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Background on Physarum polycephalum 

 
Many of the processes used by Physarum are similar to those found in more complex organisms. 
Thus, Physarum has been used as a model for studying many of the basic processes present in many 
organisms, including cell differentiation, cell cycle regulation, mitosis, meiosis, cytoskeletal rearrangement, 
and cytoplasmic streaming. 
 
In addition, the ability of Physarum to navigate using relatively complex strategies to find food and to form 
networks between different sources of food has drawn the attention of people outside traditional areas of 
biological research, including those who study networks and artificial intelligence. 

 

Physarum polycephalum life cycle 

 
During its life cycle, Physarum polycephalum transitions into different forms, some of them haploid, others 
diploid, and some designed to protect the organism under harsh conditions. The organism’s transition from 
one form to another is most often triggered by the conditions of its environment, including the presence or 
absence of other Physarum. 

 
Physarum polycephalum life cycle 

 

Plasmodial form 
In the classroom, Physarum is most often observed in its diploid, plasmodial form. In its plasmodial 
form Physarum polycephalum exists as a single large cell containing multiple diploid nuclei that replicate their 
DNA and divide synchronously. These single cells are capable of becoming very large. 
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Sporulation 
When a plasmodium is starved and then exposed to light, it will sporulate. In nature, the organism has been 
observed to sporulate after climbing out of leaf litter to where it gets exposed to light. These small, dark 
spores can survive for many years. Thus, the formation of spores is one way the organism ensures that it will 
survive harsh conditions until more favorable living conditions return. Sporulation is also the first step in 
sexual reproduction. 

During early sporulation the organism forms fruiting bodies, which initially appear as bumps emerging from 
the surface of the plasmodium. These bumps develop into stalk-shaped structures that project from the 
plasmodium surface. When viewed under the microscope they are quite dramatic. A fully developed spore 
contains only a single haploid nucleus. 

 
Physarum polycephalum sporulating 

 

Amoebas and flagellates 
When there is sufficient moisture, haploid, single nucleus amoebas emerge from the spores. In contrast to 
what occurs in the plasmodial form, mitosis in the amoeboid form is accompanied by cell division. Repeated 
division of the Physarum amoeba results in a colony of amoebas that are genetically the same. 
 
The amoeba can change into 2 different forms, flagellates (cells with 2 flagella) or cysts. The transformations 
from amoeba to flagellate and from amoeba to cyst are both reversible. If an amoeba runs out of food or 
encounters other adverse conditions—for example, dryness—it forms a cyst with protective walls. When the 
conditions become more favorable again, an amoeboid cell reemerges from the cyst. Transformation to a 
flagellate occurs under wet conditions. Flagellates will transform back into amoebas under drier conditions. 
The amoeba’s ability to make these transformations allows the organism to survive a broader range of 
conditions than it would otherwise. 
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Physarum polycephalum life cycle 

Sexual reproduction in slime mold 
Genetic diversity is beneficial to the long-term survival of a species. As is true for most organisms, sexual 
reproduction is one of the mechanisms generating genetic diversity in Physarum polycephalum. The combining 
of genetic material from 2 different organisms occurs when 2 haploid amoebas fuse with each other to form a 
single organism with a single diploid nucleus. This single diploid cell then goes on to develop into a 
plasmodium. The mating of the 2 amoebas is controlled by several multi-allele mating loci. 
 

 

Sclerotium 
Physarum polycephalum when in the amoeboid form can respond to stressful conditions by forming a cyst. 
When in the plasmodial form, Physarum responds to starvation and light by sporulating. However, if the 
stressful conditions occur in the absence of light, the plasmodium will form a sclerotium, a collection of 
macrocysts (also called spherules) surrounded by a hard, dry protective layer. Sclerotia can form in response 
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to a number of stimuli, including starvation, dryness, cold, low pH, and solutions with high osmotic pressure 
and exposure to some heavy metals. Depending upon the conditions, a sclerotium can be revived to the active 
form of the organism for months after it forms. 
 
 

Foraging and streaming 
Physarum in the plasmodial form uses phagocytosis to ingest its food, which consists of small particles of 
organic material, bacteria, and other microorganisms. It also secretes enzymes to break down materials, which 
are then absorbed by pinocytosis. As it forages, the plasmodial form of Physarum moves around using a slow 
flowing movement. The part of the organism that is at the forefront of foraging has a fanlike configuration. As 
the organism searches for and takes in food, the cell contents stream back and forth at approximately 60-
second intervals through a network of vein-like looking tubes. A single vein can be up to 1 mm in diameter, 
and streaming can be easily observed using a stereomicroscope. Absorbed material gets distributed 
throughout the cell using this mechanism. The network of tubes is reorganized as the organism moves in 
search of food. 
 
The periodic streaming is accomplished through the creation of hydraulic pressure gradients. Contraction of 
the actomyosin network within the plasmodium creates these pressure gradients. The actomyosin network is 
part of an extensive network of microfilaments that exists throughout the entire plasmodium. Multiple other 
proteins are associated with this network. As a group, these proteins are referred to as actin-binding proteins 
and play a role in carrying out the functions of the actomyosin network, including its reorganization. 

Foraging strategies of Physarum 
The strategies used by the plasmodial form of Physarum to find food are surprisingly complex. At a basic level, 
the organism senses food at a distance, detects when it moves closer to or farther away from the food, and 
adjusts its movement according to the input it receives. This is a simple example of chemotaxis. However, the 
organism has at least one additional strategy for optimizing how it searches an environment for food. When 
seeking food, the plasmodium avoids any areas it has explored until it has covered all unexplored areas. This 
behavior is thought to increase the efficiency of its foraging. This type of foraging strategy has long been 
observed and studied in more complex organisms with internal neurologic memory that can be used to 
remember where the organism has been. However, Physarum polycephalum is a unicellular organism without 
a neural network for remembering. In the absence of a neurological memory, the organism creates a type of 
external memory by leaving a slime trail in areas from which it withdraws. The organism then strongly avoids 
areas with a slime track until it has explored all areas without residual slime or unless a new food source is 
placed in the slime-covered area. 
 
In addition, as part of its foraging behavior Physarum can form networks connecting multiple food sources. 
These networks are similar to those created by humans with respect to efficiency. For example, a research 
group interested in the cost, efficiency, and resilience of networks hypothesized that a biological organism 
such as Physarum polycephalum, which has had its network forming strategies honed by years of natural 
selection, may provide good inspiration for the creation of networks that optimally balance these 3 
characteristics. The research group created a model of the Tokyo area for Physarum polycephalum by placing 
food sources at the places representing the locations of major cities along the Tokyo rail network. 
Geographical features that had constrained the building of rail lines were represented as illuminated areas 
that would similarly be avoided by network-forming Physarum. The network built by the Physarum placed in 
this representative model was very similar to the existing rail line network. In addition, 
 the organism can make relatively complex decisions regarding its diet. Plasmodia with access to patches of 
food, which varied with respect to the carbohydrate-to-protein ratio and in the concentrations of each, 
migrated to the patch that provided the optimal diet. 



 

(BOSTON) — If you didn’t have a brain, could you still figure out where you were and navigate your surroundings? 

Thanks to new research on slime molds, the answer may be “yes.” Scientists from the Wyss Institute at Harvard 

University and the Allen Discovery Center at Tufts University have discovered that a brainless slime mold called 

Physarum polycephalum uses its body to sense mechanical cues in its surrounding environment, and performs 

computations similar to what we call “thinking” to decide in which direction to grow based on that information. Unlike 

previous studies with Physarum, these results were obtained without giving the organism any food or chemical signals 

to influence its behavior. The study is published in Advanced Materials. 

 

“People are becoming more interested in Physarum because it doesn’t have a brain but it can still perform a lot of the 

behaviors that we associate with thinking, like solving mazes, learning new things, and predicting events,” said first 

author Nirosha Murugan, a former member of the Allen Discovery Center who is now an Assistant Professor at Algoma 

University in Ontario, Canada. “Figuring out how proto-intelligent life manages to do this type of computation gives us 

more insight into the underpinnings of animal cognition and behavior, including our own.” 

 

Slimy action at a distance 

Slime molds are amoeba-like organisms that can grow to be up to several feet long, and help break down decomposing 

matter in the environment like rotting logs, mulch, and dead leaves. A single Physarum creature consists of a membrane 

containing many cellular nuclei floating within a shared cytoplasm, creating a structure called a syncytium. Physarum 

moves by shuttling its watery cytoplasm back and forth throughout the entire length of its body in regular waves, a 

unique process known as shuttle streaming. 

“With most animals, we can’t see what’s changing inside the brain as the animal makes decisions. Physarum offers a 

really exciting scientific opportunity because we can observe its decisions about where to move in real-time by watching 

how its shuttle streaming behavior changes,” said Murugan. While previous studies have shown that Physarum moves in 

response to chemicals and light, Murugan and her team wanted to know if it could make decisions about where to move 

based on physical cues in its environment alone. 

 

It’s all relative 

The researchers experimented with several variables to see how they impacted Physarum’s growth decisions, and 

noticed something unusual: when they stacked the same three discs on top of each other, the organism seemed to lose 

its ability to distinguish between the three discs and the single disc. It grew toward both sides of the dish at roughly 

equal rates, despite the fact that the three stacked discs still had greater mass. Clearly, Physarum was using another 

factor beyond mass to decide where to grow. 



To figure out the missing piece of the puzzle, the scientists used computer modeling to create a simulation of their 

experiment to explore how changing the mass of the discs would impact the amount of stress (force) and strain 

(deformation) applied to the semi-flexible gel and the attached growing Physarum. As they expected, larger masses 

increased the amount of strain, but the simulation revealed that the strain patterns the masses produced changed, 

depending on the arrangement of the discs. 

“Imagine that you are driving on the highway at night and looking for a town to stop at. You see two different 

arrangements of light on the horizon: a single bright point, and a cluster of less-bright points. While the single point is 

brighter, the cluster of points lights up a wider area that is more likely to indicate a town, and so you head there,” said 

co-author Richard Novak, Ph.D., a Lead Staff Engineer at the Wyss Institute. “The patterns of light in this example are 

analogous to the patterns of mechanical strain produced by different arrangements of mass in our model. Our 

experiments confirmed that Physarum can physically sense them and make decisions based on patterns rather than 

simply on signal intensity.” 

 

The team’s research demonstrated that this brainless creature was not simply growing toward the heaviest thing it could 

sense – it was making a calculated decision about where to grow based on the relative patterns of strain it detected in 

its environment. 

“Our discovery of this slime mold’s use of biomechanics to probe and react to its surrounding environment underscores 

how early this ability evolved in living organisms, and how closely related intelligence, behavior, and morphogenesis are. 

In this organism, which grows out to interact with the world, its shape change is its behavior. Other research has shown 

that similar strategies are used by cells in more complex animals, including neurons, stem cells, and cancer cells. This 

work in Physarum offers a new model in which to explore the ways in which evolution uses physics to implement 

primitive cognition that drives form and function,” said corresponding author Mike Levin, Ph.D., a Wyss Associate 

Faculty member who is also the Vannevar Bush Chair and serves and Director of the Allen Discovery Center at Tufts 

University. 

The research team is continuing its work on Physarum, including investigating at what point in time it makes the decision 

to switch its growth pattern from generalized sampling of its environment to directed growth toward a target. They are 

also exploring how other physical factors like acceleration and nutrient transport could affect Physarum’s growth and 

behavior. 

Figuring out how proto-intelligent life manages to do this type of computation gives us more insight into the 

underpinnings of animal cognition and behavior, including our own. 

“This study confirms once again that mechanical forces play as important a role in the control of cell behavior and 

development as chemicals and genes, and the process of mechanosensation uncovered in this simple brainless organism 

is amazingly similar to what is seen in all species, including humans,” said Ingber. “Thus, a deeper understanding how 

organisms use biomechanical information to make decisions will help us to better understand our our own bodies and 

brains, and perhaps even provide insight into new bioinspired forms of computation.”  Ingber is also the Judah Folkman 

Professor of Vascular Biology at Harvard Medical School and Boston Children’s Hospital, and Professor of Bioengineering 

at the Harvard John A. Paulson School of Engineering and Applied Sciences. 
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