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Throughout evolution, living systems have developed mechanisms to make adaptive
decisions in the face of complex and changing environmental conditions. Most organisms
make such decisions despite lacking a neural architecture. This is the case of the acellular
slime mold Physarum polycephalum that has demonstrated remarkable information
processing and problem-solving abilities. Previous studies suggest that the membrane
of P polycephalum plays an important role in integrating and processing information
leading to the selection of a resource to exploit. The cyclical contraction-relaxation
pattern of the membrane changes with the local quality of the environment, and individual
contractile regions within a P polycephalum can entrain neighboring regions, providing
a potential mechanism for information processing and propagation. In this study, we
use an information-theoretic tool, transfer entropy, to study the flow of information
in single tubule segments of P polycephalum in a binary choice between two food
sources. We test P polycephalum tubules in two food choice conditions, where the two
available options are either symmetric in their nutrient concentrations or with one more
concentrated in nutrients than the other (i.e., asymmetric). We measure the contractile
pattern of the P polycephalum membrane and use these data to explore the direction and
amount of information transfer along the tubule as a function of the cell’s final decision.
We find that the direction of information transfer is different in the two experimental
conditions, and the amount of information transferred is inversely proportional to the
distance between different contractile regions. Our results show that regions playing a
leading role in information transfer changes with the decision-making challenges faced
by P polycephalum.

Keywords: slime mold, protist, Physarum polycephalum, non-neuronal, decision-making, food choice, information
theory, transfer entropy

INTRODUCTION

In order to develop, survive and reproduce, all living organisms have to make decisions regarding
what resource to exploit, which microclimate to inhabit, when to forage in an environment,
etc. Therefore, natural selection has led to the evolution of information processing capabilities
in living systems that help them make adaptive choices in the face of complex and changing
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environmental conditions. The majority of the work on
decision-making has focused on organisms with a neuron-based
information processing system, and it is only recently that
researchers have started investigating non-neuronal organisms
in the context of decision-making (see Reid et al., 2015; Baluska
and Levin, 2016 for full review). Non-neuronal organisms—
like plants, bacteria, fungi, and protist—constitute a majority
of living species on Earth and do not possess cells and organs
dedicated to integrating information from their multiple sensory
systems. These organisms have existed long before the evolution
of neuronal organisms (Baluska and Levin, 2016) and, despite
lacking neurons, have the capability to process information
in order to exploit their environment in a non-random,
adaptive fashion. For instance, Escherichia coli bacteria have
been shown to select the best of multiple resources of varying
quality (Kim and Kim, 2010). Rhodospirillum and Rhodobacter
bacteria (Sackett et al., 1997), Dictyostelium discoideum protists
(Keating and Bonner, 1977), Phytophthora capsici oomycetes
(Katsura and Miyata, 1971) actively move toward locations with
microclimates more favorable to their development. Moreover,
Paenibacillus dendritiformis bacteria (Harshey, 2003; Ben-Jacob
and Levine, 2006), Abutilon theophrasti plants (Cahill et al.,
2010), Phanerochaete velutina fungi (Bebber et al, 2007),
Dictyostelium discoideum protists (Martinez-Garcia and Tarnita,
2017) make compensatory decisions when faced with multiple
conflicting sources of environmental information. However,
little is known about the mechanisms by which non-neuronal
organisms integrate multiple, sometimes conflicting sources of
information when navigating their environment in search for
better living conditions.

The acellular slime mold Physarum polycephalum has recently
emerged as a model system for studying information processing
and problem-solving in non-neuronal organisms (Beekman
and Latty, 2015; Oettmeier et al., 2017). P. polycephalum is a
unicellular, multi-nucleated protist that can cover an area of
over 900 cm? (Kessler, 1982) and move up to a speed of 5
cm/h (Aldrich and Daniel, 1982). Despite lacking neurons, P.
polycephalum shows complex decision-making behaviors. For
instance, it can solve labyrinth mazes (Nakagaki et al., 2000);
form adaptive networks balancing efficiency, cost and fault
tolerance, similar to those found in man-made structures (Tero
et al,, 2010); solve complex optimization problems (Reid and
Beekman, 2013); anticipate periodic events (Saigusa et al., 2008);
avoid previously exploited areas by using its extracellular slime
trail as an externalized memory (Reid et al., 2012); habituate
to repeated irrelevant stimuli (Boisseau et al., 2016); and even
make economically irrational decisions that were previously
deemed a by-product of neuronal decision-making only (Latty
and Beekman, 2011). Combined with its macroscopic scale and
its experimental tractability, the cognitive-like abilities of P.
polycephalum make it a unique model organism to investigate the
mechanisms of problem-solving in non-neuronal systems.

Previous studies have suggested that the problem-solving
abilities of the slime mold P. polycephalum are driven by
a coupled-oscillator based sensorimotor system present in
its membrane (Matsumoto et al., 1986, 1988). Indeed, P.
polycephalum’s membrane is composed of multiple rhythmically

contractile regions that lead to the emergence of a complex
pattern of contraction-relaxation cycles at the organism level.
The contractions occur about once every 60-120s (Wohlfarth-
Bottermann, 1977) and result from the activity of the actomyosin
protein networks that comprise the cell cytoskeleton (Isenberg
and Wohlfarth-Bottermann, 1976). The membrane contraction-
relaxation cycles are coordinated at the organismal level such
that they cause the protoplasm! to flow rhythmically back and
forth throughout the cell (Alim et al., 2013), a phenomenon called
shuttle streaming. The individual contractile regions change their
contraction intensity in response to both the quality of the local
environment (Tso and Mansour, 1975; Durham and Ridgway,
1976; Wohlfarth-Bottermann and Block, 1981; Miyake et al.,
1994) and the contraction intensities of the neighboring regions
(i.e., the coupling between the neighboring contractile regions)
(Durham and Ridgway, 1976; Matsumoto et al., 1986). Previous
studies have found that the contraction intensities in the slime
mold P. polycephalum can change both in frequency (Durham
and Ridgway, 1976; Matsumoto et al., 1986) and amplitude (Alim
et al., 2017). When a region of a P. polycephalum encounters an
attractive (e.g., a food source) or a repulsive (e.g., bright areas)
stimulus in the local environment, the contraction intensity of
the region increases or decreases, respectively. The coupling
between the neighboring regions triggers a change in the pattern
of membrane contractions throughout the cell, followed by the
movement of the cell toward attractive and away from repulsive
stimuli (Durham and Ridgway, 1976; Matsumoto et al., 1986;
Miyake et al., 1994). Therefore, this coupling is a potential
mechanism for transferring information about the quality of the
local environment to distant regions of the cell.

This information processing mechanism in P. polycephalum
is part of the broader class of distributed decision-making
mechanisms present in numerous biological systems (Miyake
et al., 1996). Decision-making in these systems is decentralized
(i.e., without a leader or a pre-designed blueprint), with different
parts of the system changing their behavior based on information
extracted from the local environment and/or transferred from
neighboring parts (Camazine et al., 2003). Information transfer
between the parts is achieved via repeated interactions and
enables the system to collectively integrate information about
the environment and generate a response at the level of the
group. For instance (Strandburg-Peshkin et al., 2013), showed
that local visual interactions in schools of golden shiner fish
(Notemigonus crysoleucas) allow individuals informed about the
location of a resource to steer the entire group toward it.
Non-neuronal organisms have also been observed to process
information and solve problems in a distributed fashion reviewed
in Reid et al. (2015). For instance, in Arabidopsis thaliana plants,
information about a herbivore attack on a leaf is transferred to
the undamaged parts through the transfer of molecular Ca?*
signals (Toyota et al., 2018). This information is subsequently
used by the undamaged parts to activate their defense responses
against herbivory.

'Protoplasm: is the sol-like substance flowing within a P. polycephalum cell.
The protoplasm contains the cell cytoplasm, organelles, nutrients and signaling
molecules.
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Our objective in this study is to investigate the distributed
information transfer between different contractile regions in P.
polycephalum, in the presence of an attractive stimulus (ie.,
a food source). To this effect, we recorded the contraction-
relaxation pattern of a straight tubule-shaped cell of P.
polycephalum connected on both ends to two food sources.
We tested two experimental conditions: a symmetric condition
in which both food sources were identical in their nutrient
concentration, and an asymmetric condition in which one food
source was more concentrated with nutrients than the other
one. We measured the contractile behavior of different parts
on the tubule while the cell was integrating and processing
information about the food sources. Finally, we used a model-
free, information-theoretic tool known as transfer entropy to
measure the relative influence of the contraction-relaxation
pattern of each tubule regions on the others.

The concept of transfer entropy is built upon the theoretical
concept of Shannon entropy (Shannon, 1948). Shannon entropy
(hereafter simply referred to as entropy) is a measure that
quantifies the degree of uncertainty in predicting the value of
a random variable. For instance, consider the thickness of a
region of a P. polycephalum as a random variable determined
by the cyclical pattern of contractile behavior of that region.
In a condition with complete lack of contractions, i.e., constant
thickness over time and no cycle, entropy is precisely zero,
independent of the particular thickness value. When the cycles
are more variable, i.e., changing in either frequency or amplitude
over time, the thickness of the P. polycephalum region is
characterized by high uncertainty and therefore high entropy. We
can take a step further and look at how the entropy of different
regions of a P. polycephalum are related to each other. Transfer
entropy is a tool that measures the reduction in uncertainty in
the future values of a focal random variable when we take into
consideration its past values as well as the current values of
another random variable (Schreiber, 2000). It is the entropy in
common between the present of one variable and the future of the
other. Due to this directionality in time, it can be interpreted as
the directed transfer of information between these two variables.
In our case, it measures the reduction in uncertainty of the future
thickness values of a focal region given knowledge of the current
thickness of a different region. Conceptually, transfer entropy
quantifies the direction and amount of predictive information
between two dynamical processes (Lizier and Prokopenko, 2010).
Although it is not a measure of causality, as it can lead to false
positives, it can identify causal interactions when present. For this
reason, transfer entropy has been used to infer leader-follower
relationships in bats (Orange and Abaid, 2015) and zebrafishes
(Butail et al., 2016), to study animal-robot interactions (Butail
et al., 2014), neural connections in the brain (Dimitrov et al.,
2011; Timme et al.,, 2016), decision-making in agent collectives
(Valentini et al., 2018) as well as information transfer between
financial time-series (Kwon and Yang, 2008).

Several attempts to characterize information transfer in P.
polycephalum have been made before (Durham and Ridgway,
1976; Matsumoto et al., 1986; Miyake et al., 1996; Alim et al.,
2017), but none of them relied on a formal definition of
information and formal tools to characterize its dynamics.

Information theory provides us with a toolbox that we use here
to quantify the direction and amount of information transferred
between different contractile regions of P. polycephalum when
choosing between two food sources. We find that the direction
of information transfer in a P. polycephalum tubule differs
with the food choice condition presented and the amount of
information transferred is inversely proportional to the distance
between the contractile regions along a P. polycephalum tubule.
Our results provide a characterization of information transfer
in P. polycephalum, which can inform and guide the design
of future experiments for understanding the functioning of
this organism, and contribute to a more general understanding
of the role of information and its fundamental processes—
storage, transfer, and modification (Crutchfield, 1994)—in other
distributed computing systems.

MATERIALS AND METHODS

Biological Material

The acellular slime mold P. polycephalum is a protist (phylum
Amoebozoa, class Myxogastria) that inhabits shady, cool
and moist areas of temperate forests. In its vegetative or
“plasmodium” stage, it exists as a macroscopic cell with a large
number of nuclei freely floating within the protoplasm, without
any cellular plasma membrane separating them. The plasmodium
moves through its environment by extending and retracting
multiple tubular extensions (referred to as pseudopods) in an
amoeba-like fashion (Figure 1A). As a consequence of this
feature, it is referred to as the multi-headed (polycephalum in
Latin) slime mold.

For our experiments, P. polycephalum stocks were obtained
from Carolina Biological Supply Company® and cultured in
Petri plates (© = 10 cm, H = 1.5 cm) in a dark environment with
a controlled temperature of 26°C. Each Petri plate was filled with
a water solution with 1% w/v (weight/volume) non-nutrient agar
to provide a gel-like, moist substrate, and 5% w/v blended oat
flakes (Quaker Oats Company®) as food. Laboratory stocks were
recultured on a weekly basis using new, 5% w/v oat-agar plates.

Experimental Setup

We studied information transfer during food choice in tubule-
shaped cells of P. polycephalum. P. polycephalum tubules were
obtained using the following procedure. Two agar blocks—an
agar-only block and a 5% oat-agar block (or food agar)—were
placed above the surface of a pool of water using a support
(Figure 1A). The two agar blocks were separated by a distance
of approximately 4cm. A P. polycephalum biomass of ~0.5g
was placed on top of the agar-only block and allowed to grow
tubular extensions on the water surface. After about 18-24h,
P. polycephalum formed a tubule network extending between
the agar-only and food-agar blocks. Tubules of 2.5 cm in length
were cut from the network, straightened, and placed between
two food sources in the final experimental setup (Figure 1B).
The final experimental setup was a Petri plate (@ = 6cm, H
= 1.3cm) with a substratum of 1% w/v non-nutrient agar that
provided a gel-like, moist base. Two food blocks were embedded
in the non-nutrient agar substrate separated by a distance of 2 cm
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FIGURE 1 | (A) Picture of the setup used to make the tubule-shaped cells of P. polycephalum. (B) Straightened tubule of P polycephalum placed between 2 food
sources (10% w/v oat-agar block on the left and 2% w/v oat-agar block on the right). The two black discs (@ = 0.3 cm) at the bottom of the image were used as
reference points and scale for the image analysis. Outset shows the 50 equidistant locations along the length of the tubule (shown by black circles along the tubule
axis) at which the contractions were measured. (C) An example of a contractile behavior observed at the 25th contractile location on the tubule. The period of the first
oscillation of the contractile behavior (shown by the shaded region) was found to be 2.58 min. (D) Discretized version of the raw data used in calculating the transfer
entropy. A value of O or 1 is assigned when the contractions increase or decrease, respectively, in time. The derivatives shown are for the first 15 time steps of the raw

data shown in (C).

Discretizing the data into bins

0 - when the contraction thickness increases
(positive derivative)

1 - when the contraction thickness decreases
(negative derivative)

(Figure 1B). The tubule was arranged on the two food blocks
such that equal lengths of tubule interacted with food at each end.
The P. polycephalum tubule was presented with two food choice
treatments. In the first treatment, two identical food sources with
10% oat-agar were placed at each tubule end (hereafter referred
to as the symmetric food choice condition). While in the second
treatment, a 10 and 2% oat-agar food block were placed at the
left and right tubule end, respectively (hereafter referred to as the
asymmetric food choice condition).

The contractile behavior of the P. polycephalum tubule was
recorded with high-resolution time-lapse photography using
a Panasonic® Lumix GH4 camera fitted with an Olympus®
M.Zuiko Digital ED 60 mm macro lens. Images were captured
every second for a total of 9,999s (or approximately 2h
and 45 min, the maximum authorized by the camera in this
configuration). In order to capture high-resolution images of
the tubule, we recorded only the portion of the experimental
setup between the two food sources where the tubule in located.
The experimental setup was illuminated from below using an
LED panel (www.superbrightleds.com®) to allow the recording
of high-definition tubule edges. As P. polycephalum is sensitive
to and avoids UV and short wavelength visible light, we placed
a 610 nm long-pass filter (Newport Corporation®) between the

experimental setup and the LED panel. Previous studies have
shown that P. polycephalum is not sensitive to wavelengths of
light passing through this filter (Alim et al., 2013).

The use of 610 nm light filter made the slime mold growth
on the food source appear indistinguishable from the food block
background by our computer vision software. Therefore, we
visually inspected the experimental setup at the end of the
experiment to record the final food choice of the P. polycephalum
tubule. When a distinguishable amount of biomass aggregation
was visually observed on the left or right food source, the final
choice was recorded as the left or right choice, respectively. In the
case in which the relative P. polycephalum biomass growth on the
two food sources was visually indistinguishable, the final outcome
of the experiment was recorded as undecided.

The contractile behavior of the tubules was measured using
a dedicated, computer vision script written in MATLAB®. For
each time-lapse picture, the script detects the tubule edges,
extracts it from the background, and measures the tubule
thickness at 50 equally spaced locations along the length of the
tubule (Figure 1B outset). The script positions a circle at each
location and adjusts their diameters to match the thickness of the
tubule location. Over the course of the experiment, changes in the
circles’ diameters at each tubule location captures the contractile
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behavior of the tubule. Figure 1C shows the typical form of raw
data that we obtained and used for the analysis. The contractile
behavior of the tubule was measured within a centrally located
1.6 cm long segment, i.e., we disregarded 0.2 cm of tubule section
on each side as the overlapping of tubule with the food sources
did not allow us to reliably track its contractions.

Data Preprocessing

As the tubule contracts over time, its thickness sampled at each
location varies and produces a noisy, cyclical signal as shown in
Figure 1C. To reduce the effects of noise, we filtered our raw
data using a LOWESS smoothing algorithm (Cleveland, 1979).
In our analysis, we varied the smoothing span, i.e., the fraction
of data used to locally estimate the smoothed signal, between 0%
(no smoothing) and 1% of the raw data. The smoothing span we
use to filter raw data is given in Analysis of the parameter space
and the rationale behind choosing a value is explained in the
section below (Metrics). Finally, we discretize the filtered signals
sampled at each of the 50 locations of the tubule and obtain a set
of 50 binary time series (one for each location). For each signal,
we compute the derivative in time and construct a time series
X = {x1, .. xp} (see Figure 1D) by assigning a value of
x; = 0 when the tubule thickness increases at time i (i.e., positive
derivative) or a value of x; = 1 if the tubule thickness decreases
at time i (i.e., negative derivative).

Metrics

Final Tubule Choice

A one-sample proportionality test with Yates’ continuity
correction (Wilson, 1927) was used to determine whether the
tubules had a statistically significant preference for either of the
two food sources. Under the null hypothesis (i.e., no preference
for either of the two food sources) we expect the theoretical
proportions of choosing either of the two food sources to be
equal. However, the theoretical proportion of the undecided
cases cannot be calculated as it would require knowing the
exact decision-making mechanism. The undecided cases is
nonetheless an essential piece of information indicating when P.
polycephalum could not express a preference for either of the food
sources, and therefore should not be discarded from the analysis.
As a consequence, half of the undecided experimental trials were
counted toward the left food source and the other half toward the
right food source. This ensured that a lack of choice in one or
more trials was represented in the final outcome of the analysis.

Transfer Entropy

Our analysis of information transfer underlying food choice by
the slime mold P. polycephalum is based on the notion of transfer
entropy introduced by Schreiber (Schreiber, 2000). Transfer
entropy, Ty . x, is an information-theoretic measure that
quantifies the exchange of information originating from a process
Y and directed toward a process X. In our analysis, process X
and Y correspond to a pair of oscillatory signals generated by the
contractile behavior of the tubule at two different locations and
discretized as explained in Data preprocessing. Transfer entropy
Ty _, x from a location Y on the tubule toward a location X is

given by
Ty - x =
(k)
k (i1 yilx; )
Z p (X1+i, xi( )’ yi> 1082 P +l(k)y 0N
PRI plxivr | x; Dp(yilx7)

In the above equation, p(-) represents the empirical probability
of a certain event (e.g., x; = 1) estimated from the time series
X and Y while x,® = {Xi_k+1> Xi—k+2> .- Xi} represents
the k-history of X at time i and is given by the k consecutive
values of the time series preceding and including x;. In other
words, transfer entropy provides a measure of the amount of
information that we gain about the contractile behavior of the
tubule at location X from knowledge of the same behavior at
location Y given the history of X. All computations of transfer
entropy were performed using package rinform-1.0.1 (Moore
etal, 2018) in R version 3.4.3 (R Core Team, 2017).

Based on transfer entropy, we then define different
aggregation measures to study the dynamics of information
transfer. We consider the total transfer entropy TTE over all
locations of the P. polycephalum tubule defined as

TTE = Z

1<xy=<50,x#y

TYy — Xy

ie., the sum of transfer entropy over all pairs of locations
x and y on the tubule. We use TTE as a target measure to
find the parameters that optimize and improve the quality
of information transfer measurements in the food choice
experiments. Specifically, we calculated TTE for different
combinations of parameters, namely history length k and
LOWESS smoothing span. The combination of k and LOWESS
span that maximizes TTE is used in the computation of net
transfer entropy NTE(x) values described in detail below.

We define the net transfer entropy NTE(x) as a measure for
the study of information transfer as a function of the location
x € {1, .., 50} of the tubule

Tx, > v, — Z

1<y=<50,y#x

NTE (x) = Z

1<y=<50,y#x

Ty, - x,-

NTE (x) computes the difference between outgoing information
and incoming information for a particular location of the
P. polycephalum tubule. That is, the difference between
total information transferred from location x toward any
other location y # x of the tubule (outgoing information)
and the total information transferred to location x from
any other location y = #  x of the tubule (incoming
information). Positive values of NTE (x) indicate that
location x is a source of predictive information about
the system. Negative values of NTE (x), indicate instead
that location x is an information destination. NTE (x) as
defined above is a variation of the standard, pairwise net
transfer entropy

NTEx .y =Txoy — Ty=x, if Txoy > Tyo x,

NTExy = |Tx_y — Ty—xl, if Txoy < Ty~ x,

Frontiers in Ecology and Evolution | www.frontiersin.org

March 2019 | Volume 7 | Article 67


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Ray et al.

Information Transfer in Physarum polycephalum

between a pair of processes X and Y [cf. (Butail et al., 2016)]. We
use NTEx _, y between a pair of locations x and y of the tubule
to determine and visualize the flow of information across the
tubule as a network and gain insight into the orientation of the
information flow. We do so by grouping locations on the tubule
in 5 sets of ten (i.e., {1, 2, ..., 10}, ..., {41, 42, .., 50}). For each
pair of groups, the total net transfer entropy was calculated as the
sum of contributions of NTEx _, y between all pairs of locations
belonging to the two groups.

We computed all measures defined above considering also an
artificially created dataset that we used as the control to define
a reference level of zero transfer of information. We do so by
computing transfer entropy Ty _, x between pairs of locations
x and y whose time series X and Y have been collected from
two different experimental trials (i.e., two different tubules). As
the experimental trials are independent of each other, there
is no real transfer of information happening across the two
tubules. The results computed in this way allow us to discriminate
between information transfer generated by intrinsic noise in
our experimental procedure and actual information transfer
happening among the tubule regions during an experiment.
Additionally, by pairing signals collected by two different
experimental trials, we effectively augment the size of the control
dataset with respect to the actual number of trials (e.g., 42 - 41 for
the asymmetric treatment with 42 trials). All results discussed in
Analysis of the parameter space and Information flow network
are reported at the net of the same measures computed over
the control dataset based on 252 random pairs of trials. In
Information sources and destinations, the results computed using
the control dataset are visualized separately.

RESULTS

We performed two series of experiments (or treatments) where
the quality of the food source placed on the left side of the tubule
was kept constant with a 10% w/v oat-agar block and varied
that of the food source placed on the right side of the tubule
with either 10% w/v (i.e., the symmetric food choice condition)
or 2% w/v oat-agar blocks (i.e., the asymmetric food choice
condition). Figure 2 shows the distributions of the final decisions
of the P. polycephalum tubules over the different experimental
trials. In the symmetric treatment, P. polycephalum does not
show a significant preference for either of the two food sources
(proportionality test: p = 0.1696, 54 trials) with a large number
(23 out of 54) of experimental trials concluding in an undecided
state. However, in the asymmetric treatment, P. polycephalum
shows a significant preference (proportionality test: p = 4.896e —
05, 42 trials) for the left block composed of 10% w/v oat-agar over
the right block with 2% w/v oat-agar. This result is consistent
with the findings from a previous study by Latty and Beekman
(Latty and Beekman, 2010), which showed that P. polycephalum
has a significant preference for the more nutrient concentrated
food option when given a choice between two food sources with
different nutrient concentrations.

Analysis of the Parameter Space
For both treatments, we calculated the total transfer entropy
averaged over all experimental trials as a function of the history

length k and of the LOWESS smoothing span. We performed
the same calculations for the control dataset and computed
the difference between the real results and the control ones.
Figure 3 shows the distribution of total transfer entropy (TTE;
adjusted to that of the control dataset) over the parameter space.
The landscapes of TTE in the two experimental treatments are
similar to each other, however, the particular parameters that
maximize TTE differ. In the symmetric food choice condition,
TTE is maximized for history length k = 3 and smoothing
span 0.001 (see Figure 3A). In the asymmetric food choice
condition instead, TTE is maximized for history length k = 10
and smoothing span of 0.006 (see Figure3B). While the
accuracy of these parameter configurations is subject to the
number of experimental trials, their values provide us with a
good representation of information transfer occurring within
the tubules.

Information Sources and Destinations

To understand how P. polycephalum process information during
the food choice experiments, it is imperative to investigate where
information is generated or gathered from the environment (i.e.,
source) and to which locations of the system it is transferred (i.e.,
destination). We examined the net transfer entropy as a function
of the location on the P. polycephalum tubule. Figure 4 shows
the results of our analyses for both experimental treatments and
their control datasets arranged by the final decision of the P.
polycephalum tubule. In the symmetric food choice condition
with two 10% w/v oat-agar blocks, the net transfer entropy is
symmetrically distributed around the center of the tubule (i.e.,
locations 25-26) with the extremities of the tubule characterized
by positive values of NTE and the middle section characterized
by negative values independently from the final food choice
(cf. Figures 4A,B). Additionally, for both final food choices, the
values of net transfer entropy were similar along the length of
the tubule (in the range between —0.025 and 0.05 bits). However,
in the asymmetric food choice condition, NTE is positive for
locations on the P. polycephalum tubule that is opposite to the
chosen food source and negative for locations in the proximity of
this source. Note that the scale of the y-axis in Figures 4A,B is
different, with the NTE values being higher in the tubule regions
near the chosen food source when the final choice was the 2%
oat-agar food block (upper limit of the y-axis is approximately
0.4 bits) relative to the case when the tubule choice was the 10%
oat-agar food block (upper limit of the y-axis is approximately
0.1 bits). Similarly, the regions near the rejected food source
show lower NTE values when the tubule choice was 2% oat-
agar food block (lower limit of the y-axis is approximately —0.3
bits) than the case when the choice was 10% oat-agar food
block (lower limit of the y-axis is approximately —0.05 bits). In
Figure 4C, we aggregated the results of all experimental trials by
inverting the order of the tubule locations for all trials where
the tubule chose the right food source and half of the trials
recorded as undecided. This allows us to visualize the results of
NTE for all trials independently from the nutrient concentration
of the food source chosen by the P. polycephalum tubule. While
in the symmetric food choice condition information originates
at the extremities of the tubules (i.e., from the tubule regions
near the two food sources) and flows toward the center without

Frontiers in Ecology and Evolution | www.frontiersin.org

March 2019 | Volume 7 | Article 67


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Ray et al.

Information Transfer in Physarum polycephalum

1.007 [HLeft food source
MUndecided

Right food source 34

20.75

Decision probabilit
o
o
o

o
N
o

10

1

10% vs 10% 10% vs 2%
Treatment

~
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right food source) taken by R polycephalum tubules for the symmetric food
choice condition with two 10% w/v oat-agar blocks (54 experimental trials with
both left and right food sources being 10% w/v oat-agar food block) and the
asymmetric food choice condition with 10% w/v and 2% w/v oat-agar blocks
(42 experimental trials with left food source being 10% w/v oat-agar food
block and right being 2% w/v oat-agar food block).

a noticeable correlation with the final food choice (i.e., left),
whereas in the asymmetric food choice condition, information
originates at the opposite side of the chosen food source and flows
toward the tubule region in its proximity. That is, when a more
nutrient-rich food option is available, the contractile dynamics
of the tubule in the proximity of the chosen food source are
anticipated by those at the opposite extremity.

Information Flow Network

Finally, we look at the direction and amount of information flow
within the tubules of the slime mold P. polycephalum during
the food choice experiment. Measurements were coarse-grained
to obtain a simpler and clearer picture of information transfer.
Adjacent locations on the P. polycephalum tubule were binned
into five groups of ten locations each (i.e., we equally divided
the tubule into 5 sub-segments or regions). Figure 5 shows the
total net transfer entropy between these portions of the tubule
averaged over all experimental trials and corrected with the
results of the control dataset. As in the previous section, we
reversed the orientation of the tubules in all experimental trials
where the final choice was the right food source and in half of the
trials recorded as undecided. As a consequence of this, the left
side of the networks (i.e., vertex 1) represents the extremity of the
tubule in the proximity of the chosen food source regardless of its
nutrient concentration. Likewise, the right side of the networks
represents the extremity that is next to the rejected food source.
Both the symmetric and asymmetric treatments show well-
defined networks of information flow. However, the resulting
network topologies are significantly different between the two
food choice conditions. The symmetric food choice condition,
shown in the top panel of Figure 5, is characterized by a flow
of information originating from both extremities (i.e., vertex 1
and vertex 5) of the tubule and converging toward its center (i.e.,
vertex 3). As also shown by the corresponding adjacency matrix,

the topology defined by the edges is approximately symmetric
with respect to the center of the tubule. In contrast, in the
asymmetric food choice condition, shown in the bottom panel
of Figure 5, is characterized by a flow of information originating
at the extremity of the tubule in contact with the rejected food
source and directed toward the opposite extremity. As shown by
the corresponding adjacency matrix, for each group of locations
1 < i < 5, there are edges i — j connecting the group to
all groups j < i on its left. In both experimental conditions,
the absolute values of net transfer entropy represented by the
adjacency matrices in Figure 5 are inversely proportional to the
distance between two regions of the tubule. Moreover, their
amount differs between conditions: in the asymmetric food
choice condition, the tubule transfers an amount of information
(0.2092 £ 0.038 bits) that is approximately four times the
amount transferred during the symmetric food choice condition
(0.0537 =& 0.0297 bits). That is, more information is transferred
across the tubule when there is a contrast in the concentration of
nutrients between the two available food options.

DISCUSSION

We studied the relative influence between the contractile regions
of a P. polycephalum tubule while it was choosing between
two food sources. The tubule was presented with two food
choice conditions, which were either symmetric or asymmetric in
nutrient concentrations. We studied information transfer across
the tubule by measuring the change of thickness at 50 equidistant
locations and computing the transfer entropy between each
of them.

Our results show that P. polycephalum does not have a
significant preference for either of the food options in the
symmetric food choice condition, while it has significant
preference for the more nutrient-rich option in the asymmetric
food choice condition. We showed that the difference in food
qualities affects information transfer between the contractile
regions of P. polycephalum. In the symmetric food choice
condition, the tubule locations near each of the two food sources
act as the information sources while those near the center of
the tubule act as information destinations. Information transfer
is symmetrically distributed around the center of the tubule.
These trends are similar regardless of the food source chosen
by the tubule at the end of the experiment. Conversely, in
the asymmetric food choice condition, the tubule locations
near the chosen food source, regardless of the food source
quality, act as the destinations of information while those
in the proximity of the rejected food act as the information
sources therefore, the tubule sub-regions near the rejected food
source transfer information toward the sub-regions near the
chosen food source. Additionally, the amount of information
transfer was found to be inversely proportional to the distance
between the sub-regions, similar to the results obtained in the
symmetric food choice condition. Interestingly, the amount
of information transferred between the tubule regions in the
asymmetric food choice condition was four times higher than
that of the symmetric condition.
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Transfer entropy measures the amount of directed predictive
information flow (or information transfer) between two
processes, but establishing a causal relationship between
the behaviors requires additional considerations (Lizier
and Prokopenko, 2010). However, the P. polycephalum
tubule is a continuous system and all the locations that
we observed are physically connected to each other and
constantly interacting with one another through physical
forces and chemical exchanges. Therefore, we preliminarily
conclude that our results about information transfer capture
causal interactions between physically adjacent locations. The
existence of a causal relationship between the locations along
the tubule will be formally tested in future experiments by
physically intervening or perturbing the contractile behavior at a
given location.

While our work indicates the occurrence of information
transfer between contractile regions of the tubule, the precise
medium of the information being transferred remains unknown.
In view of this, it is important to note that the organisms tested
were reacting to external food stimuli. Although the information
transfer that we observed in this study dominantly originates
from the end of the P. polycephalum tubule in proximity to
the lower nutrient concentrated food source, it would be naive
to neglect the apparent role that food has in stimulating and
promoting the contractile behavior (Durham and Ridgway,
1976; Matsumoto et al.,, 1986; Miyake et al., 1994; Alim et al.,
2017). Food-containing vesicles both stimulate local changes
in intracellular signal transduction and are degraded to yield
sugars and amino acids that fuel all cellular functions. For
instance, the contraction-relaxation cycles of the membrane that

generate protoplasmic flow involve dynamic rearrangements of
actin cytoskeleton and signaling that require ATP (Korohoda
et al, 1983) and Ca?t (Yoshimoto et al, 1981), both of
which are derived from food (Matveeva et al., 2010, 2012).
By this reasoning, information flow should originate from
nutrient-rich food sources. While local contraction intensity
may be increased by food stimuli, we suggest that the long-
range coordination of the contractile behavior across the P.
polycephalum (Alim et al., 2013) is influenced by the contractile
behavior at the tubule end with lower nutrient concentrated
food source. Information transfer in the form of molecular
stimuli originating from the food source and related signal
transduction events were not measured in the current work.
Yet, this stimulus clearly drives the observed changes in
contractile behavior patterns and is likely to represent the
primary medium of information acquisition. Future work will
be directed toward determining the precise physicochemical
signaling that is initiated by foods of differing quality and their
impact to oscillatory regulation and ultimately decision-making
in P. polycephalum.

Previous studies have shown that when a P. polycephalum cell
interacts with an attractive substance, the cell regions located
in the vicinity of the substance acts as the information source
and the regions located away from the attractive substance
act as the information destination (Durham and Ridgway,
1976; Matsumoto et al., 1986; Alim et al., 2017). Moreover,
these studies show that the information transfer occurs via
changes in contraction intensities that can be in the form
of changes in frequency or amplitude. Our results do not
indicate whether the information transfer occurs by increasing
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or decreasing the contraction frequency and/or amplitude.
However, the results show that the tubule regions acting as
information sources and destinations varied with respect to the
food choice conditions presented to the P. polycephalum tubule.
Moreover, this imbalance in the localized nature of predictive
information with certain regions of the organism covering a more
prominent role than the others is reminiscent of the control
kernel in yeast-cell regulatory networks (Kim et al., 2015) or of
informed individuals playing leadership roles in a school of fishes
(Strandburg-Peshkin et al., 2013).

The two food choice conditions used in our study presented
the P. polycephalum tubule with two different decision-making
challenges. As the direction and amount of information transfer
differed in the two treatments, this opens the question of
whether the information transfer in P. polycephalum changes
relative to the decision-making problem faced by the cell. The
experiment we suggest to test this behavior in detail is to
progressively increase the quality of the lower concentrated food
source and compare the effects on the direction and amount of
information transfer.

Finally, our analysis does not provide details about the
dynamics of information transfer during the course of the
experiment. A refined examination during various stages of
decision-making may find information transfer relationships
more specifically pertaining to food detection, nutrient transfer,
and/or final decision execution. Experiments should be
conducted for a longer period of time which would permit to
repeat a similar analysis but at different phases of the experiment.
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