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Phototaxis, the directed motion in response to a light stimulus, is crucial for motile microorganisms
that rely on photosynthesis, such as the unicellular microalga Chlamydomonas reinhardtii. 1t is well
known that microalgae adapt to ambient light stimuli. On time scales of several dozen minutes,
when stimulated long enough, the response of the microalga evolves as if the light intensity were
decreasing [Mayer, Nature (1968)]. Here, we show experimentally that microalgae also have a short-
term memory, on the time scale of a couple of minutes, which is the opposite of adaptation. At
these short time scales, when stimulated consecutively, the response of C. reinhardtii evolves as if
the light intensity were increasing. Our experimental results are rationalized by the introduction of
a simplified model of phototaxis. Memory comes from the interplay between an internal biochemical
time scale and the time scale of the stimulus; as such, these memory effects are likely to be widespread

in phototactic microorganisms.

I. INTRODUCTION

Phototaxis, the directed motion of organisms in re-
sponse to a light stimulus, is widespread both in prokary-
otes and single-cell eukaryotes [1]. One of the cellu-
lar models for eukaryotic phototaxis is the microalga
Chlamydomonas reinhardtii, which responds to blue-
green light [2, 3]. When light hits the eyespot of the
microalga, it induces photocurrents, whose amplitude de-
pend on the light intensity. These photocurrents then in-
duce flagellar currents which change the beating pattern
of the flagella, leading to reorientation and eventually
phototaxis [3, 4].

At low light intensities, wild-type C. reinhardtii cells
swim towards the light, while they swim away from the
light at high light intensities. This corresponds to posi-
tive and negative phototaxis, respectively [5]. What sets
the change in phototactic behavior? The answer to this
question is not fully settled [3].

Several biochemical parameters were found to affect
the sign of phototaxis of C. reinhardtii, such as the
amount of calcium ions in the surrounding medium [6-
9], photosynthetic activity of the microalgae [10, 11], the
amount of intracellular reactive oxygen species [12, 13],
or the phosphorylation of channelrhodopsin-1, one of the
photoreceptors of C. reinhardtii [14].

It is also known that the history of the alga plays a role
in its phototactic response: like many unicellular organ-
isms [15-18], C. reinhardtii adapt to their environment.
When stimulated repeatedly with the same stimulus at
low light intensities, C. reinhardtii exhibits a positive
phototactic behavior which is less and less pronounced.
Such an acclimation occurs with a characteristic time
scale of =~ 30 s, similar to the time scale of adaptation of
the photosynthetic apparatus [11]. Repeated stimuli can
also lead to changes in the phototactic sign of a popula-
tion. A naive cell population, kept in the dark, exhibits
negative phototaxis in response to an intense light stim-
ulus; the same cell population, exposed to the same in-

tense light stimulus, undergoes positive phototaxis when
it has been previously exposed to light for a couple dozens
minutes [19]. This qualitative change in the phototactic
behavior of a population depending on the history of ir-
radiation is consistent with results obtained at the single-
cell level by Riiffer and Nultsch [4], who monitored the
change in beating of the two flagella of C. reinhardtii in
response to increasing and decreasing light-stimuli. Such
a history-dependent change in the phototactic response
occurs on long time scales, of the order of a couple dozen
minutes.

Here, we show experimentally that the change in pho-
totactic sign also depends on the recent history of the cell,
where the time scale is of the order of a couple minutes.
At these time scales, the algae exhibit a behavior that
is the exact opposite of the long-term adaptation: they
integrate consecutive signals over time. When subjected
to two consecutive, closely spaced identical stimuli, an
alga essentially adds up the second stimulus to the first
one, and acts as if the second stimulus were of higher
intensity than the first one. Such a signal integration
has, to the best of our knowledge, never been observed
in the phototactic response of microalgae. Our results
are rationalized by the introduction of a simplified model
of phototaxis. The memory emerges in the model from
the interplay between two time scales, the time between
successive stimuli and the relaxation time of an inner
biochemical process. Since the model is generic, similar
short-term memory effects are likely to be widespread in
other organisms that experience phototaxis.

II. METHODS
A. Culture preparation

C. reinhardtii strain CC-125 (Chlamydomonas Re-
source Center, University of Minnesota, MN, USA)
were cultured on a solid medium prepared with Tris-



Acetate-Phosphate (Gibco™ TAP, ThermoFischer Scien-
tific, France) and agar every 4 weeks, to keep the strain
motile, responsive to light and prevent as much as possi-
ble the cells from sticking to the walls of the devices. For
experiments, colonies of C. reinhardtii were picked from
solid cultures and recultured in liquid TAP. The cultures
were placed in an agitating incubator at 176 rpm, un-
der a day/light cycle of 14h/10h with an illuminance of
40 pmol - m~2 - s~ ! and at a fixed temperature of 22°C.
The cells reached maximum motile cell density within 3
days [20], after which a solution of swimming C. rein-
hardtii was obtained.

It is known that the phototactic response of microal-
gae may be regulated by its inner biological circadian
clock through the day [21]. For experiments, the culture
was systematically taken 4 hours after the beginning of
the “day”, and underwent three centrifugation steps to
concentrate the algal solution and get rid of low-motility
algae, dead algae, and cellular debris. Algae were then
left to rest for one hour in the dark before the beginning
of an experiment, ensuring all algae were motile, swim-
ming at an average speed ~ 60 um -s~!. A detailed
protocol can be found in the Supplementary Material.

B. Experimental setup

An array of shallow cylindrical wells was made in poly-
dimethylsiloxane (PDMS, Dow-Corning Sylgard 184), us-
ing standard soft lithography techniques [22]. The wells
had a depth of 32 pm and diameters ranging from 200 pm
to 500 pm. The PDMS was rendered hydrophilic by
plasma cleaning. Then, a drop of ~ 10 upL of the al-
gal solution was deposited onto the PDMS. The device
was closed with a plasma-activated glass slide by apply-
ing gentle pressure.

The trapped algae were observed under a Nikon TI
microscope, using a 4X objective. Images were recorded
at 10 fps with a CMOS camera (Hamamatsu ORCA-
Flash4.0 LT, Hamamatsu Photonics, France). A long-
pass red filter with a 645 nm cut-on wavelength (New-
port RG645) was placed between the microscope’s light
source and the microwells to monitor the algae’s behav-
ior without triggering a phototactic response [23, 24]. A
3 mm blue LED with a peak intensity at A = 486 nm
and a full width at half maximum =~ 29 nm (Planete
Leds, France) was placed on the microscope’s plate, ap-
proximately 2 cm away from the microfluidic chip, on the
same plane, to stimulate the algae, see Fig. 1a. The blue
light intensity was tuned by varying the voltage applied
to the LED. In between recordings, algae were kept in
the dark.

The average density of algae in the wells was controlled
by adjusting the concentration of the solution of algae.
At the beginning of the experiments, before applying any
light stimulus, the algae swam randomly and were dis-
tributed homogeneously in the wells. The algae were
identified by binarizing the images (see Supp. Fig. 1),
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FIG. 1. Experimental setup. (a) Schematic drawing of a
PDMS chip with shallow cylindrical wells of varying diame-
ters. The algal solution is deposited in the wells, which are
then sealed with a glass slide. The chip is exposed to blue
light from the side. (b) Bright-field microscopy image of an
array of 23 cylindrical wells of different diameters and identi-
cal algae concentrations. Cell bodies are visible as black dots
inside the wells.

and the total area they occupied in each well was cal-
culated. This area was renormalized by the well area,
leading to the definition of the projected area fraction ¢,
which was used as a proxy for the algae concentration.
The relative error on the projected area fraction ¢ was
estimated to be of the order of 10% (see Supp. Fig. 2),
mainly because of variations in the thresholding outcome
from image to image. We verified that, at cell densities
used in the article, the projected area fraction ¢ was a
good proxy for the cell concentration, see Supp. Fig. 2.
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FIG. 2. Different phototactic behaviors of C. reinhardtii enclosed in a well. The blue light stimulus comes from the upper side
of the wells and is turned on at ¢ = 30 s. (a) When exposed to a low intensity I = 0.1 umol-m~2-s ', the algae show positive
phototaxis. (b) At intermediate intensities I = 1.78 pmol - m~2.s7! the algae show first positive phototaxis, then negative
phototaxis. (c) At a high intensity I = 36 pmol - m~2 - s™! the algae show negative phototaxis. The center of mass of the

population is represented with a red arrow pointing from the center of the well.

C. Measuring the local light intensity

To estimate the flux of photons reaching the algae, we
proceeded in two steps. First, before the start of an ex-
periment, an image of the wells was taken using the blue
LED as the sole source of light. The gray value levels
recorded by the camera could then be converted to a flux
of photons reaching the camera. This corresponds to the
blue light scattered by the PDMS, as the LED is on a
perpendicular axis compared to the optical axis of the
microscope. In a second step, we related this scattered
light to the photon flux reaching the algae using a cal-
ibration curve, see Supp. Fig. 3. The detailed protocol
can be found in the Supplementary Material.

III. RESULTS
A. First experimental results

The experiments consist in exposing a population of
C. reinhardtii to a directional source of light. When a
population of microalgae is exposed to a light intensity
lower than Ijoy, ~ 1.0 gmol - m~2 -s7!, the algae system-
atically exhibit positive phototaxis and swim towards the
light source. Within 5 to 8 seconds of stimulation, most
of the algae have accumulated at the boundary facing
the light, see snapshots in Fig. 2a. The algae remain ac-
cumulated at the boundary during at least one minute,
time after which the imaging is stopped. When the light
intensity is higher than Inin ~ 8.6 pmol - m~2 . s,
the algae always exhibit negative phototaxis and accu-
mulate at the boundary opposing the light source, see
snapshots in Fig. 2c. These results are well known in
the literature although the precise value of the thresh-
old intensities varies from experiment to experiment, see
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FIG. 3. The diameter of the well d. does not influence the phototactic behavior of the algae. The light stimulus is turned on at

t = 30 s and the position of the center of mass zcm is tracked over time. (a) When exposed to an intensity I = 0.38 pmol-m™2.s71,
the algae show positive phototaxis. (b) At intermediate intensities I = 2.4 pmol - m™

1

2.57!, the algae show first positive

phototaxis, then negative phototaxis. (¢) At a high intensity I = 28 pmol- m~2.s71, the algae show negative phototaxis. Each

curve is an average over 4 to 7 experiments.

e.g. [25, 26].

In between these two light intensities, there is a transi-
tion regime, where the phototactic behavior is hard to
reproduce, despite keeping all experimental parameters
identical: the microalgae sometimes exhibit a transient
positive phototaxis followed by a negative phototaxis (see
Fig. 2b), but can also display purely positive phototaxis,
or purely negative phototaxis (see later in text). The
aim of our work is to better understand the parameters
responsible for this variety of algal behaviors in the tran-
sition regime. We investigate the effects of well diameter,
algae concentration, light intensity, and finally history of
the algae, on the phototactic behavior.

B. Quantification of the phototactic behavior

To quantify the phototactic behavior of a microalgae
population constrained in its well, we binarize the exper-
imental images using a simple Otsu threshold on pixel
intensities [27]. This leads to images where the algae are
white, on a black background (see Supp. Fig. 1). In
each image, we then calculate the center of mass z., of
the white pixels, corresponding to the center of mass of
the population. The position of the center of mass is
tracked over time, and eventually normalized to the ra-
dius of the well. A value of the center of mass z¢y, = 1
(resp. zem = —1) corresponds to all algae accumulating
at the boundary of the well facing (resp. opposite from)
the light.

In one experimental run, the phototactic response of
15 — 30 wells containing microalgae is quantified. The
field of view contains wells with at least 3 different di-
ameters, and there are at least 4 wells of each diameter,
see Fig. 1b. We start with an experiment where the algae
are at the same concentration in all wells, and do not find
any impact of the well diameter on the phototactic sign

of populations of C. reinhardtii: for all diameters, in one
given experiment, the algae exhibit the same behavior, as
shown by the evolution of the center of mass of the pop-
ulation, see Fig. 3. Note that the center of mass never
reaches £1. This is mainly due to a fraction of the algae
not responding to light, (see Supp. Fig. 4 and 5). Rescal-
ing the center of mass by the fraction of non-responding
algae leads to qualitatively similar results, with rescaled
centers of mass that reach positions closer to +1, see
Supp. Fig. 6. A second-order effect is that algae take
space, and so the center of mass of the population can
never reach £1.

The time scales of accumulation were estimated us-
ing a systematic method detailed in the Supplementary
Material. Positive phototaxis leads to an accumulation
on the side of the light source within t,0s ~ 6.1 +2.3 s
(mean =+ std. deviation over all experiments) after the
stimulus is turned on. The time scale for negative pho-
totaxis is slightly longer: t,., ~ 8.0 £ 1.3 s. In the
case where there is a back-and-forth between positive
and negative phototaxis, the first accumulation occurs
within ¢,0s &~ 4.8 £ 1.7 s while the second accumulation
is within t,es ~ 28.9 4.8 s. Note that during one ex-
perimental run, the time scale of accumulation depends
on the well diameter, with differences of a couple seconds
between the smallest and largest wells, corresponding to
the time needed to swim to a closer or further bound-
ary. Over multiple experimental runs however, the vari-
ability due to the different diameters is blurred by the
inter-experimental variability. In all cases, we have that
negative phototaxis occurs on a time scale longer than
positive phototaxis.
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FIG. 4. The concentration ¢ of algae in the well does not influence the phototactic behavior. The light stimulus is turned on at

t = 30 s and the position of the center of mass zem is tracked over time. (a) When exposed to an intensity I = 1.18 ymol-m~2.s™*,
the algae show positive phototaxis (b) At intermediate intensities I = 1.38 pmol - m™

1

2.57! the algae show first positive

phototaxis, then negative phototaxis. (c) At a high intensity I = 17.6 pmol - m~2 - s~ !, the algae show negative phototaxis.

C. Effect of cell concentration

It is known that the cell density plays a role in the re-
sponse of C. reinhardtii to light stimuli, and that increas-
ing the cell density leads to an overall more directional
phototactic response [28, 29]. It is also known that algae
can shield other algae from light, due to light absorption
by the cell body [30]. One possibility for the alternating
phototactic behavior would then be to invoke screening
of the light by the algae. We would expect that at high
algae concentration, the algae closest to the light source
screen the light intensity, so that the algae further away
from the light source see a dimmer light. This could re-
sult in a seemingly biphasic behavior, with, at high light
intensities, algae close to the light source showing neg-
ative phototaxis, and algae further away from the light
source exhibiting positive phototaxis.

To test this hypothesis, we enclosed microalgae at con-
centrations ¢ = 0.008 to ¢ = 0.6 in the microwells, and
monitored the evolution of their center of mass. The con-
centration ¢ is defined as the surface fraction of algae in
a microwell, see Methods. For ¢ > 0.5, the well is es-
sentially packed with algae, which impedes their motion
and so leads to the center of mass not moving even dur-
ing the light stimulus, see Supp. Fig. 7. For ¢ < 0.5,
we do not see any effect of the concentration on the sign
of phototaxis: the phototactic behavior depends solely
on the light intensity, see Fig. 4. Furthermore, there is
an effect of concentration on the position of the center
of mass z.,: when the concentration is higher, the algae
take more space and the center of mass of the population
gets closer to the center of the well, see Fig. 4a and c.

The experiments were reproduced over a range of light
intensities and algae concentrations, in more than 500
wells. In each well, the behavior was quantified as pos-
itive phototaxis, negative phototaxis, or back-and-forth.
The resulting phase diagram of phototactic behavior as a
function of light intensity and algae concentration shows

that below a light intensity liow ~ 1.0 gmol - m=2-s7!,

the algae always exhibit positive phototaxis, indepen-
dent of their concentration, see Fig. 5. Likewise, above
Ihigh ~ 8.6 pmol - m~2 - s7!, we always observe neg-
ative phototaxis, independent of the algae concentra-
tion. Between Ijow and Ipigh, there is no clear influence
of the light intensity on the phototactic behavior. In
this transition regime, for light intensities smaller than
~ 3 umol-m~2-s~!, the phototactic sign does not depend
on the algae concentration. At light intensities higher
than ~ 3 pgmol - m~2 - s~!, there could be a shielding
effect of the algae on the phototactic sign, see Fig. 5.
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FIG. 5. Phase diagram for the phototactic behavior of 525

populations of algae, as a function of light intensity and algae
concentration.



D. Effect of history

We finally investigated the effect of history on the be-
havior of the algae. To do so, a population of algae was
kept in the dark for one hour and then exposed to a
given light stimulus during 90 seconds. The light was
then turned off during 90 seconds, after which the ex-
act same stimulus was re-applied. Algae were kept in
the dark during all pauses. At low light intensities, the
qualitative behavior of algae does not change between the
two stimuli: the algae always exhibit positive phototaxis,
see the first two graphs in Fig. 6a. At high light intensi-
ties, the algae always exhibit negative phototaxis, see the
first two graphs in Fig. 6¢. At intermediate light intensi-
ties however, the behavior of the algae changes between
the two stimuli: in the first stimulus, the algae exhibit a
back-and-forth motion, first towards the light and then
away from it. During the second stimulus, the algae show
negative phototaxis, see the first two graphs in Fig. 6b.

To understand whether the change in behavior was
permanent, the algae were allowed to rest in the dark for
30 minutes after the end of the second stimulus. Then,
the same protocol was followed: a third stimulus, of the
same intensity as the two previous ones, was applied. Af-
ter 90 seconds in the dark, the algae were restimulated
with a fourth, identical stimulus. In the case of low and
high light intensity, the qualitative response of the algae
was the same for the third and fourth stimuli as for the
two first ones, see the last two graphs in Fig. 6a,c. At
intermediate light intensities, the algae showed positive
phototaxis during the third stimulus, and then qualita-
tively changed their behavior during the fourth stimulus
to exhibit slightly negative phototaxis, see the last two
graphs in Fig. 6b. This last response to light, averaged
over 31 wells, is quite subtle. Indeed, after several stim-
uli, most of the algae stick to the wells, a likely effect of
light stimulation [31, 32]. These stuck algae move very
slowly by gliding [33], see Supp. Fig. 8. The center of
mass of the population then largely reflects the position
of the stuck algae. The motile algae however do exhibit
negative phototaxis, see Supp. Fig. 8.

We also tested resting times of 5, 10 and 20 minutes
between consecutive stimuli. No qualitative change of
the phototactic behavior could be observed, see Supp.
Fig. 9 and 10. The change in behavior after 90 seconds
was however systematic, see Supp. Fig. 10.

Note that the quantitative response of the algae, as
measured by the position of the center of mass z.y,, differs
between the four stimuli — even in the case of low and high
light intensities. For example, at low light intensities
(positive phototaxis), the shift in the center of mass is
identical for stimuli 1 and 2. The shift is less pronounced
for stimuli 3 and 4, see Fig. 6a. In contrast, in the case
of negative phototaxis, the shift of the center of mass is
identical for stimuli 1 and 3, as well as for stimuli 2 and
4, see Fig. 6¢: there, resting in the dark for 30 minutes
seems to reset the phototactic behavior.

What is important in our case however is the quali-

tative response: the algae can change phototactic sign
at intermediate light intensities due to the stimuli they
previously experienced. The change in behavior is not
an adaptive response, which would make the algae show
first negative phototaxis, then positive phototaxis in re-
sponse to the same stimulus. It rather corresponds to
an integration of the signal over time. This effect ex-
plains the variety of behaviors observed in the transition
regime between positive and negative phototaxis. One
cannot predict the phototactic response of an alga with-
out knowing its history.

IV. MODEL

We now propose a simplified model to describe our ex-
perimental observations. We call I the light intensity
within a well, and S an intracellular biochemical species
responsible for the sign of phototaxis. The total concen-
tration of S is conserved and is called sio;. This species
exists in two states: active (with concentration s*) and
inactive (with concentration s), such that s* 4+ s = sgot.

We assume the transition from inactive to active state
depends on the light intensity Iy, while the reverse tran-

sition occurs at a constant rate 771:

ds* _
e YIo(Stot — ) — T Lg*, (1)

where v is the reaction rate at which s is converted into
s*. When the concentration of active molecules s* is large
(resp. small), the algae undergo negative (resp. positive)
phototaxis, which can be summarized as:

dz

i —sign(s* — st)vo, (2)

where z is the position of an alga, sp is the threshold
concentration at which cells transition from positive to
negative phototaxis, and vy is the characteristic speed
of the alga. Equations (1) and (2) constitute a minimal
model of phototaxis.

The model successfully reproduces the three behaviors
observed experimentally. Without loss of generality, we
normalize the concentration of S so that sio; = 1. The
amount of activated species s* over time can be obtained
from Eq. (1) (see Supp. Mat.), which enables to de-
termine when the modelled cell undergoes positive pho-
totaxis, back-and-forth motion, or negative phototaxis.
We assume a cell is stimulated for 90 s at an intensity
Iy, as in the experiments. Positive phototactic behav-
ior is obtained when s* < s during the entire stimulus.
In the experiments, negative phototaxis occurs in a time
theg = 10 s; in the simulations, this corresponds to s*
getting larger than sr in a time ¢ < ¢, = 10 s. In be-
tween these two conditions, we obtain a back-and-forth
behavior. The obtained phototactic response is summa-
rized as a function of the threshold s7 and the value
of vIy in Fig. 7a, assuming a characteristic deactivation
time 7 = 300 s, consistent with the experiments. Varying
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FIG. 6. Memory effects on the phototactic response of algae. The light stimulus is turned on at ¢ = 30 s and the position of
the center of mass zcm is tracked over time. Four consecutive experiments are performed with varying rest times, where the
light is turned off in between. There is a 90 s pause between Exp. 1 and Exp. 2, then a 30 min pause between Exp. 2 and
Exp. 3 and finally a 90 s pause between Exp. 3 and Exp. 4. (a) When exposed to a low intensity I = 0.06 gymol - m™2 - s~ 1,
the algae show positive phototaxis in all experiments. The center of mass is averaged over 24 experiments. (b) At intermediate
intensities I = 1.86 pmol - m~2 - s ', the algae show different phototactic behaviors in each experiment. The center of mass
is averaged over 31 experiments. (c) At a high intensity I = 28 pmol - m™2 - s™!, the algae show negative phototaxis in all
experiments. The center of mass is averaged over 18 experiments. Each orange line represents the center of mass zem of one
experiment. The dark red solid line represents the average zcm for the set of experiments, and the shaded area in red gives the

standard deviation around the mean.

the value of 7 or t,e; does not change the phase space tion of the alga z is then renormalized by this radius

qualitatively. to obtain a number between -1 and 1. The light in-
. . . . tensities are expressed, as in the experiment, as a flux

In the remaining part of this stuc.ly, alll 81mu.lat10nS pa- of photons in gmol - m~2 - s~1. We choose 7 = 300 s,
rameters are fixed except for the light intensity I,. We v = 2x 1073 m2 - pmol™!, sp = 0.1, s = 1 and

place the algae in a well of radius 500 pym. The posi-
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FIG. 7. (a) Phase diagram of phototactic behavior as a func-
tion of the model parameters vIy (activation rate of s), and
the threshold sr. The black star shows where the param-
eters st and ~ are taken, ensuring a back-and-forth mo-
tion at Iy = 2 pumol - m~2 - s™! given the value of v =
2 x 107 m? - ymol™* used in the simulations. (b) Simula-
tion results for three different light intensities Iy. We recover
positive phototaxis at Iy = 0.2 pmol - m~2 - s™', back-and-
forth motion at Iy = 2 pmol - m~2 - s™!, and negative photo-
taxis at Jo = 20 pmol - m~2 - s~!. Other simulation parame-
ters: s = 0.1, Stor = 1, vo = 100 pm - s_l7 7 = 300 s and
vy =2x10"3m? . ymol .

vg = 100 pm - s~'. The value of 7 is chosen to en-
sure that the minimal phototactic response occurs for
Iy = 0.02 pmol - m~2 - s71, as in the experiments (also
see the Supplementary Material). At this value of Iy,
we assume that only one molecule of S is activated per
second [26]. This determines . The choice of v then de-
fines the choice of s7, to obtain a back-and-forth motion
at Iy = 2 pmol - m~2 . 57!, consistent with the experi-
mental data. Initially, the algae are naive (s* = 0) and
z=0.

At low light intensities (Ip = 0.2 pmol - m=2 - s71),
the amount of activated chemical species s* is lower
than the threshold sy, and the resulting behavior is
purely positive phototaxis. At intermediate light intensi-
ties (Ip = 2 pmol - m~2 - s~ 1), the usage rate vIy and

relaxation rate 7—! are such that the threshold sp is
crossed after ~ 30 s. Finally, at high light intensities
(I = 20 pmol - m~2 - s71), all molecules are instantly
converted to an active state, and cannot relax back, re-
sulting in negative phototaxis, see Fig. 7b. Note that,
at high light intensities, the simulations show an initial
small positive phototactic effect; this is similar to what is
observed in experiments, see Fig. 6¢, and was previously
reported in [31].

Apart from the qualitative agreement between the dif-
ferent phototactic behaviours, the model also reproduces
well the different experimental time scales. Positive pho-
totaxis leads to accumulation within ¢, = 5 s, which
depends solely on the swimming speed of the alga. Accu-
mulation due to negative phototaxis occurs on a longer
time scale, theg = 9 s, due to the initial small positive
phototactic effect. The back-and-forth motion leads to
accumulation within ~ 32 s, a consequence of the addi-
tion of three time scales: the time to swim to z = 1, the
time to produce enough activated species to overcome the
threshold sp, and the time to eventually swim to z = —1.

We now simulate the application of successive stim-
uli of 90 s, as in the experiments. Between two stimuli,
the alga position z is reset to 0. Indeed, in the experi-
ments, the algae repopulate homogeneously the well after
one minute without light stimulus, and so the center of
mass of the population goes back to 0 before the next
experiment. At low (I = 0.2 pmol - m~2 - s~ 1) and
high (Ip = 20 pmol - m~2 - s71) light intensities, apply-
ing the same stimulus multiple times does not change the
phototactic behavior, independently of the time between
stimuli, see Fig. 8a,c.

At intermediate light intensity (Ip = 2 pmol-m~2-s71),
we find that the phototactic behavior depends on the
number of stimuli applied, their duration, and on the
timing between stimuli. At the beginning of the first sim-
ulation, algae are in their naive state. When the stimulus
is applied, the number of active molecules increases but is
initially lower than the threshold s7, which leads to pos-
itive phototaxis. When the amount of active molecules
increases above the threshold value s, the phototactic
behavior reverts during the experiment, and leads to the
overall back-and-forth behavior. The light is then turned
off for a duration ¢ = 90 s. After this rest time, the
amount of active molecules has decayed but is still above
sT, so that when the algae are restimulated, they display
purely negative phototaxis. We then remove the light
stimulus for 30 min, allowing almost all active molecules
to revert back to their inactive state. When the light is
switched back on during the third experiment, the algae
exhibit the back-and-forth motion: positive phototaxis
at the beginning of the experiment, negative phototaxis
once the threshold amount of active molecules is reached.
Finally, the light is turned off once more for a duration
t = 90 s. After this rest time, the amount of active
molecules is still above s, and the algae display purely
negative phototaxis in the last simulation. Simulations
results can be seen in Fig. 8b, where the pause times



are illustrated with gray-shaded areas. The time evolu-
tion of s* for all simulated experiments is shown in Supp.
Fig. 11. The phase diagram showing the phototactic be-
havior of algae after two consecutive stimuli of intensity
Iy and spaced by a time t,,usc can be found in Supp.
Fig. 12.

A prediction of the model is that algae can switch
behavior successively from positive phototaxis, to back-
and-forth, to negative phototaxis before reverting back to
positive phototaxis. Such is the case for three consecutive
stimuli of Iy = 0.65 ymol-m~2-s~! spaced by 90 s and a
pause of 30 min before the fourth stimulus, see Fig. 8d.
This switch through all phototactic behaviors requires a
precise tuning of both the light intensity and the waiting
times, which is experimentally tedious. We were however
able to experimentally observe the switch from positive
to back-and-forth behavior and from back-and-forth to
negative behavior, see Supp. Fig. 13.

V. DISCUSSION

We have shown experimentally that the change in pho-
totactic behavior of C. reinhardtii can be due to its recent
history of illumination. When exposed to two closely
spaced, identical stimuli, the algae act as if they were
time-integrating the stimuli. This is visible when the
stimulus is close to that delimiting positive and negative
phototaxis. Then, the algae show two different behaviors
in response to the two consecutive stimuli: first a back-
and-forth response, then a negative phototaxis. When
the stimuli are sufficiently spaced apart, the algae have
had time to relax to a basal state, and show the same
qualitative response to the two stimuli, see Fig. 6. In our
experiments, we find this time of complete relaxation to
be of order 5 minutes.

A simplified model of phototaxis explains this memory
effect by the introduction of a time-scale of relaxation
in the inner biochemistry of the cell. When the time-
scale of relaxation is larger than the time between two
consecutive stimuli, the alga integrates the signal and
can display different behaviors in response to the two
identical stimuli, see Fig. 8 and Supp. Fig. 11. The time
needed to return to the basal state should be of order 7,
which underlies our choice of 7 = 5 min for the relaxation
time constant.

What could be the biochemical species corresponding
to the intracellular species S introduced in the model?
It is very likely that our simplified model compounds
the dynamics of multiple biochemical species, activated
sequentially in a signalling cascade. In C. reinhardtii,
the photoreceptors localized in the eyespot whose activa-
tion triggers phototaxis are channelrhodopsins, that be-
come phosphorylated within milliseconds after the ap-
plication of a light stimulus. A high level of phos-
phorylated channelrhodopsin-1 (ChR1) in the cell cor-
relates with a change from positive to negative photo-
taxis [14], much like a high level of activated S corre-

sponds to negative phototaxis in our model. Moreover,
the time scale of dephosphorylation of ChR1 in C. rein-
hardtii has been shown to be of the order of ~ 5 to
15 minutes [14], which is compatible with our value of
7 = 5 min. A possibility is therefore to identify S with
ChR1. Note that a second channelrhodospin, ChR2, is
involved in sensing light at low intensities [23], which
is not considered in our model. Another possibility is
to think of the production of reactive oxygen species
(ROS), which are produced in excess when the cell re-
ceives more light energy than it can use for photosyn-
thesis [13]. ROS can harm the photosynthetic apparatus
through photo-oxidative damage [13, 34-36], and their
concentration influences the sign of phototaxis [12, 37].
C. reinhardtii employs various regulatory and protective
mechanisms to reduce photo-oxidative damage [9, 34],
with different time scales [13]. One of the mechanisms,
zeaxanthin-dependent non-photochemical quenching of
excited chlorophyll, has a time scale of several minutes,
which could be compatible with our observations [38].

A more physical model of phototaxis was recently in-
troduced by Leptos et al. to describe the response of C.
reinhardtii to light [39]. In their model, Leptos et al. take
into account the rotation of the microalga around its axis
while swimming, and the resulting oscillating light inten-
sity seen by the eyespot. The consecutive step-up and
step-down stimuli sensed by the eyespot during one body
rotation lead to a realignment of the trajectory towards
the light source. Our model averages out the body rota-
tion of the microalgae and describes the behavior of the
microorganism at a more coarse-grained time-scale. An-
other difference is that the model of Leptos et al. does not
take into account the fact that phototaxis changes sign
when the light intensity increases. This change of photo-
tactic behavior requires the introduction of a threshold
value in the model, below (resp. above) which photo-
taxis is positive (resp. negative). Such a threshold is
incorporated in our simplified model.

Note that the threshold in the model, introduced as
a simple means to obtain a change in behavior between
positive and negative phototaxis at different light inten-
sities, leads to the back-and-forth behavior at intermedi-
ate light intensities. The existence of this threshold also
enables to explain why the time scale of negative photo-
taxis is longer than that of positive phototaxis. Negative
phototaxis occurs when the amount of active species s*
overcomes a threshold sr; this takes time, during which
the alga exhibits positive phototaxis. Only when s* > sp
do the algae show negative phototaxis, and accumulate
at one boundary of the well. The small initial positive
phototactic response predicted by the model is in agree-
ment with our experimental data and with recent data
reported in [31]. The model is also qualitatively compat-
ible with the history-dependent trajectories of C. rein-
hardtii reported in [11]. There, the authors report a
diaphototactic behavior of C. reinhardtii which cannot
be reproduced by a simple switch from positive to nega-
tive phototaxis at a threshold light intensity. Simulating
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FIG. 8. Simulation results for four consecutive experiments performed at a constant light intensity Io, with different rest times
in between. Each experiment lasts for 90 s. Rest times are shown in shaded gray areas. (fpause,q1 = 90 S, tpause,2 = 30 min
and tpause,s = 90 s for (a), (b) and (c)). (a) When exposed to a low light intensity I = 0.2 ymol - m~2 - s71, the alga always
displays positive phototaxis. (b) At intermediate intensities I = 2 pmol - m~2 .57 !, the alga varies its phototactic behavior
between each experiment. In the first experiment, the alga shows a back-and-forth motion. In the second, the alga shows only
negative phototaxis. In the third experiment, the alga displays a back-and-forth motion again. Finally, in the last experiment,
the behavior is negative phototaxis. (c) At a high intensity Ip = 20 pmol-m~2-s™ !, the alga always shows negative phototaxis.
(d) At low to intermediate intensities Ip = 0.65 pmol - m~2.s7! and with adjusted pause times (tpause,1 = 90 8, tpause,2 = 90
s and tpause,3 = 30 min) it is possible to successively go through positive phototaxis in the first experiment, back-and-forth
motion in the second, negative phototaxis in the third and then revert back to positive phototaxis in the last experiment. Other

simulation parameters: st = 0.1, Stot = 1, vo = 100 pum - sfl, 7=300s and v =2 X 1073 m? ~,um0171.

trajectories of microalgae whose phototactic behavior de-
pends on their history of illumination enables to recover a
looping trajectory around a gaussian light source, quali-
tatively similar to that reported in [11], see Supp. Fig. 14.
Further simulations and experiments are needed to ob-
tain quantitative results and confirm the adequation of
our model with the trajectories in [11].

The model also predicts that it is possible to switch the
phototactic behavior of algae from positive phototaxis to
back-and-forth to negative phototaxis, using three con-
secutive identical stimuli, by adjusting the waiting times
between the stimuli and choosing carefully the stimulus
intensity, see Fig. 8d and Supp. Fig. 11d. We were not
able to find the experimental conditions corresponding
to this theoretical prediction, but did experimentally ob-
serve the switch from back-and-forth to negative photo-
taxis, and from positive phototaxis to back-and-forth in

a couple experiments, see Supp. Fig. 13.

While the model successfully reproduces the phototac-
tic behavior and the time scales at play, it fails to repro-
duce two experimental observations. First, in a couple
experiments, multiple consecutive back-and-forth of the
center of mass were observed at intermediate intensities,
see Supp. Fig. 15. Second, in experiments with con-
secutive stimuli at intermediate light intensities, algae in
the third experiment (after a waiting time of 30 minutes)
display positive phototaxis instead of the expected back-
and-forth behavior observed during the first experiment,
see Fig. 6b and Supp. Fig. 13. Both behaviors can be
obtained in the model by supposing that the threshold
st increases with the time spent under a light stimu-
lus, and so depends on the history of the microorganism.
Such an increasing threshold would also enable to re-
cover the traditional adaptative behavior at longer time



scales [19]. This implies having a third equation describ-
ing the time-evolution of sp, thus introducing another
time constant into the problem. Such a model would still
be an over-simplification of the biological reality, where
multiple pathways are activated in parallel, and different
types of photoreceptors are activated in response to light
and participate in phototaxis; for example, the existence
of DYBLUP/MOTY7, a dynein-associated photoreceptor
was recently exhibited. DYBLUP prevents phototactic
adaptation of algae subjected to intense blue light [40],
an adaptation that otherwise occurs in mutants lacking
MOT7 with a time scale of &~ 30 minutes. This type of
detailed modelling is out of the scope of this article.

In the lab, the memory effects reported here imply that
it is not possible to repeat the same phototaxis experi-
ments on a given batch of cells and expect similar out-
comes. Such an effect was already known in the case of
long-term adaptation [19]. The data reported here show
that even in the case of short-term experiments, the be-
havior is not necessarily reproducible. To study photo-
taxis quantitatively, experimental repeats should be car-
ried out with different batches of naive cells. Having
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identified this short time-scale, our experiments pave the
way for the study of phototaxis in the presence of time-
varying light stimuli, much as the algae are subject to in
their natural environment. There, light is constantly fluc-
tuating. The short-term memory could then be a benefi-
cial way to integrate a light signal randomly interrupted
by the shadow of other motile organisms or objects.
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