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Abstract
The tubular network-forming slime mold Physarum polycephalum is able to maintain long-scale
contraction patterns driven by an actomyosin cortex. The resulting shuttle streaming in the
network is crucial for the organism to respond to external stimuli and reorganize its body mass
giving rise to complex behaviors. However, the chemical basis of the self-organized flow pattern is
not fully understood. Here, we present ratiometric measurements of free intracellular calcium in
simple morphologies of Physarum networks. The spatiotemporal patterns of the free calcium
concentration reveal a nearly anti-correlated relation to the tube radius, suggesting that calcium is
indeed a key regulator of the actomyosin activity. We compare the experimentally observed phase
relation between the radius and the calcium concentration to the predictions of a theoretical model
including calcium as an inhibitor. Numerical simulations of the model suggest that calcium indeed
inhibits the contractions in Physarum, although a quantitative difference to the experimentally
measured phase relation remains. Unraveling the mechanism underlying the contraction patterns
is a key step in gaining further insight into the principles of Physarum’s complex behavior.

The ability to generate flows is crucial for many
aspects of life ranging from the transport of nutri-
ents and signaling molecules to the spatial organ-
ization of an organism [1, 2]. For example, during
embryonic development, the interplay of mechan-
ical forces, flows and biochemical patterning actively
deforms and eventually shapes the embryo [3, 4].
Force-generating proteins in conjunction with fila-
mentous proteins form a meshwork that acts as an
active material. The coordinated activity of these pro-
teins regulated by signalingmolecules results in forces
that can deform the organism’s shape and generate
flows.Hence,mechanical pattern formation here is an
interplay of the active material, the resulting flow as
well as the advection–diffusion dynamics of signaling
molecules.

The slime mold Physarum polycephalum is a suit-
able model organism to investigate the emergence
of flow patterns [5]. The unicellular organism grows
as a macroscopic network of tubes and is able to
maintain long-scale contraction patterns that result
in a shuttle streaming inside the tube transporting

mass effectively within the network [5]. The contrac-
tions result in stress gradients along individual tubes,
pushing the cytoplasm through the network, thus,
enabling the organism to distribute nutrients and sig-
nals effectively [6]. Physarum is able to display com-
plex behavior despite its relatively simple body plan
and the lack of a central nervous system and the flow
properties have been linked to its complex behavior
[7–10]: As the peristaltic contractions are responsible
for the transport within the organism they have been
suggested to be crucial for the organism to respond to
external stimuli and reorganize its body mass, coup-
ling the behavior of Physarum to the stress gradients
along the network [11]. Despite the central role of
the peristaltic contractions in Physarum, the chemical
basis for the emergence of coordinated contractions is
not fully understood.

A potential signaling molecule is calcium, which
is one of themost versatile signalingmolecules [12]. It
orchestratesmanifold aspects of cellular life including
fertilization, cell division, stress responses, and gene
transcription [13–15]. However, its most prominent
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role is its effect on actomyosin activity [16] mak-
ing it a likely candidate for the key regulator for
contractile stress in the slime mold P. polycephalum.
The identity of the regulatory agent as well as the
emergence of contraction patterns has been the focus
of previous work: Purified actin and myosin from
Physarum showed that actomyosin activity is sup-
pressed in the presence of calcium [17, 18]. These
observations suggest that in Physarum calcium binds
myosin directly [19, 20], in stark contrast to muscles
in animals where actomyosin is regulated via tro-
ponin. Yet, direct observations of the dynamics of
calcium and contractions in Physarum are scarce. In
droplet-shaped Physarum fragments calcium-specific
fluorescent dyes were recorded in parallel to droplet
size finding that the relaxation of contractility within
a fragment is preceded by a calcium peak [21]. In
tadpole-shapedPhysarum fragments in parallelmeas-
urements of traction stress and the calcium concen-
tration found both to oscillate in phase [22]. Both
kinds of data do not allow direct assessment of the
impact of flows transporting calcium, theoretically
predicted to be the key for the emergence of long-
range flows: In tube shape plasmodia consisting of an
active viscoelastic phase enclosing a passive fluid, a
chemical regulator activating the contractions stress
of the cortex is predicted to create self-organized flow
patterns [23]. Similarly, microplasmodia modeled
as droplets, where the two phases are interpenet-
rated and calcium acts as an inhibitor, can exhibit
mechanochemical waves [24, 25]. To compare theor-
etical models for the self-organization of actomyosin
contractions by calcium via fluid flows arising from
contractions and transporting calcium, observations
of contractions and calcium in Physarum tubes are
required.

In this study, we experimentally measure the
ratiometric calcium concentration in Physarum
employing a combination of fluorescent dyes, while
simultaneously measuring the local tube diameter
along the network. In this way, we determine the
phase relation between the local calcium concentra-
tion and the tube contractions. The simple network
geometry allows a direct comparison with theoretical
predictions confirming the observed phase-shift to
be in line with an inhibitory effect of calcium on cor-
tex contractility, albeit quantitative differences in the
phase-shift likely arise from experimental constraints.

1. Methods

1.1. Sample preparation
To obtain reproducible measurements, P. poly-
cephalum networks are cultured from microplas-
modia developed from sclerotia (Carolina Biological
Supply). As Physarum fragments tend to fuse, the
microplasmodia are constantly shaken in a liquid

growth medium suppressing the fusion. The liquid
medium was prepared following [26], where chicken
embryo extract was replaced by hematin (5g l−1)
[27]. For sample preparation, micro plasmodia are
placed on a phytagel substrate (12g l−1, see supple-
mentary materials). Phytagel substrates avoid the
auto-fluorescence of agar and are more transparent
than agar, which reduces the scattering of light and
achieves a higher signal-to-noise ratio. To further
improve the image quality, only a thin substrate layer
of approximately 1.3mm is used.

The samples are prepared by placing a drop of
medium including a high density of microplasmodia
on the substrate followed by a 10–20min drying
period. The plasmodia are fed with a single oat
flake and the Petri dish is sealed. Networks grow to
sizes of 1–2 cm suitable for microinjections within
1–2 days.

1.2. Fluorescent dyes andmicroscopy
To measure the concentration of free calcium con-
centration we inject the calcium indicator Calcium
Green-1 (ThermoFisher), whose fluorescence intens-
ity increases upon binding calcium by 14-fold. In
order to reduce the aggregation of the dye in the
sample, the dextran-bound form (10000MW) was
used. As the height of the individual tubes varies dur-
ing contractions, the calcium-sensitive dye is com-
plemented by the unspecific, fluorescent dye Texas
Red (ThermoFisher) with the samemolecular weight.
This combination of dyes was previously used in [22].
Both dyes are dissolved in distilled water in a concen-
tration of 10mgml−1. The dyes are used in a ratio of
3 (Calcium Green-1) to 1 (Texas Red). Imaging the
two dyes simultaneously accounts for the variation of
the tube height as well as uneven illumination of the
sample and spatially uneven concentration of the dye.

To image the calcium concentration, the two dyes
are injected into the network using a microinjector
(InjectMan 4, Eppendorf). Prior to the injection, the
tip of the femto tip (Eppendorf) is broken to obtain
a tip with a diameter of approximately 5µm. Typical
injection volumes are in the order of 0.1µl. Injecting
large volumes, i.e. above 1µl, causes the injected
tube to stall or even burst, preventing the dye from
spreading within the network. At least two microin-
jections are performed close to the desired tube for
imaging without being within the imaging region
(figure 1(a)). As the injections induce local gelation
of the cytosol, the number of injection spots is lim-
ited by the morphology of the network. A high num-
ber of junctions and branches close to the imaging
spot allows for more injections. The injected sample
is imaged rapidly to prevent the dye from aggregation
limiting the imaging time. Nonetheless, the dyes are
allowed to spread for 3–5min. Afterwards, the net-
work is cut to obtain single tubes and the remaining
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Figure 1. Experimental setup and image analysis. (a) Microinjections of Calcium Green-1 and Texas Red in the Physarum network
surrounding the tube of interest followed by cutting the network isolating the chosen tube and imaging the sample. (b) For each
frame, a mask and a skeleton are constructed. The skeleton defines the position z along the tube. (c) A slice of the tube is projected
onto the skeleton of the network to obtain a one-dimensional representation of the sample. (d) Using the one-dimensional
representation the intensity of the Calcium Green-1 and Texas Red dye are given as kymographs.

sample including the substrate is removed from the
Petri dish with a spatula.

1.3. Imaging and image analysis
Around 5min after the network is cut, the imaging
is started. The samples are imaged using an Axio
Zoom.V16 microscope (Zeiss) in two channels cor-
responding to the two fluorescent dyes, respectively.
The dye Texas Red is imaged using the Zeiss filter cube
63 He and the dye Calcium Green-1 is imaged using
the filter cube 46He apart from the data set labeled C,
where the filter cube 38 He was used. Excitation and
emission wavelength are listed in the supplemental
materials. The exposure time varies between the data
sets depending on the strength of the fluorescent sig-
nal but is typically 1s in the Calcium Green-1 chan-
nel and 0.5s in the Texas Red channel. The resulting
time resolution is about 3s due to the limited speed at
which the microscope can switch between channels.

To quantify contraction and ratiometric calcium
dynamics image analysis is performed on the record-
ings as detailed below. In each frame, the network is
separated from the background using a binary mask.
The mask is calculated from the Texas Red channel
using a threshold of 1.5 times the mean intensity of
the entire frame. Secondly, based on the binary mask
the center-line defined by the pixels equally distant
to both edges is found. During the experiments, the
network is cut into single tubes and thus the center-
line skeleton is further reduced to a single branch
(figure 1(b)). This one-dimensional representation is
then used to project the intensity along the network

by averaging over the orthogonal slice of the tube at
every given position z along the skeleton of the tube
(figure 1(c)). The local radius at time t of the tube
along the skeleton a(z, t) is determined as theminimal
distance from the skeleton to the edge of the mask.
The skeletonized networks of consecutive frames are
aligned by finding the closest point in the skeleton to
the previous reference point, where the first reference
point is chosen to be the center point in the skeleton.

As the tube consists of two distinct phases, the
wall and the enclosed cytoplasm, averaging over the
entire tube slice removes differences caused by the two
phases. Hence, pixels in the network are distinguished
according to their distance to the skeleton relative to
the local radius a. Positions in the network closer than
a/2 are considered to be inner pixels, while larger dis-
tances correspond to outer pixels (figure 1(c)). This
separation is notmeant to reflect the actual wall thick-
ness, as the wall thickness itself is inaccessible dur-
ing the experiments. The inner and the outer parts
of the tube will both include light emitted from the
ecto- and the endoplasm. However, this separation is
able to detect qualitative differences in the calcium
dynamics, namely whether the calcium concentration
in the endo- or ectoplasm precedes calcium concen-
tration in the other phase. The average of the intensit-
ies is calculated separately over inner and outer pixels
and the downstream analysis is applied to the cross-
sectionally averaged signal as well as to the inner and
outer signals.

In summary, we obtain the radius a(z, t) and
an averaged intensity along the network for each
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frame I(z, t) for both channels, namely the Calcium
Green-1 and the Texas Red channel (figure 1(d)).
Furthermore, we obtain an intensity only for the cent-
ral, inner part of the tube Iinner(z, t) and an intensity
for the outer part of the tube Iouter(z, t).

1.4. Numerical integration andmodel parameters
The theoretical model (section 2) is solved numer-
ically using a θ-weighted Crank–Nicholson scheme
(θ= 0.55). The rest radius and the length of the tube
are set to a∗ = 100µm and L= 10mm, respectively.
The diffusion coefficient of calcium in the cytoplasm
is assumed to be D= 2× 10−10m2 s−1 [24, 28]. The
rheological parameters of the cortex and the fluid are
only approximately known and might vary depend-
ing on the state of the organism [29]. The viscosity
of the cortex is estimated with η = 200Pas, while the
elasticity is either set toE= 2Pa orE= 20Pa. The vis-
cosity of the cytoplasm is set to µ= 1.5× 10−3Pas.
The strength of the non-linearity of the cortex stress
κ= 1000Pa is set to obtain typical contraction amp-
litudes. The deformation length scales are set to εc =
0.3 and εσ = 2. Finally, dc and pc determining inflow
and capturing rates of calcium need to be set. The
parameter pc determines the steady-state concentra-
tion of calcium. Since the concentration can be freely
re-scaled we choose pc = 1. Then, the parameter dc
is absorbed in a time scale τ = 2dc/a∗ determining
how quickly the concentration is regulated for a given
cortex stretch. The time scale is set to 32s and 100s
and the parameters of the active stress are set to σ0 =
s= 36Pa and σ0 = s= 100Pa for the simulation with
E= 2Pa and E= 20Pa, respectively. These parameter
choices result in similar radius amplitudes and con-
traction frequencies in the two simulations. The sim-
ulations are conducted with closed boundary condi-
tions. Hence, the mass transport of calcium as well
as the flow velocity vanish at the tube ends. The ini-
tial conditions are set by perturbing the steady state of
the radius a and the integrated concentration C with
uncorrelated, Gaussian noise with a standard devi-
ation of 1% around the respective steady-state value.

2. Results

2.1. Calcium concentration and tube radius are
close to anti-phasic
Parallel measurements of the fluorescent signal of
the calcium-sensitive dye Calcium Green-1 and the
unspecific dye Texas Red together with the tube
radius dynamics allow us to relate the contraction
dynamics of the tube to the calcium concentra-
tion. Fluorescence in the green and red channels
as well as the tube radius are measured along the
one-dimensional representation, the skeleton, of the
excised tube every 3 s. As the network evolves over
time, we restrict the analysis to positions along the
skeleton that are part of the skeleton for the entire
experiment. Furthermore, we account for the time

delay between the imaging in the two channels due to
the switching of the respective filter cubes. Thus, the
time series are interpolated and shifted with respect
to each other by half a frame resulting in a symmetric
relation of the signals avoiding inherent shifts. Finally,
the ratio between the average intensities of the green
and the red channel yields the cross-sectionally aver-
aged concentration,

C(z, t)∝ ICalcium Green (z, t)

ITexas Red (z, t)
. (1)

Even though the concentration is only known up to
a constant prefactor, this ratio independent of vari-
ations in tube volume due to contractions is referred
to as calcium concentration. Kymographs for four
data sets of the tube radius and the calcium concen-
tration are shown in figures S1–S4. To investigate the
interplay of calcium and contractions, we calculate
the phase-dependent calcium concentration. For that
each time point is assigned to a contraction phase
ϕ using a Hilbert transform (see (d) in S1–S4). The
phase is calculated based on the band-passed radius
time series with a band-pass set to be±5mHZaround
the dominant frequency, which typically is around
10mHZ. A phase-dependent calcium signal C(ϕ) is
calculated by averaging over the calcium concentra-
tions in the kymograph C(z, t) assigned to the same
binned instantaneous phases.

Finally, the shift is determined as the phase shift
between the main oscillation of the radius and the
concentration approximated by a sinusoid, such that
a shift of 0 indicates an anti-phasic relation and a pos-
itive shift indicates that the radius peaks before the
calcium concentration reaches its minimum. Photo-
bleaching of the fluorescent dyes is slow compared to
the contraction time scale of the tubes and equally
affects the measured calcium concentration at differ-
ent phases. Thus, the phase shift calculated here is
robust against this experimental limitation.

We find that the calcium concentration approx-
imately peaks when the radius is minimal and vice
versa (figure 2(a)). The determined deviation from an
anti-phasic relation is smaller than ϕ/4 (figure 2(a))
and all four data sets show positive phase shifts
(figure 2). Furthermore, the phase averaged signals
(figure 2) reveal that the signal corresponding to the
inner calcium concentration reaches its minimum
earlier than the outer concentration.

To assess the contribution of potential auto-
fluorescence or uneven Calcium Green-1 concentra-
tion in the tube cross-section, we consider the follow-
ing case: Assuming the entire auto-fluorescent mater-
ial is located in the tube walls and only contrib-
utes to the signal measured in the Calcium Green-
1 channel, the ratiometric signal is shifted towards
an anti-correlated relationship between the radius
and calcium concentration (see also supplement-
ary 3 and figure S5). Similarly, an accumulation
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Figure 2. Anti-correlated relation between radius and calcium signal. (a) The total concentration C(ϕ), inner concentration
Ci(ϕ), and outer concentration Co(ϕ) as a function of the phase of the contraction of the tube shows a relation which is close to
anti-phasic, but with a clear positive shift meaning that the radius peak precedes the minimum in the calcium signal. (b) Phase
relation of radius and calcium signal consistently indicates a nearly anti-phasic, positive shift. Data set A is the data set shown in
(a).

of Calcium Green-1 bound to calcium in the tube
cortex would shift the ratiometric signal in the same
way. Thus, we regard the measured phase shift as
a lower bound, and the true phase shift might be
larger.

2.2. Phase relation of the theoretical model is
shifted by the cortex properties
As calcium concentration interacts with the cortex,
which is itself driving contractions that generate fluid
flows that are shuttling calcium around, theoret-
ical models help disentangle how calcium affects the
cortex.

To investigate the phase relation for calcium act-
ing as an inhibitor, we formulate a theoretical model.

Note, that we here aim for the minimal amount of
the assumptions to gain mechanistic insight on the
qualitative predictions of the model rather than over-
modelling for the pursuit of quantitative agreement
with data. Thus, the model couples the contract-
ile stress to the concentration of calcium, while the
inflow of calcium depends on the stretch of the cortex
following [23]. The model describes a tube consisting
of a fluid phase and an enclosing visco-elastic cortex,
where the active stress of the cortex is inhibited by the
calcium concentration. At the same time, the calcium
concentration is coupled to the stretch of the cortex.

The tube is radially symmetric, and, thus, the
tube shape is fully described by the radius a(z, t) that
depends on the position along the tube z and time t.
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The continuity equation in terms of the tube radius
reads,

∂a2

∂t
=− ∂

∂z

(
a2U

)
. (2)

Radial deformations of the tube are written as ε=
(a− a∗)/a∗, where a∗ is the rest radius.

The cortex stress σc is the cause of the pres-
sure gradient along the tube and, thus, the cross-
sectionally averaged flow velocity U reads,

U=− a2

8µ

∂σc

∂z
.

The key assumptions of the model are the coupling
of the cortex stress σc to the calcium concentration as
well as the coupling of the capturing rate of calcium
to the deformations of the tube ε. Specifically, in the
model, calcium inhibits the contraction of the tube
and flows in as the tube is contracted. The cortex stress
is modeled by a passive visco-elastic part described by
a Kelvin–Voigt model with an additional non-linear
term and an active part that depends on the calcium
concentration.

σc = Eε+κε3 + η
∂ε

∂t

+

[
σ0 − s

C
C+ C∗

](
1− ε

εσ

)
, (3)

where E is the elasticity, κ the strength of the non-
linearity, and η the viscosity of the cortex. C is
the cross-sectionally integrated calcium concentra-
tion with C∗ being its equilibrium value. For the act-
ive stress term, s is related to the slope of the tension at
physiological concentrations and may be interpreted
as the sensitivity to concentration changes. The para-
meter σ0 determines the amplitude of the tension.

The calcium dynamics reads,

∂C
∂t

=
∂

∂z

[
−UC+

(
D+

U2a2

48D

)
a2

∂

∂z

(
C
a2

)]
+ 2π a

[
pc − dc

(
1+

ε

εc

)
C
π a2

]
. (4)

The first term describes the transport of calcium
along the tube governed by Taylor-dispersion [30,
31]. As calcium triggers the contractions of the tube,
the inflow of calcium is dependent on the stretch of
the cortex creating a feedback loop. Deformation-
induced regulation in eukaryotic cells has been
found experimentally [32–34]. Especially the know-
ledge about mechanosensitive calcium channels [35]
motivates the source term. The relevant length scale of
the deformation for the deformation-dependent cal-
cium capturing is represented by εc. The parameters
pc and dc determine the strength of the inflow and
capturing, respectively. Notably, the cross-sectionally
averaged calcium concentration and the radius of the
tube are the properties we determine from the exper-
imental data.

The rheological properties of the cortex determ-
ine how the cortex responds to stress. Thus, the elasti-
city and the viscosity in the Kelvin–Voigt model affect
the relation of the tube radius to the calcium concen-
tration. We consider two contrasting cases: A cortex
with a high viscosity η yielding γ = ηf

E ∼ 10−1 and
low elasticity and a cortexwith high viscosity and high
elasticity E such that γ ∼ 1. To achieve that, the elasti-
city is set to E= 2Pa and to E= 20Pa, respectively,
while the viscosity is unchanged.

The altered rheological properties of the tube cor-
tex affect the phase shift between the full relaxation
of the tube and the peak of the calcium concentra-
tion: For a cortex with a high elasticity (figure 3(b)),
the phase shift is larger than for a cortex with a
high viscosity (figure 3(d)). Thus, as the viscous
term becomes more important relative to the elastic
term in the Kelvin–Voigt model, the radius signal is
delayed relative to the active tension. At low elasti-
city, the phase relation approaches the experiment-
ally observed phase shift, but there remains a quant-
itative difference to the relation found experiment-
ally which is closer to anti-phasic than the predicted
one.

3. Discussion

We investigated the role of calcium in the self-
sustained contraction patterns of the cortex of
Physarum. Ratiometric measurements provide an
experimental way to account for a varying tube thick-
ness when measuring the intracellular free calcium
concentration in Physarum. It allows us to meas-
ure the instantaneous phase of calcium oscillations,
which can be related to the contractions of the tube.
Imaging the calcium dynamics involves exposing the
Physarum networks to microscope light that can act
as stimulus [36] impacting intracellular mechanisms.
Importantly the networks are entirely illuminated,
and the microscope light does not induce directed
motion of the network. The experimentally observed
relation between calcium and radius is nearly anti-
phasic in line with previous findings with calcium
indicators [21, 37]. Notably, all of the samples exhibit
a positive phase shift. This finding indicates that the
peak of the radius precedes the minimum of the
calcium concentration, pointing to a contraction-
inhibiting role of calcium.

The simple geometry of the experimental samples
allows direct comparisons with a previously intro-
duced theoretical model [23], which is adapted here
to feature an inhibiting effect of calcium on the actin-
myosin activity. Calcium locally inhibits the con-
tractility of the cortex, while the stretch of the cortex
regulates the inflow of calcium into the endoplasm.
Since the contractions of the cortex induce endo-
plasmic flows, calcium is transported along the tube,
which results in self-organized flow patterns. We find
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Figure 3. Theoretical model with an inhibiting calcium effect predicts a phase shift depending on the cortex properties, but
smaller than π/2. (a) In this model, calcium inhibits the active stress of the tube cortex leading to the deformation of the tube ε.
Depending on the tube radius the overlap of actin in the cortex increases cortex stress when the tube radius is small leading to
strong tube deformation which eventually triggers the inflow of calcium. (b) For a cortex with high elasticity the phase relation
between the calcium and the radius is close to π/2. (c) The cortex stress shows a shift of almost π/2. (d) For a mainly viscous
cortex the phase relation is shifted left towards the anti-correlated relation that is observed in the experimental data. (e) The
cortex stress oscillation is shifted in the same direction relative to the cortex stress oscillation shown in (c).

the precise phase relation between the calcium con-
centration and the tube radius depends on the rhe-
ological properties of the cortex: The phase shift pre-
dicted by the model is close to π/2 when the cortex
mainly acts elastically. For a predominantly viscous
cortex with a lower elasticity, the phase shift decreases
and approaches the experimentally observed phase
shifts. For physiological parameters, a quantitative
difference between the theoretically predicted and the
experimentally observed phase relation remains.

Since it is experimentally not possible to exclude
the contribution of the cortex to the overall calcium
signal, the measured calcium concentration is a mix-
ture of the fluorescence of the ectoplasm and the
endoplasm of the tube. Potential effects due to the
accumulation of Calcium Green-1 bound to calcium
in the cortex and due to auto-fluorescence of the tube
cortex could affect the quantification. As shown in the
supplementary materials, an enrichment of fluores-
cence in the cortexmay shift themeasured phase rela-
tion between the radius of the tube and calcium con-
centration towards an anti-phasic relation. Due to the
geometry of the tube, the calcium signal close to the
center of the tube is less affected by the cortex accu-
mulation. Notably, we find that the inner calcium sig-
nal consistently precedes the outer calcium signal in
the four data sets. This suggests that the phase shift
of the endoplasm is indeed greater than the experi-
mentally measured one. Our observations, therefore,

indicate that the true phase shift of the endoplasmic
calcium concentration is between the detected phase
shift, which serves as a lower bound, and π/2. Given
that a living Physarum plasmodium is very dynamic
with high responsiveness to external stimuli, the con-
sistent differences in the phase dependence of the cal-
cium concentration close to the center of the tube and
farther outside the center hints at a robust underlying
mechanism.

While our model does not take into account
the spatial differences across the tube cross-section
and potential time delays between the tension of
the cortex and the cross-sectionally averaged calcium
concentration, it successfully captures the core rela-
tionship between calcium and contraction dynam-
ics, i.e. the inhibiting effect of calcium on the actin-
myosin activity in Physarum. This finding is in line
with previous work [17, 18, 21, 24] and expands
on it by providing real-time measurements of cal-
cium dynamics in a long tube of live, contracting
plasmodium.

Understanding the interplay of actomyosin activ-
ity, cytoplasmic flows, and calcium concentration
in Physarum networks is essential as the result-
ing contraction patterns are at the basis of many
intriguing behaviors of the slime mold. The success
of the synergy of experiments and modeling in the
single Physarum tube—the building block of a plas-
modial network—presented here encourages, as well
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as provides the groundwork for further studies on
mechanochemical coupling in a living plasmodium
over the multitude of its fascinating behaviors.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplementary
files).
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