 
to wounding (see figure  4, movs. S1 and S5). Bright field 
movies reveal that cutting of main tubes distal to fans trig-
gers cessation of contractions followed by stalling of cyto-
plasmic flow (n = 15 out of 21). After contractions resume 

the severed tube fuses back together (n = 21 out of 21), i.e. 
flow is re-established, and a fan starts to grow at the cut site. 
Furthermore, we observe accumulation of body mass close to 
the cut site which is most prominent in peripheral cuts (figure 
S2). However, the growth is transient and after a given time 
the initial morphology is restored and the organism returns to 
typical behaviour comparable to before wounding.

In consideration of previously mentioned technical limits, 
we selected one representative dataset with prominent dis-
cernible features for network-based analysis. The following 
findings are derived from this dataset and later compared with 
other experiments. The specific timing of events in the repre-
sentative data set is as follows (see figure 4). Two tubes are 
severed at 17.3 min effectively dividing the network into two 
parts. In both sub-networks, the size-wise bigger and smaller 
part, flows stall transiently around 30 min. At 38 min a con-
necting tube is reinstated and starts to re-establish cytoplasmic 
flows across the cut site. Until about 63 min a transient fan 
is created at the cut site. At 90 min the initial morphology is 
restored and fans are grown elsewhere.

3.2.  Spatial mapping reveals localized stalling

We perform network-based analysis on the wounded spec-
imen to extract the interplay of contractions during the healing 
response. In particular, we map out the amplitude and fre-
quency of contractions spatially (see figure 4, movs. S2 and 
S3). This allows us to exactly localize the onset of stalling 
as it goes hand in hand with low values of amplitude and fre-
quency. Likewise, patterns in contraction dynamics in a region 
of interest are identified by spatially averaging amplitude and 
frequency in this region (see figure 5).

In the representative dataset, wounding separates the net-
work into two sub-networks. Spatial mapping reveals that 

Figure 4.  Time evolution of an exemplary network and its spatially mapped oscillation parameters at 13 min, 27 min, 33 min and 55 min. 
The network was cut in the centre at 17.3 min (scissor icon). Top row depicts the raw bright field data, middle row the local amplitude, 
and bottom row the local frequency. Amplitude and frequency decrease locally, first at the lower sub-network (small dotted arc) at 27 min, 
subsequently at upper sub-network (large dotted arc) at 33 min. At 38 min cytoplasmic flows are re-established at the wounding site. 
Finally, amplitude and frequency values recover.
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oscillations cease on different time-scales in the two sub-
networks. By identifying the two sub-networks as separate 
regions of interest, we quantify the patterns in contraction 
taking the spatial average of the respective contraction vari-
ables in each region. The small sub-network shows a drop in 
amplitude at 21.5 min by 63% and only recovers eight and a 
half minutes later to comparable values. Here, the percentage 
is given as ratio of time averages before, during and after 
stalling. In detail, the averages of the first 21.5 min, the 9.5 min 

during stalling and 15 min after stalling were considered. The 
bigger sub-network drops significantly later at 28 min by 51% 
and recovers to 29% below the initial value nine minutes later. 
In the same time frames the frequency drops by 32% and 45% 
for the small and big sub-network, respectively. Yet, neither 
sub-network recovers its frequency fully right after the stalling 
phase. Only the small sub-network recovers 35 minutes later 
to initial frequencies whereas the bigger region levels off 35% 
below the initial value.

Furthermore, the phase patterns over time (see mov. S4) 
reveal changes in the travelling waves upon cutting. Initially 
(0 to 17.3 min) one can observe peristaltic waves from the tail 
(right-hand side) to the front (left-hand side) which finally 
merge into concentric patterns in the fan regions. Then, at 18 
to 30 min, the small sub-network slows down noticeably (see 
change in frequency) and the big sub-network contracts with 
less apparent spatial correlation, i.e. the peristaltic wave pat-
tern is temporarily lost.

3.3.  Fan growth phase coincides with stable  
network-spanning contractions

After re-fusing of the two sub-networks, another distinct 
phase characterized by stable network-spanning contrac-
tion dynamics can be observed. In figure  5(D) contractions 
appear uniform from 44 min until 63 min. During this phase, 
amplitude and frequency level off to a stable value with little 
fluctuations. The small sub-network shows a slight increase 
in frequency over this period and has more fluctuations in the 
average intensity data than the big sub-network. Note, that the 
time frame of these contractions coincide with fan formation 
at the cut site. Furthermore, the end of this phase also coin-
cides with the largest fan in respect to area.

Network-spanning contractions are further supported by 
the phase time series. When considering the phase develop-
ment one can already observe a peristaltic wave travelling 
towards the cut site in the small sub-network as early as 30 min. 
A spanning pattern in the large sub-network is reinstated 
around the 35 min mark and a global pattern (small and large 
sub-network) appears roughly three minutes after re-fusing 
(40 min). Then a standing wave pattern appears between the 
central region including the cut site and the periphery. It is 
stable and network-spanning until 63 min. Subsequently the 
phase pattern breaks into a peristaltic wave similar to pre-cut 
and propagates from the tail and the small sub-network into 
fan regions in the large sub-network.

3.4.  Stalling and fan growth periods are bridged by distinct 
transition periods

Closer analysis of contraction dynamics over time reveals 
that the time point of the cut, the stalling phase and the fan 
growth phase are transitioned by phases of high fluctuations. 
Particularly in the presented case, before stalling occurs, 
amplitude and frequency peak shortly in both sub-networks 
(see arrows in figure 5). In the small sub-network this peak 
coincides with the cut, whereas another ten minutes pass for 
the big sub-network before the amplitude reaches its max-
imum. Surprisingly, here the frequency decline occurs three 

Figure 5.  Comparison of oscillation parameters in the big- and 
small-sub-network depicted in (A) which result from the cut. Grey 
area (cut site) is not considered in the analysis. Time series of 
amplitude (B), frequency (C) and intensity (D) are averaged in the 
respective domains and compared; top: big sub-network, bottom: 
small sub-network. In each of these plots the black dashed line 
indicates the moment of the cut. The first grey dashed line marks 
the time point of fusion and the second the moment of maximal fan 
size. Black bars underline periods of stalling in (B) and fan growth 
in (D). In (D) the solid line represents the Gaussian filtered intensity 
(kernel width  =  39 s) and markers show raw averaged data. Black 
arrows indicate respective extremal peaks in the transition periods. 
Four black dots on the time line correspond to the four time points 
chosen in figure 4.
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minutes before the amplitude drops. After stalling the ampl
itude increases sharply in both sub-networks, yet stays below 
previous values in the big sub-network. The small network 
undergoes a phase of roughly 13 min where the amplitude 
oscillates vigorously. This also coincides with a second fre-
quency drop even though there is no apparent drop in ampl
itude at this time point. After the fan growth phase, amplitude 
and frequency show slight gradients once more. Here behav-
iour becomes comparable to the pre-cut state as the slime 
mould develops a preferred growth direction in the periphery 
and continues foraging.

3.5.  Fan creation and stalling is reproducible for complete 
severing

For comparison we analysed a second dataset with the same 
network-based method (see figure S4). The key features, i.e. 
cut repair, stalling, a transition phase, stable network-spanning 
contractions and return to pre-cut behaviour, are found like-
wise, but the succession and timing of the specific events vary. 
This dataset has a weaker fan growth at the cut site and the time 
point of maximal fan size follows immediately after fusion. 
Given the short period of fan growth global network-spanning 
contractions are not observed. However, standing phase wave 
patterns are visible in the larger sub-network before fusion. 
Lastly, the transition phase shows peaking amplitude and fluc-
tuating frequencies and reverberates for more than 30 minutes. 
At 70 min the network reinstates a peristaltic wave toward 
peripheral fan regions resuming pre-cut dynamics.

In further experiments analysed with a kymograph based 
approach, we confirmed stalling to be a common response 
after a cut (see figure  E1, n = 15 out of 21). However, the 
degree and duration of stalling is varying between experi-
ments and is most reproducible for a severe cut close to the 
centre of the network.

In detail, we observe that both the degree and duration of 
stalling, depend on the network size and morphology, cut loca-
tion, possibilities of re-routing the flow through neighbouring 
tubes and presence of large fans. Also, a network undergoing 
quick changes in morphology due to a presumed light shock 
is less likely to show stalling. Varying cut location shows that 
complete severing of a tube, with a diameter comparably large 
in size and few neighbouring tubes, results in strong stalling, 
see experiments E[2, 3, 5, 6, 8, 9, 12, 13, and 18]. The effect is 
even more pronounced in smaller networks and on tubes close 
to the centre of the network (E[2, 3, 5, 8, and 18]). Stalling 
is less pronounced, as measured by relative change in ampl
itude and frequency as well as visual inspection of bright field 
data, if severing was applied to fan-like regions or peripheral 
tubes (E[10, 11, 14, 15, 16, 17, 19, 20, and 21]). If a severed 
tube had alternative routes with a comparable flow direction, 
neighbouring tubes inflated shortly after the cut, indicating a 
re-routing of flow. Yet, in this case stalling severity ranged from 
non-existent (E19) to full-stop (E1). In all data sets fan growth 
is observed around the cut site, yet duration and fan sized varied 
greatly (see E2 and E9 as maximal and minimal examples).

In all 15 experiments that show stalling, the period lasted 
for a minimum of three minutes. The exact time point of 

stalling onset and its duration varied. Duration of transition 
periods also varied from complete omission up to 22 min 
between cut and stalling. In 7 out of 15 experiments, a vig-
orous phase of increase in frequency or amplitude fluctuations 
could be observed in the transition phases.

4.  Discussion

We investigate P. polycephalum’s response to wounding in the 
form of a quick and complete severing of tubes using bright 
field microscopy and quantitative analysis of contraction pat-
terns. Mapping out the contractions amplitude and frequency 
in space and time allows us to uncover a multi-step pattern of 
wound healing in P. polycephalum.

The key of our network-based analysis is mapping contrac-
tion variables onto a few pixels serving as the skeletonized 
backbone of the complete network. This representation allows 
us to capture contraction dynamics across the entire network 
over the course of several hours with handleable amount of 
data. Furthermore, spatial mapping visualizes abstract varia-
bles in an approachable way which outlines region of interests 
or patterns in space. For example, in the representative data 
set the time-shift in the response pattern between the two sub-
domains of the network would have been lost when averaging 
contraction dynamics across the entire network (see figure S1).

Among the multiple steps in the response to wounding 
the cessation of oscillations and stalling of the cytoplasmic 
streaming is most striking. The phenomenon of stalling of 
cytoplasmic flows has been observed previously [22, 23], 
but its reproducibility was deemed questionable [24]. Our 
work shows that cut location and severity are crucial param
eters for inducing reproducible stalling. The stalling period 
is omitted when a tube is not completely severed, or cut in a 
way that allows the cut ends to rejoin quickly. In addition, the 
specific body plan affects the impact of a cutting stimulus. 
For example, severed fan-like regions show less pronounced 
stalling. However, we find reproducible strong stalling in net-
works where the affected tubes are crucial connections that 
cannot be re-routed easily—thereby clarifying previously dis-
cordant observations.

Stimuli are commonly classified into attractants or repel-
lants. The response of P. polycephalum to an attractive stimulus 
includes fan growth and mass transport towards the stimulus 
site, often accompanied with an increase of oscillation fre-
quency and amplitude. When we apply a wounding stimulus 
resulting in complete cutting of a tube, we observe a multi-
step response pattern where only two out of four steps show a 
noticeable increase in amplitude and frequency. Yet, wounding 
implies that the network architecture is perturbed. Taken into 
account that contraction frequency decreases as organism 
size decreases [27] the impairment of network architecture 
itself might counteract any increase in frequency. Despite the 
weak indication from contraction frequency and amplitude, 
we always observe fan growth and movement of mass toward 
the cut site regardless of the tube hierarchy, plasmodium size 
or the severity of the cut. Fan growth is a lot bigger than the 
initial spillage of cytoplasm due to cutting. Furthermore, we 
often identify a specific fan growth phase of network-spanning 
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contractions well separated in time from the cutting event 
by the stalling phase. We therefore identify wounding as an 
attractive stimulus. The observation of network-spanning 
oscillations during fan outgrowth adds to our confidence about 
cutting being an attractive stimulus since the observed phase 
patterns resemble contraction patterns found in earlier work 
with attractive stimuli using glucose as a stimulant [21].

Employing spatial data analysis, we uncovered that 
wounding triggers a choreography of multiple successive 
steps to heal the severed tube. The mere duration of the healing 
response now defines a suggested minimal wait time after 
trimming for P. polycephalum experiments. The complexity 
of the response hints at an intricate signalling pattern under-
lying the coordination of contractions. It is likely that also the 
response to classical attractants and repellants, when scruti-
nized, reveal multiple steps. Unravelling the workings behind 
P. polycephalum’s ability to adapt is arguably a fascinating 
albeit challenging question. Here, the reproducible cessation 
of contractions arising during this wound-healing response 
may open up new avenues to investigate the biochemical 
wiring underlying P. polycephalum’s complex behaviours. 
Furthermore, it is fascinating that the impact of wounding can 
be weakened by network architecture. This suggests that P. 
polycephalum’s body plan itself could be part of the organ-
isms strategy to not only adapt to its environment, but also 
specifically prevent severe consequences of wounding.
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5
Conclusion and Outlook

The ability of the slime mould to solve complex problems while retaining

a simple build earned it the attributes intelligent and mysterious. In the

work presented in this thesis, we delved into the functional principles of Physarum poly-

cephalum underlying a diverse range of observed phenomena. First, the study of the organ-
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ism’s abilities to encode memory gave rise to previously unrecognized aspects of plasmodial

network function. By identifying the hierarchy of tube diameters in the network as key in

encoding and reading out the information about its environment, we discovered a strong

reliance on internal organisation in the organism previously thought to be devoid of orga-

nizing centres (Chapter 1). Next, breaking down the dynamics of the numerous contracting

tubes of the plasmodial network revealed amultitude of oscillationmodes present in the net-

work at all times. The activity of the modes is highly dynamic and the organism relies on

specific mode combinations to perform behavioural tasks, such as reaction to stimuli and

locomotion (Chapter 2). Then, we addressed the role of calcium, the universal signalling

species of immense importance in all living beings. By establishing experimental protocols

for the measurement and quantification of calcium dynamics in the plasmodial network, we

built a base for the study of phenomena in which calcium plays a significant role in P. poly-

cephalum (Chapter 3). Lastly, studying the reorganization of the plasmodial network upon

severe wounding revealed amulti-step pattern of contraction dynamics during the process of

repair and re-establishment of network function. These results not only provide an insight

into the wound healing process in P. polycephalum, but help increase the general accuracy

and reproducibility in specimen preparation in experiments (Chapter 4).

While each of the studies presented in this thesis contributes to the understanding of P.

polycephalum’s function in their own right, just like the synergy of individual tubes giving

rise to the intricate plasmodial behaviour, the most intriguing questions emerged as a conse-

quence of the interaction between the studies that make up this thesis.

The first intriguing question threading through all studies presented here is the one con-

cerning signal processing in P. polycephalum. The plasmodium navigates its environment
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with dexterity comparable to species possessing a complex nervous system, indicating the ex-

istence of sophisticated signal processing machinery. We found that the information about

the nutrient stimulus is encoded by propagating a signal that softens the actomyosin cor-

tex, but the dilation caused by softening is transient. Despite the continued presence of the

nutrient source, we do not observe a flooding of the network by the signal that would ul-

timately lead to organism-wide softening and loss of contractility. The reason behind this

phenomenon could lie in the dynamic threshold of the signal transduction network. In Dic-

tyostelium discoideum, the close relative of P. polycephalum, changing the threshold of the

signal transduction network alters cytoskeletal properties and allows the organism to switch

between migratory modes100. Analogously, a dynamic adaptation of the signal threshold in

the plasmodium would explain the retained consistency of the tubes while exploiting a food

source, thus enabling foraging during feeding, as well as the ability to connect multiple food

sources simultaneously32.

The role of the network hierarchy, another key concept that emerged in this work, appears

to be key in signal processing in P. polycephalum. The plasmodium relies on cytoplasmic

flows to spread the signal across the network. The flow velocities, being a function of tube

diameters, directly depend on the tube hierarchy. Conversely, there is likely a feedback of

the flows on the tube walls giving rise to long-term tube diameter dynamics reminiscent of

flow-driven blood vessel pruning in the brain of the zebrafishDanio rerio26, another instance

of a biological flow network. A closer look into the arrangement of tubes in the plasmodial

network reveals a structure akin to river delta – a dense array of small tubes at the very tip of

the migration front joining into an increasingly sparse network of thicker tubes towards the

far end of the plasmodium (Fig. 3). The density of the tubes at the front hints at their likely
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role as samplers of information about the environment during the foraging process. The

gathered information is communicated by flows across the network and processed, resulting

in the observed hierarchy.

The hierarchy of the network and its impact on the organism’s function is not unique toP.

polycephalum. The study of the behavioural patterns of the fruit flyDrosophila melanogaster

revealed a previously unidentified hierarchy; its movements are organized in nested subclus-

ters14. The conviction that this phenomenon arises from the hierarchical structure of the

brainwas reinforcedby thefirst-ever simultaneous recordings ofneural activity andbehaviour

in the worm Caenorhabditis elegans113. The stereotyped behaviours we identified by study-

ing the activity of network contraction modes are strongly reminiscent to the ones found in

the above listed neural organisms.

The similarity between P. polycephalum and neural organisms does not stop at the genera-

tion of behaviour. The organization and function of the plasmodium itself reminds of neural

networks. We showed that severing a connection in the tubular network of the plasmodium

induces a network-wide damage response which manifests itself in characteristic oscillation

dynamics of the actomyosin-lined tubes. Intriguingly, there is evidence that muscle cells,

neurons and mechanosensory receptor cells all have evolved from damage response mecha-

nisms in a distant eukaryotic predecessor. The emergency response to extracellular calcium

influx induced by wounding led to the emergence of the first mechanosensitive Ca2+ chan-

nels which gave rise to amoeboid locomotion, action potentials and, ultimately, neurons20,79.

The plasmodium of P. polycephalum, being an actomyosin-lined network that locomotes in

amoeboid fashion, offers exceptionally interesting insights when thinking about the evolu-

tion of the nervous system.
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However, little is known about electrical activity in P. polycephalum. The existence of

membrane potentials in the plasmodium is long established59, but little attention has been

paid to membrane potentials, since they were deemed not responsible for network-wide co-

ordination of tube contractions174. However, the oscillations of the membrane potential

correlate with the contractions44,180, indicating a possible link between the two oscillators. A

good candidate for this link are the mechanosensitive Ca2+ ion channels in the plasma mem-

brane162, whose conductivity is a function of mechanical stress – here generated by acto-

myosin contractions. Our results, bringing forward the multitude of contractions modes,

their spatial configurations and highly dynamic nature prompt a deeper look into the electri-

cal activity of the plasmodium.

Interestingly, the voltage-gated Ca2+ ion channels in neural organisms are responsible for

short-term synaptic plasticity – change in synaptic strength essential for information process-

ing25, a phenomenon reminiscent of the memory encoding mechanism in P. polycephalum

identified in this work. Synaptic plasticity depends on the synchronization of neural activ-

ity and has a direct impact on memory and learning in organisms with a nervous system64.

Studying the oscillations of membrane potentials in the context of memory encoding in P.

polycephalum could provide valuable insight into the evolution of memory-related phenom-

ena in living organisms. The here established setup for calcium measurement and quantifi-

cation allows for such expansion, potentially simultaneously providing a recording of tube

contraction activity, calcium dynamics and membrane potential oscillations.

Obtaining a complete picture of non-metabolic key processes in P. polycephalum would

allow for studying signal processing beyond threshold alteration of transduction networks,

which we elaborated on earlier in this chapter. Relying on calcium as a universal signal lead
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to the emergence of intricate signallingmachinery16, relying not only on absolute concentra-

tions of Ca2+ ions, but also making use of the temporal aspect of signalling. This way, the

signal of a single chemical nature is able to elicit different responses in the cell depending on

the cell state, as well as the frequency, amplitude, duration and timing of the signal18. For

instance, it is known that cells generally rely on amplitudemodulation in signalling and gene

expression, while frequency modulation is mainly used by neurons for communicating over

large distances101,148. The unique build of the plasmodium does not allow inferring mecha-

nisms by analogy, thus presenting an exciting puzzle of temporal signal processing.

Investigating the signalling which governs the fusion of individual plasmodia into one or-

ganism could elucidate the transition from unicellular to multicellular organisms. P. poly-

cephalum is perhaps a living embodiment of this transition; within its life cycle, the diploid

plasmodium can develop from the fusion of two haploid amoebal cells139, much like the

embryos of higher organisms. The similarity does not stop there; once the plasmodium is

formed, its nuclei divide synchronously without cell division136, just like in the syncytial em-

bryo of the fruit flyDrosophilamelanogaster 33. The improved chemotactic abilities inmulti-

cellular species are proposed as a possible reason for the emergence ofmulticellularity29, mak-

ing the chemotactic P. polycephalum an ideal model system for studying this phenomenon.

We started this work by expressing surprise over the abilities of a very simple organism to

display behaviour comparable to organisms with a complex nervous system. However, hav-

ing identified a number of shared functioning principles conserved in P. polycephalum that

seem toweave the phylogenetic tree, the apparent intelligent behaviour is less surprising. The

hypothesis of the dynamic cytoskeleton and excitable membrane being enough for the de-

velopment of consciousness8 is particularly easy to advocate when faced with the organism
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reactive to its environment and even able of social behaviour, while being not much more

than a membrane and cytoskeleton itself. Such a shift of paradigm renders the question –

is Physarum polycephalum sentient? – futile.
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Supporting Information Text

Calculation of characteristic quantities

Tube diameter. The rest tube diameter of tubes in the experiments is obtained from raw tube dynamics with a moving-average
filter with a kernel width of 200 seconds to suppress rhythmic peristaltic contractions. The tube diameter is subsequently
smoothed with a Gaussian filter using a kernel width of 3 minutes to account only for changes persisting longer than ≈ 2
contraction periods. This resulting value is referred to as tube diameter both in the main text of the article and in the SI
Appendix. The rest tube diameters obtained in the simulations was obtained analogously by applying a moving-average filter
of a width corresponding to the oscillation period in the simulation. The smoothing step was skipped due to absence of noise.

Relative tube growth. The relative tube growth in Fig.2-B for each tube is calculated as the ratio of mean tube diameter 5 min
min before the end of the experiment and mean tube diameter 5 min before stimulus application.

Relative tube diameter. The relative tube diameter in Fig. 3 for each tube is calculated as the ratio of tube diameter and mean
tube diameter before stimulus application.

Automatic classification of characteristic tube dynamics. The automatic classification of characteristic tube dynamics upon
stimulus application resulting in green and blue domain in Fig. 4C was carried out by mapping the peaks of the diameter
dynamics before and after the stimulus. Tubes whose diameter increased rapidly and significantly after the application of
the stimulus are those marked in blue. Tubes that upon stimulus application first undergo a significant decrease in diameter,
followed by an increase are marked in green. Tubes whose dynamics doesn’t belong to either category, such as steadily shrinking
tubes, are marked in gray. The dynamics depicted in Fig. 4 C correspond to the mean diameters of the two characteristic
ensembles.

Instantaneous growth. The instantaneous tube growth in Fig. 5 A was calculated as the numerical time derivative of tube
diameter.

space along tube

time

distance travelled in 4 contraction periods  
speed 7,8 µm/s

max. distance travelled within a contraction period  
speed 20 µm/s

i) ii)

speed of 
dilation wave  
~ 15 µm/s

iii)

Fig. S1. Measurement of flow-based transport speed. i) Trajectory of a tracked particle marked in green. ii) Kymograph along the trajectory marked in green. Trace of a larger
particle transported by flow allows for flow speed measurement. Within a contraction period, the particle reached a speed of 20 µms−1, while the average speed over 4
contraction period amounts to 7.8 µms−1. iii) Speed of the post-stimulus dilation wave amounts to 15 µms−1, confirming the hypothesis of flow-transported signal.
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Fig. S2. (i) Kymograph of tube diameter along the full length of the simulated tube. The release of the chemical agent starts at about . The chemical agent causes a decrease
in tube elasticity, resulting in tube diameter increase along the tube as it spreads by fluid flow. (i) Kymograph of the tube radius. iii) Kymograph depicting the spread of the
chemical agent along the tube.
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Fig. S3. Contraction frequencies of the plasmodium tubes of all analyzed data sets before stimulus application. Central red mark denotes the median, top and bottom box
edges 75th and 25th percentile, whiskers enclose the range of data points and red plus symbols indicate the outliers.

Supplemental data sets

In the following figures, results of the data analysis applied to the supplemental data sets are united in a single figure for
each data set for more clarity. In every figure, the data is analysed and presented identically to the one of the main text: i)
corresponds to Fig.2, ii) to Fig.3, iii) to Fig.4-C and iv) to Fig.5-A, and v) to Fig.5-C.

In supplemental data sets 1 and 3, multiple nutrient stimuli were given to demonstrate that the observed network response
is robust and reproducible. In supplemental data set 1, two stimuli were given spaced in time at opposing sides of the network.
In supplemental data set 3, first two stimuli were given on opposing sides of the network’s short axis. After relaxation time of
48 min, a following stimulus was given at the long end of the network. The measurements presented in the following figures
show a reproducible response of the network to nutrient stimuli across different network sizes and morphologies, as well as
nutrient sources and their placement.
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Fig. S4. Supplemental data set 1, application of the first stimulus.
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Fig. S5. Supplemental data set 1, application of the second stimulus.
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Fig. S7. Supplemental data set 3, simultaneous application of the first two stimuli.
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Supporting Information Text11

Data. The typical thickness of tubes in a P. polycephalum network is ∼ 50-100 µm. The contraction amplitude is ∼ 15% of the12

tube’s average diameter. This change in tube thickness can be detected from a bright-field microscopy recording. We record13

one bright-field frame every three seconds. Since the periodic contractions of the tubes take place on the time scale of ∼ 10014

seconds they are thus well resolved by the selected frame rate. Typically an idle network keeps a stable morphology and does15

not move significantly over a period of 1.5 to 2.5 hours which we use for recording its contraction dynamics.16

Data processing. Our data is a stack of bright-field images recorded from the P. polycephalum network with a rate of one frame
every three seconds. Each bright-field frame has a time label ti and the total number of frames is given by T . We process this
data in the following steps. First, we mask the network in the bright-field images through thresholding. It is important to
note that we use the same mask for all the images in the stack. This is possible since we consider a network that does not
significantly move or change its morphology. This is even true when we apply a stimulus to the network, since we only consider
the initial stages of stimulus response, before the network starts to display strong movement. From the masked regions of the
bright-field frames we extract pixel intensity values which we convert to 8-bit format. Since we are here primarily interested in
the contraction dynamics of the organism and not in the the actual base thickness of tubes or its long-term growth dynamics,
we detrend the data. This leaves us only with the desired information about contractions taking place in the time scale of
several minutes. We store the intensity values of each frame in a vector ~I ti of dimension M equal to the number of pixels in the
network and i indexes the frames has the range i = 1, . . . , T . From the post-processed data we define the following data matrix

Xt =
(
~I t1 , ~I t2 , . . . , ~I tT

)
, [1]

where t denotes the matrix transpose.17

Principal Component Analysis (PCA). The contraction modes are computed from the covariance matrix of the data. We
compute the covariance matrix from the data matrix X after centering each column. The covariance matrix is given

C = 1
T − 1XtX [2]

The sought after contraction modes ~φµ are the eigenvectors of the covariance matrix

C~φµ = λµ~φµ , [3]

and λµ is the eigenvalue. The number of non-zero eigenvalues is equal to the rank of the covariance matrix. The eigenvalue
captures the variance of the data along the direction of mode ~φµ. We also define the relative eigenvalue as

λ̃µ = λµ∑T

ν=1 λν
. [4]

The mode coefficient aµ is obtained by projecting the data onto mode ~φµ.18

Fig. S1. Mode ~φ30.
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Fig. S2. Eigenvalues of the large rectangular with a stimulus over 700 frames.
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Fig. S3. Coefficients of the three top-ranked modes ~φ1, ~φ2 and ~φ3 shortly before and after application of the stimulus to the large rectangular network.

Flow rate calculation in a cell with single tube morphology. To compute the flow rate of the cytoplasm in a P. polycephalum19

specimen with single tube morphology we use the theory developed in (1). In this work an incompressible Newtonian fluid in a20

tube of fixed length and given time-dependent thickness profile is considered and the equations for the flow velocity field are21

written in the lubrication theory approximation. Assuming no-slip boundary conditions, the field is fully determined at every22

point along the tube in terms of the time-dependent thickness profile. For the case when the tube profile is a periodic train of23

waves, we can calculate the volume flow rate averaged over a period. This serves to characterise the performance in pumping of24

the significantly contracting P. polycephalum cell. We determine the time period over which to average the volume flow rate25

directly from the flow rate curve. In our computations we assume a value of the viscosity equal to one.26

Mode superpositions in a cell with single tube morphology. We are interested in how the contraction dynamics of the cell27

controls the cell’s locomotion behaviour. In our analysis we therefore focus on the tube segment connecting the locomotion fronts28

at either end of the tube and perform Principal Component Analysis only on this part of the cell. Since the tube is effectively29

one-dimensional, we find that the modes that we obtain closely approximate Fourier modes. This means that superpositions30

of these modes afford a clear interpretation in terms of different contraction wave patterns. Such an interpretation is even31

further facilitated by the fact that we find that over large time intervals after the stimulus, the number of significant modes32

is very small. Indeed, over such time intervals it is sufficient to approximate the contraction dynamics with only one or two33

modes, as can be seen from Figs. S4 and S5. Hence we are essentially studying a superposition of modes ~φ1 and ~φ2 shown in34

Fig. 5A of the main text with their oscillating mode coefficients shown in Fig. S6. To develop a more intuitive understanding35

of the superposition, we first note that the modes ~φ1 and ~φ2 approximate sine and cosine functions over the length of the36

tube. Further we see that the coefficients in Fig. S6 change in amplitude and phase relative to each other. As a result the37

superposition of these two modes changes in its nature over time, ranging form a purely standing wave to a purely left-traveling38

wave.39
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Fig. S4. Spectrum of relative eigenvalues for the single tube.
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Fig. S5. Number of significant modes for the single tube over time for 70% (light green) and 90% (dark green) cutoff. The time of stimulus application is indicated by the
dashed line.

Fig. S6. Volume flow rate at the right end of the tube.
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Fig. S7. Relative amplitudes of the seven top-ranked modes of the single tube. Relative amplitude of mode ~φ1 (red), mode ~φ2 (blue) and modes ~φ3 to ~φ7 in gray.
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Fig. S8. Mode coefficients of first (red) and second mode (blue) after the application of the stimulus (dashed line) to the single tube.
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S1. Supplemental Text: Preparation of microplasmodia and buffer recipes

The microplasmodia for the shaking culture are grown from a healthy network feeding

on heat-killed HB101 bacteria. A section of network is transferred together with the

agar slice into a new plate without food. Once the network crawls onto the agar in the

new plate, the agar around the network is excised from the dish and the dish is filled

with the a 1:1 mixture of SDM and BSS medium up to the agar level, resulting in an

agar island with the network on it.

The dish is left to incubate for several (2-4) days until the plasmodium starts to

form a network in the liquid medium. The floating network is gently transferred to a

flask containing 15 ml of SDM and 25 ml of BSS and kept in a shaking culture (150

rpm), where it breaks into microplasmodia.

The microplasmodia need to be resuspended every 2-3 days. 3 ml of

microplasmodial culture is aspirated with a pipette, transferred to a new flask with

25 ml SDM and 25 ml BSS, and stored in the shaker.

S1.1. Preparation of the SDM buffer

For 1 l of SDM buffer, dissolve 10 g of glucose, 10 g peptone from soybean, 3.54 g

citric acid monohydrate, 2 g KH2PO4, 1.026 g CaCl2x2H2O, 0.6 g MgSO4x7H2O,0.0034 g

ZnSO4x7H2O, 0.0042 g thiamine-HCl, and 0.0016 g biotin in 0.8 l of water. Adjust the

pH to 4.6 with KOH, fill the rest of the water and autoclave for 20 20 min. Store at

room temperature. Before use, add 10 ml of hemin solution.

S1.2. Preparation of the BSS buffer

For 1 l of BSS buffer, dissolve 3 g of citric acid monohydrate, 4.20 g K2HPO4x3H2O,

0.25 g NaCl, 0.21 g MgSO4x7H2O,0.05 g CaCl2x2H2O in 0.8 l of water. Adjust the pH
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to 5.0 with KOH, fill the rest of the water and autoclave for 20 min. Store at room

temperature.

S2. Supplemental Text: Hilbert transformation

This supplemental information is based on [1]. To obtain the quantitative key

parameters namely amplitude A, frequency f and phase ϕ of contractions, we use the

Hilbert transformation.

The Hilbert transform h(t) of a function a(t) is defined as:

h(t) =
1

π

∫ ∞
∞

dτ
a(τ)

t− τ
(S1)

where h(t) is phase shifted by −90◦ for all positive frequencies and by 90◦ for all negative

frequencies. With the real function a(t) and its Hilbert transform h(t) one can form the

complex analytical signal

c(t) = a(t) + ih(t), (S2)

which can be used to derive the instantaneous amplitude

A(t) = |c(t)| (S3)

and phase

ϕ(t) = arg(c(t)). (S4)

The frequency is given by differentiating the phase f = ϕ̇.

For the presented results each data point (skeleton pixel) is treated as a discrete

time series which can be Hilbert transformed accordingly into an analytical signal.

To approximate the analytic signal from discrete data, we calculate the fast-fourier

transform (FFT) of the input sequence, replace those FFT coefficients that correspond

to negative frequencies with zeros, and calculate the inverse FFT of the result [2].

The obtained key parameters are stored as a set for each pixel, i.e. [a(t), A(t), ϕ(t), f(t)]k
where k represents all pixels in space.

S3. Supplemental Text: Kymograph based analysis

As described in section 2.1 the control of plasmodia network parameters like fan amount,

motility, size or grid density is limited mostly to selection of parallel culturing. Therefore

quantitative analysis as described in 2.2 is not suitable for every experiment. To analyse

the bulk of experiments we use a kymograph based approach described in the following.

A kymograph is a 3D representation of designated data with one space coordinate, one

time coordinate and one value (intensity) coordinate. In our case space is represented

as line through a main vein in a network (compare with E1, red line). Along this line a

3px orthogonal average of the light intensity is taken for the value coordinate. This is

done for every image and concatenated in time.

Along the time coordinate the Hilbert transform is performed for every point in space
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(see S2). Here, additionally, the amplitude is computed with a root-mean-square

moving average (RMS-MA) filter besides the absolute value of the analytical signal.

After computation the results are averaged in space and plotted in a line plot to depict

contraction dynamics.
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Figure S1. Analysis of averaged data from the whole network presented in the main

text. The dotted line indicates the cutting event. Dotted points in the intensity plot

show raw data and the line depicts Gaussian filtered data. Dynamics of small sub-

network are lost in comparison to Fig. 5.
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Figure S2. Material is transported towards the cut site (arrow). In the minutes after

the cut, body mass accumulates along the general direction of the cut site and fans

develop around it.
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Figure S3. Full quantitative analysis of a sec-

ond dataset (E3) for comparison. Oscillation pa-

rameters in the big- and small-sub-network de-

picted in (A) which result from the cut. Grey

area (cut site) is not considered in the analysis.

Time series of amplitude (B), frequency (C) and

intensity (D) are averaged in the respective do-

mains and compared; top : big sub-network, bot-

tom: small sub-network. In each of these plots

the black dashed line indicates the moment of

the cut. The grey dashed line marks the time

point of fusion. Black bars underline periods of

stalling in (B) and (C). In (D) the red and blue

solid lines represents the Gaussian filtered inten-

sity (kernel width = 39s) and markers show raw

averaged data. Black arrows indicate respective

extremal peaks in the transition periods.

In comparison to Fig. 5 stalling is not as pro-

nounced in frequency and occurs simultaneously

in both sub-networks. Neither frequency or am-

plitude recover fully, but both are already declin-

ing pre-stimulus. The transition phase is visible

after fusing with peaks in amplitude and decline

in frequency. Network-spanning contractions are

occurring in the big sub-network before fusion

and are directed towards fan regions and the cut

site. In general, the fan size at the cut site is com-

paratively small and reached maximal size shortly

after fusion.
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S5. Supplemental Movies

Movie S1. Bright field movie of the representative data set for wound healing. Note,

that the cessation of oscillations in the top and bottom part (big and small sub-

network) is on different time scales. Scale bar = 1mm.

Movie S2. Movie of the oscillation amplitude spatially mapped across the network.

Amplitudes below a threshold of 0.1 are omitted to visualize pruning. Due to

detrending, the relative time point of cut appears shifted to 19 min and 50 s. Scale

bar = 1mm.
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Movie S3. Spatially mapped oscillation frequency across the network. Mind that due

to detrending, the relative time point of cut appears shifted to 19 min and 50 s. Scale

bar = 1mm.

Movie S4. Spatially mapped phase pattern across the network with additional

Gaussian smoothing in a 30px environment. Cut time is at 19 min and 50 s. Mind

change in phase waves from before cut, during stalling and during correlated phase.

The cut itself is not visible in the phase pattern due to low amplitude residual slime

and spatial smoothing. It is recommended to follow a single colour over a time span

to guide ones eye. The network spans maximal 8.4 mm along the x-axis.
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Movie S5. Bright field movie of E1 dataset showing severe stalling. Exemplary

dataset for missing network morphology which makes network-based quantitative

analysis impossible. Arrow marks cut location. Mind change in oscillation pattern,

morphology and fan growth right after cut. Scale bar = 1mm.
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E1. List of experiments

This section provides a complete list of acquired data sets.

Each experiment is a figure with two sub-figures displaying: a) the raw images of

the plasmodium at the beginning of the experiment (left), immediately after the cut is

performed (middle), and at the end of experiment (right). The cut site is marked with

a red cross and the section of the network chosen for kymograph analysis is marked

with a red line. The scale bar always represents 1mm and is shown in the latest image.

b) shows the results of kymograph analysis. Here, the black bar, if applicable, denotes

stalling.

The figures are complemented with a detailed descriptions of the morphological

dynamics based on visual inspection of the bright field data. Both quantification and

visual inspection together allow to identify if stalling does happen or not as discussed

for each data set.

The experiments are sorted in a descending order by the magnitude of stalling.

The organisms in experiments from Fig. E1 to Fig. E7 show most pronounced stalling,

followed by a weaker display of stalling from Fig. E8 to Fig. E15. The organisms in

experiments from Fig. E16 to Fig. E21 do not show a clear stalling behaviour.
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(a)

(b)

Figure E1: A small cut is performed across two of the thicker tube in this branched

network, separating it into a large and small sub-network. A fan is first built around

the cut site, then disintegrates as the flow is re-established. After an initial delay, the

organism experiences stalling.
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(a)

(b)

Figure E2: This data set is prominently described within the main text. We refer to

the results section (3) for detailed description.
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(a)

(b)

Figure E3: This small plasmodium with few tubes was cut across the thickest tube

connecting the two fan regions. The cut removed a part of the tube and hence completely

separated the two regions. Stalling is immediate after the cut, seen as a drop in

amplitude and frequency. As the cut ends rejoin, a fan is built around the cut side.

This experiment was fully analysed with quantitative analysis (see Fig.S5).
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(a)

(b)

Figure E4: In this larger network, a thicker side tube was cut. The cut slightly separated

the ends of the tube which then rejoin while a large fan is built around the cut site.

The organism experiences stalling, visible as a decrease in frequency and amplitude of

the oscillations. The fan around the cut site maintains its size until the end of the

experiment.
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(a)

(b)

Figure E5: A cut was performed across a thick tube connecting two distant regions

of the organism of comparable size, chosen such that the organism has no possibility

of re-routing the flow through a close-by neighbouring tube. However, the cut barely

separated the tube ends and they rejoin quickly. A fan is growing around the cut site.

The stalling in both sub-networks appears in connection with very low variation both in

amplitude and frequency of the oscillations compared to the pre-cut and post-rejoining

phase.
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(a)

(b)

Figure E6: A cut is performed across a thick single tube connecting a large fan region

with the rest of the organism. The amplitude and frequency of the oscillations stall

first, followed by a gradual increase as the network rejoins the cut parts. Once the flow

is re-established, the plasmodium prunes one side of the body and moves as a whole in

the direction of the large fan.
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(a)

(b)

Figure E7: The morphology of this small network changes rapidly over the course of

the experiment. A cut is performed across two neighbouring wide tubes at the base of

the network. The tube segments fuse back completely as fans grow around it. Stalling

is very prominent in this experiment and shows as a large drop in the frequency of the

oscillations.
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(a)

(b)

Figure E8: A cut is applied across the base of the only large fan in the network, resulting

in damage of two thick tubes. The large fan, now separated, stalls and then builds body

mass at the cut site. After rejoining, the organism as a whole builds a large fan and

moves as a whole.
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(a)

(b)

Figure E9: Here, four fan regions are initially growing and one of these is cut off at

the only connection. The cut site is repaired fairly quickly with minimal fan growth.

The amplitude and frequency hardly drop after the cut, yet fan growth in the periphery

stalls and only resumes after flow is reinstated. After fusion the smaller sub-network is

declining and fans are grown in the big sub-network.
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(a)

(b)

Figure E10: A cut is performed across one of the main tubes, distal from the region

where most of the body mass is concentrated. The kymograph along the thickest tube

shows stalling as a drop in the amplitude. A small fan grows at the site of the cut from

both sub-networks. As the tubes refuse and the flow is established, the organism builds

big fans and moves out of the imaging window.
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(a)

(b)

Figure E11: Initially the organism rapidly changes its morphology, likely as a response

to light. A cut was performed across the biggest tube connecting the two fan regions, a

site with no possibility of re-routing the flow through neighbouring tubes. The organism

experiences slight stalling and quickly rejoins the cut tube ends. A small fan is built

around the cut site.
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(a)

(b)

Figure E12: The organism experiences a putative light shock in the beginning indicated

by the change in morphology. The cut is applied across a thick tube connecting two

regions of comparable size and shape, separating them completely. The two sub-

networks take a relatively long time to rejoin, meanwhile amassing new thick fans out

of existing veins. Stalling is visible as a drop in amplitude. The general behaviour of

this network suggests that the effects of the initial light shock persist throughout the

whole experiment.
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(a)

(b)

Figure E13: The cut is applied at the base of a smaller fan, followed by movement

of the body mass in the fan towards the cut site. The fan in the larger sub-network

retracts and the body mass moves towards the cut site. After the cut site is repaired

and the sub-networks rejoin, the organism moves as a whole. The stalling occurs in

both networks after the cut with a delay.



15

(a)

(b)

Figure E14: This plasmodium behaves rather like a very motile foraging fan than an

extended network. There are hardly any hard distinctions between tube and fan in the

main part of the plasmodium. The cut completely severs the specimen into two parts

and stalling is evident, but it quickly returns to foraging behaviour.
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(a)

(b)

Figure E15: The network in this experiment initially shows a fast morphology change,

possibly from illumination, and fan growth out of the sides of the tubes. A cut is

performed along the base of a fan. The network experiences hardly any stalling, with

a slight decrease in amplitude and frequency of the oscillations. The cut parts rejoin,

the organism builds a large fan and moves in its direction. Is it possible that the initial

effects persist during the whole experiment.
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(a)

(b)

Figure E16: The plasmodium experiences a putative initial light shock which is indicated

by a quick change of morphology, resulting in a network with a single fan. A cut was

performed across the tube in the fan. The cut parts rejoin quickly. A thick fan is first

grown at the cut site, then absorbed into the fan at the top of the image. No pronounced

stalling is visible.
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(a)

(b)

Figure E17: The plasmodium has high motility in this experiment. A cut is performed

across a tube connecting two fan regions. After the cut, the material from the fan closer

to the cut is moved towards the cut site and the cut parts rejoin. There is no obvious

stalling.
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(a)

(b)

Figure E18: A cut is made across the thickest tube connecting two fan regions at the

opposing ends of the organism. The organism builds a large, diffuse fan at the cut

site and rejoins the cut parts. The network then moves as a whole. The variations

in the frequency and amplitude of the osculations make the identification of stalling

challenging.
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(a)

(b)

Figure E19: In this large branched network, a cut is applied across on of the thick veins,

damaging it slightly. The cut parts re-join quickly and no stalling is observed.
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(a)

(b)

Figure E20: Here a section in the trailing part of the plasmodium is cut. Fan growth

does occur, but hardly closes the gap as the neighbouring tubes are pruning to continue

foraging in the distal fan region. Stalling is hardly noticeable and not evident from the

amplitude graph.
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(a)

(b)

Figure E21: The small plasmodium in this experiment first undergoes a likely reaction

to light, recovering into a structure made out of two fans connected by a thick tube. A

cut is performed across the base of one of the fans. The tube, as well as the plasmodial

sheet around it, rejoin quickly and the flow is re-established. There is no apparent

stalling.
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