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Learning and memory are indisputably key features of animal success.
Using information about past experiences is critical for optimal decision-
making in a fluctuating environment. Those abilities are usually believed
to be limited to organisms with a nervous system, precluding their existence
in non-neural organisms. However, recent studies showed that the slime
mould Physarum polycephalum, despite being unicellular, displays habitu-
ation, a simple form of learning. In this paper, we studied the possible
substrate of both short- and long-term habituation in slime moulds. We habi-
tuated slime moulds to sodium, a known repellent, using a 6 day training
and turned them into a dormant state named sclerotia. Those slime
moulds were then revived and tested for habituation. We showed that infor-
mation acquired during the training was preserved through the dormant
stage as slime moulds still showed habituation after a one-month dormancy
period. Chemical analyses indicated a continuous uptake of sodium during
the process of habituation and showed that sodium was retained throughout
the dormant stage. Lastly, we showed that memory inception via
constrained absorption of sodium for 2 h elicited habituation. Our results
suggest that slime moulds absorbed the repellent and used it as a
‘circulating memory’.

This article is part of the theme issue ‘Liquid brains, solid brains: How
distributed cognitive architectures process information’.

1. Introduction

All biological systems face similar challenges due to the nature of their living
state. To survive they must adjust their internal structure and/or their behav-
iour in response to a fluctuating environment. The topic of the present issue
‘Solid brains, liquid brains’ questions the structure supporting these abilities.
Whether it is a true brain or a brain-like structure (e.g. root-brains [1-3], nano-
brains [4], swarm brain [5,6], immune brain [7,8]), these systems allow
organisms to cope with environmental changes more quickly than genetic evol-
ution would. Every organism needs to acquire information about both the
environmental and its internal state and use that information to adapt its
behaviour. Abilities such as sensing, learning, memory, decision making, etc.
are often considered cognitive abilities and believed to be restricted to neural
organisms. Yet, a growing number of researchers are now questioning this
restriction and defending the idea that cognitive abilities might extend to
non-neural organisms (e.g. [9-13]). Godfrey-Smith [14, p. 238] argues for a con-
tinuity between animal cognition and mechanisms for behavioural control
observed in non-neural organisms. He defines cognition as ‘a collection of
capacities which, in combination, allow organisms to achieve certain kinds of
coordination between their actions and the world’. Yet, can we reach in
‘liquid brains” the nature of computations and cognitive complexity that can
be achieved by ‘solid brains’?

A ’solid brain’ is capable of storing rich memories and learning complex
associations; do we find such capacities in ‘liquid brains’? Learning is often
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considered the holy grail of cognitive abilities. Functionally,
learning allows organisms to adjust their behaviours to the
local environment through individual experience. Learning
has often been defined in a way that automatically rules out
non-neural organisms, for example learning has been defined
as ‘the acquisition of neuronal representations of new infor-
mation’ [15, p. 7]. However, some authors agreed that in
theory non-neural organisms might be equipped to manifest
simple forms of learning [11,16]. Indeed, non-neural organ-
isms possess sensory systems capable of detecting various
cues in the environment and information processing systems
able to encode past exposures and direct differential behaviour
[16]. In addition, although non-neural organisms lack the
complex hardware of a true brain, they live in environments
that are no less complex and face the same decision-making
challenges: they must acquire resources, adapt to changing
conditions and choose suitable microclimates to inhabit.
Thus, in order to truly understand the most fundamental
mechanisms necessary and sufficient for learning, it is essen-
tial to study early organisms such as unicellulars that
implement learning in a non-neural substrate.

There are several reliable reports documenting learning
and memory in single celled organisms such as ciliates
[17-21] and more recently slime moulds [22,23]. The acellular
slime mould Physarum polycephalum is an ideal biological
model to investigate the mechanisms supporting learning in
non-neural organisms. First, P. polycephalum is a macroscopic
unicellular organism easy to manipulate and to observe,
while retaining similar characteristics to other neuron-less,
microscopic creatures. Second, genetically identical individ-
uals can be obtained by cutting a single cell into multiple
viable cells. Third, and most importantly, it demonstrates
key aspects of complex decision-making. Slime moulds can
find their way through a maze [24], construct efficient trans-
port networks [25], interact and cooperate with congeners
[26], anticipate periodic events [27], navigate complex
environment [28] and optimize nutrient-intake [29]. How-
ever, despite their intriguing cognitive abilities little is
known about slime moulds’ learning abilities. Yet, two
recent studies showed that slime moulds are capable of
habituation, a simple form of learning [22,23].

Habituation is defined as a progressive decrease in the
magnitude of a behavioural response to an iterative stimulus
[30,31]. Habituation differs from sensory adaptation, sensory
or motor fatigue in that the response recovers to its original
state when the stimulus is withheld. Habituation might for
example enable an organism to ignore unpleasant stimuli in
its environment while still allowing the organism to respond
to novel and potentially harmful stimuli that would fall in the
same sensory modality [31]. Using locomotion as the behav-
ioural output and diverse chemical repellents as stimuli
(quinine, caffeine and salt), recent studies [22,23] demon-
strated that P. polycephalum learned to ignore a repellent
when it was encountered repeatedly (habituation), but
could respond again when the repellent was withheld for a
certain time (recovery). By using diverse chemicals, it was
shown that habituated slime moulds were still able to pro-
duce an aversive response toward a new stimulus (stimulus
specificity), ruling out sensory and motor fatigue [22]. It
was also revealed that slime moulds habituated to a repellent
could transfer this adaptive response by cell fusion to indi-
viduals that had never encountered the repellent [23]. This
transfer of an adaptive response required cytoplasm mixing

between both slime moulds, suggesting that the substrate of
habituation circulated within the cytoplasm.

In this paper, our aim was twofold, first identify a poss-
ible mechanism underlying habituation in slime moulds
and second demonstrate that this mechanism allows
information to be preserved for a very long time.

2. Material and methods

(a) Species studied and rearing conditions

Physarum polycephalum, also called the acellular slime mould,
belongs to the Myxomycetes. Its vegetative morph, the plasmo-
dium, a vast multinucleate cell, can grow to cover up to a few
square metres and crawl at speeds from 0.1 to a few centimetres
per hour [32,33] (figure 1a). In natura, slime moulds are found on
organic substrates like tree bark or forest soil where they feed on
microorganisms such as bacteria or fungi [34]. In the presence of
chemical substances in the environment, P. polycephalum shows
directional movements toward or away from the stimulus
(i.e. chemotaxis) [32]. When humidity and food availability
decrease, the plasmodium turns into an encysted resting stage
made of desiccated spherules ranging from 24 to 40 um: the
sclerotium [32]. During the sclerotization process (figure 1b),
slime moulds lose 50% of their total protein content together
with 40% of their DNA and 65% of their RNA [32]. Plasmodial
cultures can be easily reinitiated from sclerotia after up to 3
years but viability decreases dramatically after 1 year [35].

We used a strain of P. polycephalum provided by Southern
Biological, Victoria, Australia. Large plasmodia were cultured
in large Petri dishes (J 145 mm) on a 1% agar gel containing
10% of blended oat flakes (Quaker Oats Company). Rearing
and experiments took place in the dark at 26°C and 70% humid-
ity in temperature-controlled chambers. Experiments were
recorded using digital cameras (EOS 70D, Canon).

(b) Mass habituation

We designed a new and more efficient protocol to habituate slime
moulds inspired from [22,23] in which slime moulds encounter a
repellent while feeding. Twenty plasmodia (J = 145 mm) were
cut in half and each part was assigned to one of two training
treatments: control (C) or habituation (H). During the training,
habituated plasmodia (N =20) were fed on salt oat gel (10%
blended oats in a 1% agar solution to which NaCl was added
at 50 mM concentration) in large Petri dishes (& = 145 mm) for
6 days (training period) while control plasmodia (N = 20) were
fed on a plain oat gel (10% blended oats in a 1% agar solution).
Once the training period ended, plasmodia were tested for
short-term habituation.

(i) Test for short-term habituation

We tested the habituated plasmodia for short-term habituation
using a bridge crossing experiment as in [22] (figure 1c). On
day 1, before starting the habituation training, we verified that
control and habituated plasmodia showed a clear aversive
behaviour toward the NaCl. We cut 10 circular samples (J =
18 mm) from 20 control plasmodia and 20 habituated plasmo-
dia. Five of those 10 samples were offered a bridge (1% agar gel,
H=2mm, L =13 mm, W= 15mm) containing NaCl (100 mM)
(Bridge S) leading to a patch of oat gel (H =2 mm, & = 18 mm)
while the remaining five had to cross a bridge without NaCl
(Bridge A). Thus we had four conditions CA, CS, HA and HS
(N=100 for each condition). On day 6, once the habituation
training was completed, we repeated this procedure to test the
plasmodia for habituation. We recorded the time to reach
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Figure 1. Physarum polycephalum and experimental set-ups. Physarum polycephalum photographs showing (a) the plasmodial stage with extending pseudopodsl
and tubule network and (b) the dormant stage (sclerotial). (c) Bridge crossing test: habituated and control plasmodia were required to cross an agar gel bridge with
or without salt to reach a food source (oat gel). (d) Exploration test: habituated and control sclerotia were required to explore an arena with or without salt.
(e) Inception experiment: plasmodia were constrained to absorb salt (habituated) or distilled water (control). (Online version in colour.)

the food patch for each plasmodial sample. High values of time to
reach the food indicate aversion [23].

(ii) Test for repellent uptake

Past studies have shown that slime moulds can pick up and
retain sodium within the cytoplasm [36,37]. Thus, we tested if
plasmodia accumulated a certain amount of repellent (NaCl)
throughout the habituation process. Once we had conducted
the short-term habituation test, the remaining parts of the plas-
modia were used for sodium analyses. The plasmodia were
dried in an oven at 70°C for 48 h before being ground into a
powder and weighed to the nearest 0.0001 g (dry weight).
We measured the sodium content of each sample with a
ROSS™ sodium ion selective electrode (ISE) (N =20 for each
treatment).

(iii) Test for repellent extrusion

As demonstrated in [23], the aversive response toward salt
recovers to its original state if the plasmodium stops encounter-
ing the repellent for 2—3 days (recovery phase). This suggests
that the repellent absorbed throughout the habituation phase
might be extruded during the recovery phase. To test this
hypothesis, we trained 24 plasmodia using the mass habituation
protocol described above while 24 plasmodia were used as con-
trols. After 6 days, once the training period ended, all plasmodia
were transferred on standard oat gel (without NaCl) for 3 days.
We measured the sodium content of each plasmodium at three
different time points: day 6 (habituation), day 8 and day 9
(recovery). Here, each plasmodium was weighed immediately
to perform sodium assay based on wet weight.

(c) Long-term habituation

Slime moulds have the potential to temporarily interrupt their
life cycle by entering a state of dormancy (sclerotium). Taking
advantage of this life cycle particularity we tested if slime
moulds could recall a habituation acquired before entering the
dormant stage. We first trained eight large plasmodia to habitu-
ate to salt following the mass habituation protocol described
above and reared eight other plasmodia as controls. Then, we
initiated the transition from plasmodia to sclerotia. To do so,
we cut 12 circular samples from each plasmodium (& = 23 mm)
and placed each sample on a moist filter paper (& = 145 mm)
for one week to dry. Control plasmodia were dried on filter
papers moistened with water (N = 96 sclerotia) while habitu-
ated plasmodia were dried on filter papers moistened with a
solution of NaCl 75 mM (N = 96 sclerotia). The sclerotia were
then stored for a month before being tested for ‘long-term
habituation’.

(i) Test for long-term habituation: bridge crossing test

The bridge crossing test was similar to the one described above
except for dimensions (bridge: L = 10 mm, W= 5 mm; patch of
oat gel: @ =8 mm). On the day of testing, control sclerotia
(N=13) and habituated sclerotia (N = 12) chosen randomly
were soaked in water and cut into several square samples
(mean + 95% confidence interval (CI95), 16.14 + 0.75mg, N=
400). Each sample was assigned to one of four conditions (CA,
CS, HA and HS, N =100 for each condition). Only four samples
out of 400 failed to turn into viable plasmodia (N=2 CA and
N =2 CS). Here, we recorded both the time to contact the bridge
and the time to reach the food for each plasmodium. Plasmodia
that never reached the food within the duration of the experiment
were assigned the maximum value of 24 h.
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(ii) Test for long-term habituation: exploration test

This new test inspired from [26] aims at automatically assessing
habituation in the absence of an attractant i.e. the food patch
(figure 1d). On the day of testing, control sclerotia (N = 11)
and habituated sclerotia (N =13), chosen randomly, were
soaked in water and cut into several square samples (mean +
CI95, 13.98 £+ 0.42 mg, N = 460). Each sclerotium sample was
introduced into the centre of a circular arena (& 55 mm) contain-
ing a layer of agar gel (1% agar) to which we added NaCl
(100 mM, Arena S) or did not (Arena A). Thus we had again
four conditions (CA, CS, HA and HS, N =115 for each condi-
tion). Out of the 460 samples tested, only five failed to turn
into plasmodia (1 HS and 4 CS). To measure the exploration
rate of each plasmodium, we used custom software adapted
from the tracking method used in [26]. Our analysis consisted
in monitoring the evolution of the intensity of each pixel
within the arena as plasmodial movements translated into vari-
ations in pixel intensity. This method allowed us to assess
precisely the surface covered by the plasmodium over time. We
defined two variables that describe slime mould behaviour
while exploring the arena. First the time needed to explore a sur-
face of 10mm?® in the arena, which corresponds to the
appearance of the first pseudopod [22]. Second, since slime
moulds always display exponential growth during the first
hours of their exploration [26], we estimated the exponential
rate of exploration starting from the first pseudopod appearance.
High values of time to form the first pseudopod as well as
low values of expansion rate indicate that slime moulds were
avoiding contact with the arena surface.

(iii) Test for uptake of repellent

We tested if plasmodia accumulated a certain amount of repel-
lent throughout the sclerotization process. Soaked (N =21
habituated and N = 21 controls) and dry sclerotia (N = 20 habi-
tuated and N =20 controls) that had not been used for
habituation tests were used for sodium assays.

(iv) Test for recovery

During sclerotization, plasmodia were allowed to dry while the
repellent was still in the environment i.e. we used filter papers
moistened with salt water. Here, we tested if plasmodia could
recover from the habituation if we removed the repellent
during the transition from plasmodia to sclerotia. We trained
six large plasmodia to habituate to salt (HW) using the mass
habituation protocol while six plasmodia were used as controls
(C). Unlike before, circular samples (& = 23 mm) of habituated
plasmodia (N =72) were placed on filter papers moistened
only with water as the controls (N = 72). Once the sclerotization
was over, sclerotia were stored for a month before being tested
for recovery using the exploration test. On the day of testing, con-
trol sclerotia (N =11) and habituated sclerotia (N = 15) were
soaked in water and cut into several square samples (mean +
CI95, 13.76 + 0.37 mg, N = 400). Each sample was assigned to
one of four conditions (CA, CS, HA and HS, N =100 for each
condition). Only two samples out of 400 failed to turn into
viable plasmodia (N = 2 HS).

(v) Test for repellent extrusion

Before entering the sclerotium stage, the plasmodium moved on
the paper and left behind a thick mat of non-living, translucent,
extracellular slime [28] easily discernable on the paper. Hence,
once each plasmodium entered the sclerotium stage, we esti-
mated the sodium content of the explored filter papers (HW
N =239, C N=053). Regarding the sclerotia, we assessed the
sodium content in dry samples (unmodified sclerotia) (HW
N=19, C N=29) and in wet samples (soaked sclerotia) (HW
N=36,C N=31).

(d) Constrained absorption of repellent

In this last experiment, we investigated if habituation could be
induced by directly increasing sodium concentration within the
plasmodia using topic injections of NaCl. We cut eight large
plasmodia reared on oat gel into 20 circular samples (J
15 mm). On each sample, we placed either a 50 ul droplet of dis-
tilled water (control treatment) or a 50 wl droplet of a 100 mM
NaCl solution (habituation treatment) (figure 1le). After two
hours, the droplets were totally absorbed by the plasmodia
and we tested them for habituation with the exploration test
described above (CA, CS, HA and HS, N =40 for each con-
dition). All plasmodia survived the constrained absorption of
salt and distilled water.

(e) Statistical analyses
To present our results in the clearest and simplest way, we syn-
thesized each recorded variable with an aversion index as in [23]:

Cs; —
HI =
NZ s.d. (CA)‘

N HS, — HA
Nl 1 Sd(HA)

Using those indexes, we normalized each dependent variable
value corresponding to the treatments HS and CS by the mean
and the standard deviation of their respective controls HA and
CA. Values clearly above 0 indicate an aversion towards the repel-
lent, whereas values close to zero indicate habituation to the
repellent i.e. slime moulds react the same way to agar and salt.

All statistical analyses were conducted using R version
3.3.1. To compare HI and CI, we took into account the non-
independency of slime moulds originating from the same
sclerotium and/or plasmodium by running mixed models. We
also added day, experiment number and sclerotium weight
as random factors when needed. Statistical analyses were per-
formed both on index values and on raw values (see electronic
supplementary material for raw values). Both analyses gave
consistent outcomes.

3. Results

(@) Mass habituation

(i) Slime moulds habituate through mass habituation

In the first experiment, we verified that slime moulds have the
ability to habituate to a repellent using a ‘mass habituation’
protocol. On day 1, habituated and control plasmodia, facing
the repellent for the first time, showed a clear aversive behav-
iour, crossing the bridge slowly. This translated into high
aversion indexes (figure 24). On day 6, habituated and control
plasmodia were tested for habituation and were required to
cross an agar gel bridge containing the repellent. Control
plasmodia showed a strong aversive behaviour and a high
aversion index (figure 24). In contrast, habituated plasmodia,
encountering the repellent for the sixth time, showed no aver-
sive behaviour and an aversion index close to zero (glmm,
treatment: Wald X2: 8.80, p = 0.003; treatment x day: Wald
x*=253.11, p < 0.001).

(ii) Slime moulds absorb the repellent during habituation

Sodium assays indicated that habituated plasmodia con-
tained far more sodium than control plasmodia (glmm,
treatment: Wald XZZ 5049.63, p < 0.001; figure 2b). Interest-
ingly the amount of sodium taken up by habituated
plasmodia was negatively correlated with their aversion
index i.e. the higher the concentration of sodium within the
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Figure 2. Mass habituation and repellent uptake. (a) Mass habituation: slime moulds learn to ignore a repellent. Habituated plasmodia were reared on a salt oat gel every
day for 6 days while control plasmodia were fed on a standard oat gel. Habituated and control plasmodia were required to cross an agar gel bridge with (N = 200) or
without salt (N = 200) to reach a food source on day 1and on day 6 of the habituation. The aversion index is based on the time to reach the food. An aversion index close
to 0 indicates habituation while values clearly above 0 indicate an aversion to the repellent. (b) Percentage of sodium measured on the last day of habituation for the
control (N = 20) and the habituated plasmodia (V = 20). % sodium indicates: Na (mg)/plasmodia dry weight (mg) x 100. (c) Habituation performances as a function of
plasmodial sodium percentages. (d) Percentages of sodium measured after habituation and during recovery. Habituated (N = 25) and control plasmodia (V = 25) were fed
standard oat gel during recovery. % sodium indicates: Na (mg)/plasmodia wet weight (mg) x 100. Error bars indicate C195. (Online version in colour.)

plasmodia the less the aversive response (Fy95 = 33.93, p <
0.001, figure 2c).

(iii) Slime moulds extrude the repellent during recovery

As expected, during the recovery phase the sodium concen-
tration within the habituated plasmodia decreased greatly
but never reached the level of the control plasmodia
(glmm, treatment: Wald ,\/2 =716.12, p < 0.001; treatment x
day: Wald x* = 344.99, p < 0.001). This indicates that habitu-
ated plasmodia extruded most of the sodium absorbed
throughout the habituation training (figure 2d).

(b) Long-term habituation
(i) Slime moulds retain the habituation through their

dormant stage

Almost all plasmodia offered a plain agar gel bridge crossed
the bridge and reached the food patch within 24 h (95/98 and
98/100 for CA and HA respectively). In contrast, only half of
the control plasmodia (54/98 for CS) were able to cross the
salt bridge whereas habituated plasmodia did not experience
any difficulty (94/100 crossed the salt bridge for HS). This
indicates already that habituated plasmodia were less
troubled by the repellent than control plasmodia. Moreover,
as shown in figure 34, habituated plasmodia, encountering
the repellent again after the dormant phase, showed a
much lower aversion index than control plasmodia facing
the repellent for the first time (glmm, time to contact the
bridge: Wald > =776, p = 0.005; time to contact the food:
Wald x? = 33.39, p <0.001). We confirmed these results
using the exploration test. Habituated plasmodia emerging
from a dormant stage in a salt arena were quicker to explore
and expanded faster than control plasmodia (figure 3b;
glmm, first pseudopod: Wald x* = 14.71, p = 0.005; expan-
sion rate: Wald y* = 42.19, p < 0.001). These results indicate
that habituation persisted throughout the dormant stage.

(ii) Slime moulds kept the repellent during the dormant stage
Habituated sclerotia contained more sodium than control
sclerotia (glmm, treatment: Wald X2 =8.25, p = 0.004 and
Wald x* = 41.92, p < 0.001 for wet and dry sclerotia respect-
ively; figure 3c), indicating that habituated plasmodia kept a
certain amount of sodium throughout the sclerotization
process.

(iii) Slime moulds do not recover during the sclerotization

process
Habituated plasmodia that entered the dormant stage in an
environment without repellent (HW) still showed habituated
behaviour when they were revived and introduced into a
salt arena (figure 4a; glmm, first pseudopod: Wald x* = 5.50,
p = 0.019; expansion rate: Wald x*=23.96, p < 0.001).
During the sclerotization process, habituated plasmodia
(HW) extruded part of the repellent absorbed during the
habituation, as the filter papers explored by habituated plas-
modia contained more sodium than the ones explored by
controls (glmm, treatment: Wald Y*= 13091, p < 0.001;
figure 4b). However, habituated sclerotia (HW) formed
in an environment deprived of salt still contained
more sodium than control sclerotia (glmm, treatment: Wald
x*=11.01, p<0.001 and Wald x*>=21.54, p<0.001 for
wet and dry samples respectively; figure 4c,d), indicat-
ing that they retained part of the sodium accumulated
throughout habituation.

The sodium content was slightly lower in sclerotia formed
in an environment deprived of salt (HW) than in sclerotia
generated in a salt environment (H) (glmm, treatment:
Wald x*=1.92, p=0.164 and Wald x*=6.47, p=0.011
for wet and dry weight respectively; figure 3c,d and
figure 4c,d). These results indicate that habituated slime
moulds did not recover their initial state during the transition
from plasmodia to sclerotia, even when this process occurred
in a non-aversive environment.
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Na (mg)/sclerotia dry weight (mg) x 100. (Online version in colour.)

(c) Constrained absorption of repellent

A topic application of salt was able to mimic training to some
extent. All plasmodia placed in a salt arena were reluctant to
form the first pseudopod (figure 5; glmm, first pseudopod:
Wald )(2 =1.46, p=0.226). However, once the exploration
started, plasmodia that were constrained to absorb salt
water before the test expanded quicker than plasmodia that
had absorbed only water (figure 4; glmm, expansion rate
Wald x* = 12.79, p < 0.001)

4. Discussion

Here, we found that habituation to a repellent persisted through
the dormant stage in slime moulds. To our knowledge, this is the
first study to show long-term habituation in a non-neural organ-
ism. We also found that repellent uptake could be one of the
mechanisms underlying short- and long-term habituation in
slime moulds. Four main results support this hypothesis. First,
training slime moulds to habituate to a repellent led to an
increase in intracellular repellent concentration. Second, the
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Figure 4. Recovery and repellent extrusion. Plasmodia were trained following a mass habituation protocol and tumed into sclerotia in an environment without salt.
(a) Exploration test for recovery. Plasmodia reinitiated from habituated and control sclerotia were required to explore an arena with (N = 200) or without salt
(N = 200). The aversion indexes are based on the time to form the first pseudopod and the expansion rate. Aversion indexes close to 0 indicate habituation while
values clearly above 0 indicate an aversion to the repellent. (b) Percentage of sodium measured in paper explored by habituated (N = 39) and control plasmodia
(N = 53) while they were transiting from plasmodia to sclerotia. % sodium indicates: Na (mg)/paper dry weight (mg) x 100. (c) Percentages of sodium measured
in habituated (N = 19) and control soaked sclerotia (N = 20). % sodium indicates: Na (mg)/sclerotia dry weight (mg) x 100. (d) Percentages of sodium
measured in habituated (V = 36) and control dried sclerotia (V = 31). % sodium indicates: Na (mg)/sclerotia (mg wet weight) < 100. (Online version in colour.)

repellent absorbed during habituation was extruded during
recovery. Third, a certain amount of repellent absorbed during
habituation was stored throughout the dormant stage. Lastly,
we succeeded in inducing habituation in naive slime moulds
by constraining them to absorb a repellent.

(a) Short-term habituation and repellent uptake
Using a different protocol, named ‘mass habituation’, we

corroborated previous studies and showed short-term

habituation in slime moulds [22,23]. Slime moulds reared
with a salt diet for 6 days stopped showing any aversive
behaviour toward the salt. In previous training protocols,
slime moulds were in contact with the repellent intermittently
while in this new protocol slime moulds were continuously in
contact with the repellent. This last feature renders the training
more ecologically relevant as slime moulds are more likely to
experience an aversive substance uniformly scattered while
feeding. This protocol enabled high throughput training and
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habituation while values clearly above 0 indicate an aversion to the repellent.

we succeeded in achieving similar performances to a previous
protocol [23]. In addition, we did not observe any detrimental
effect of salt on slime mould survival. The other advantage of
this protocol is that we were able to train slime moulds while
running chemical assays since a single cell can be cut into
multiple viable cells. This allowed us to demonstrate that
slime moulds absorbed the salt throughout the training and
extruded it during recovery. The level of sodium measured
in control slime moulds was relatively low and in agreement
with previous measurements (0.008%—1.4mMkg ' wet
weight, 0.05%—9.3 mM kg~ ' dry weight [38], as water con-
tent of plasmodia is 85% [39]). In contrast, the level of
sodium measured in habituated slime moulds was 10 times
the level of the controls, confirming that slime moulds can
pick up sodium from the environment [36]. Thus, slime
moulds tolerated large variation in intracellular sodium
concentration without being impaired. To our surprise, intra-
cellular sodium concentration was positively correlated with
slime mould performance, supporting the role of sodium
uptake in habituation.

(b) Long-term habituation and repellent storage

We showed that information acquired during the training
could also be preserved through the dormant stage even
after one month. We also reinitiated sclerotia after 1 year
but did not include the data in this paper as most of the con-
trol slime moulds died (224 out of 267) while half of the
habituated ones survived (149 out of 288). This suggests a
link between sclerotium age and resistance to osmotic stress
[35]. On exploring a salt environment, habituated slime

moulds revived after one month showed some degree of [ 8 |

aversive behaviour but they were far less repelled by salt
than control slime moulds. Interestingly, the level of aversion
toward the salt in controls was lower for long-term habitu-
ation than for short-term habituation (figure 21 and
figure 3a). This might have been due to differences in their
physiological states. For short-term habituation tests, control
slime moulds were well fed, i.e. they were literally sitting on a
patch of food before having to cross the salt bridge. In con-
trast, for long-term habituation tests, slime moulds were
turn into sclerotia, a process that took one week under
starved condition, and then, they were revived after a one
month, placed on agar gel and faced with a salt bridge.
Hence, in these two experiments, the level of motivation
might have been different and might have affected the
slime moulds’ willingness to cross a salt bridge.

Again, we were able to correlate habituation with intra-
cellular sodium concentration. Habituated sclerotia had
higher sodium content than control ones. Interestingly,
during sclerotization habituated sclerotia extruded a large
amount of sodium accumulated throughout habituation.
This is not surprising as differentiation of plasmodium to
dormant sclerotium is characterized by a large change in
metabolism [32]. This result might indicate either that a low
level of repellent is sufficient to trigger and preserve the
memory of habituation or that the repellent is not the only
information supporting habituation. Internalizing a chemical
repellent to retain habituation might be an acceptable gambit
for the future since the chemical substances encountered
before sclerotization might still be there when the slime
mould is reinitiated.

(c) A simple mechanism
In a previous study [23], it was shown that slime moulds
habituated to salt could transfer this adaptive response by
cell fusion to naive individuals in less than 3 h. Here, we
showed that habituation can be induced in slime moulds in
only 2h by constrained absorption of the repellent. Slime
moulds forced to absorb salt for 2 h showed only a mild aver-
sion toward the salt while controls presented a pronounced
aversive behaviour. Taken together, all these results suggest
a key role of sodium uptake in the emergence and mainten-
ance of habituation. Sodium is known to decrease
migration rate in slime moulds [37] via a depolarization of
the membrane potential [40]. Sodium entry might counteract
this process by restoring membrane potential and allowing
migration. Using radioactive markers, past studies have
shown that slime moulds can pick up and retain sodium
within the cytoplasm [36]. Yet, we do not know if the entry
of sodium is an active or a passive process. In plants and
yeast, sodium is driven into the cell passively by the negative
electrical potential difference across the membrane resulting
from the difference between the concentrations of sodium
inside and outside the cell [41]. Sodium enters through trans-
port protein channels used to acquire potassium, as those
transporters do not discriminate between the two ions. Simi-
lar transporters have been described in the cellular slime
mould Dictyostelium discoideum [42] and might certainly
exist in P. polycephalum.

Sodium entry might allow habituation but migrating in a
salt environment could impose two major stresses on slime
moulds. First, water is drawn out of the cells through osmosis
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(osmotic stress), which might lead to desiccation. Second, in
plants and yeast, sodium competes with potassium for bind-
ing sites, leading to a decrease of the K*/Na™ ratio. This ionic
stress impairs cell functions as protein synthesis depends
strongly on potassium concentration and sodium might
damage DNA [41]. Plants and yeast have found active ways
to overcome this damage: cell volume regulation, sodium
extrusion, compartmentalization of sodium into vacuoles
and synthesis of osmoprotectants [41,43]. Our results have
shown that slime moulds were capable of releasing sodium
to recover and of storing sodium throughout the dormant
stage. We did not observe any cell volume changes and
further analysis is needed to investigate synthesis of
osmoprotectants.

(d) Beyond habituation to NaCl

In a previous study, slime moulds were trained to habituate to
different chemical substances: quinine or caffeine [22]. Thus,
we might wonder if the repellent were also absorbed and
kept within the cell. Salt can be passively absorbed by trans-
port proteins but what about quinine and caffeine? In plants,
alkaloids such as quinine and caffeine are easily taken up
and released but they can also be accumulated in large
amounts and stored inside vacuoles [44]. Alkaloid transport
is done via ATP-binding cassette (ABC) transporters, which
constitute a large, diverse and ubiquitous superfamily of
proteins found in a large range of organisms including slime
moulds [45]. Hence, it might be possible that repellent
uptake plays a key role in alkaloid habituation as well.
Quinine, caffeine and NaCl are all chemical stimuli but slime
moulds also respond to other types of stimuli such as light,
temperature gradients, humidity and gravity [32,34]. If habitu-
ation extends to all sensory modalities, it ought to rely on
different mechanisms. In animals, it has been shown that
behind the concept of habituation is a large range of cellular
mechanisms that are differentially activated by different
stimulus paradigms [31]. Similarly, habituation in slime
moulds could be encoded via different physiological, tran-
scriptional, morphological and/or biophysical processes,
depending on the type of stimulus used. We aim to address
this question in subsequent rounds of experimentation.
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