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We study how simple eukaryotic organisms make decisions in response to competing stimuli in the
context of phototaxis by the unicellular alga Chlamydomonas reinhardtii. While negatively phototactic
cells swim directly away from a collimated light beam, when presented with two beams of adjustable
intersection angle and intensities, we find that cells swim in a direction given by an intensity-weighted
average of the two light propagation vectors. This geometrical law is a fixed point of an adaptive model of
phototaxis and minimizes the average light intensity falling on the anterior pole of the cell. At large angular
separations, subpopulations of cells swim away from one source or the other, or along the direction of the
geometrical law, with some cells stochastically switching between the three directions. This behavior is
shown to arise from a population-level distribution of photoreceptor locations that breaks front-back

symmetry of photoreception.

DOI: 10.1103/3fry-7tsw

In areas as diverse as ecology [1,2], microbiology [3],
evolutionary biology, and the psychology of human behav-
ior [4] the question arises of how individuals make
decisions when confronted with competing environmental
stimuli. For complex organisms with a highly developed
neural system, such decision-making may involve weigh-
ing the costs and benefits of the choices along with a
balance between immediate rewards and long-term conse-
quences. The situation is less clear for aneural organisms
such as plants, bacteria, and amoebas, but they appear to
utilize similar mechanisms [5].

The simplest setting for decision-making clearly
involves just two choices. At the scale of microorganisms
there have been studies of the chemotactic response of
the bacterium Escherichia coli to two opposing chemical
stimuli [3] and the phototactic response of colonies of
cyanobacteria to two light sources [6-9]. These have
suggested a “summation rule” in which the addition (scalar
or vector) of the two stimuli forms the basis of the decision.
Similar rules have been found in the study of plants [10].

“Contact author: raphael.jeanneret @phys.ens.fr
Contact author: R.E.Goldstein@damtp.cam.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

0031-9007/25/135(22)/228401(8)

228401-1

Of the many types of taxes exhibited by microorganisms—
chemotaxis, phototaxis, viscotaxis, durotaxis—phototaxis
is distinguished by the fact that the stimulus direction and
magnitude can be changed arbitrarily fast, without the
complexities of a diffusive process or intervening surfaces.
In the case of algal phototaxis, a long history of studies
[11-23] has shown that the light-sensing process is “line of
sight” in that each cell has a photosensor that responds when
directly illuminated, triggering changes in flagellar beating
that produce alignment with the light. The two key ingredients
for accurate phototaxis are the spinning of cells about a
body-fixed axis and the directionality of the photoreceptor,
achieved by a protein layer (the “eyespot”) that blocks light
coming from behind the cell. Flagellar beating exhibits a rapid
response to changes in light and a slower adaptation tuned
to the spinning period [16,17,23,24], and cells can exhibit
positive or negative phototaxis depending on light intensity
and ambient biochemistry [25].

Here we report on an extensive investigation at the single
cell level of phototactic decision-making by unicellular
green algae. By employing the experimental setup shown in
Figs. 1(a) and 1(b), in which two collimated light beams
with independently adjustable intensities intersect at a
prescribed angle within a dilute suspension of negatively
phototactic Chlamydomonas reinhardtii, we track thou-
sands of individual cells’ decisions on the choice of
swimming direction. In nature, multiple light sources
may arise from refraction of sunlight at a wavy air-water
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Experimental results. (a) Setup: two collimated lights shine toward the x axis at angles £0, the lower with intensity # relative to

the upper. (b) A swimming cell whose axis €5 is at an angle ¢ with respect to the x axis. Eyespot at two instants in time separated by a
half cycle is shown as a solid and open red ellipse. (¢) Swimming angle as a function of intensity ratio 5 for § = 12.5°, 18.45°, 24.74°,
38.4°, and 67.6° increasing upward, along with the theoretical prediction (1) for each value of §.

interface [26,27] or from light scattering by suspended
particles. Our Letter is also motived by recent findings on
the emergence of collective phenomena in Chlamydomonas
populations upon multiple light sources stimulation [28].
The steady-state swimming directions are found to follow
what we call the “tangent law,” an intensity-weighted
average of the two light propagation vectors [29], and
we show that this law is the fixed point of an adaptive
model of phototaxis [20,22,23]. Studies of the response of
cells to rapid changes in light direction reveal a surprisingly
fast cell reorientation that can be quantitatively described
as a limit of the adaptive theory. Finally, motivated by
bifurcation phenomena found in certain decision-making
processes [30], we examine swimming trajectories when
the two lights are nearly antiparallel and find that there
are three distinct subpopulations of cells: those that either
(i) swim away from one source or from the other, (ii) go
along the direction of the geometrical law, or (iii) exhibit
stochastic switching between the first two choices. We
show that this behavior arises from a population-level
distribution of the location of each cell’s photoreceptor
relative to the equatorial plane of the cell.

C. reinhardtii strain CC125 was grown axenically in tris-
acetate-phosphate medium, which provides it with the
required nutrients. Cells were grown at 22 °C and synchron-
ized in a light-dark cycle of 16/8h (~70 pE/(m?s)) with
constant shaking at 160 rpm. They were harvested in the
exponential phase (~10° cells/mL) when they were the
healthiest and most motile. The suspension was typically
diluted by a factor of 20 to avoid collective effects,
placed in an open Petri dish (Falcon 353001, diameter
~3.5 cm), and kept in a dark box for 10 min before
conducting experiments to ensure that all cells start from
the same condition.

The experimental setup [31] consists of two collimated
blue light beams (470 nm, ThorLabs COP1-A) illuminating
the Petri dish located at the center of the stage of an inverted
microscope (Olympus, IX83), ensuring proper control of
the light directions and avoiding light gradients over the

imaging field [Fig. 1(a)]. The light intensities were con-
trolled by an LED driver (Thorlabs DC4100) through their
driving currents and calibrated using a SpectraPen mini
(Photon Systems Instruments). We use a 4x objective (field
of view 3.7 x 3.7 mm?) and captured videos at 20 frames/s
using a digital camera (Hamamatsu Orca Fusion-BT
C15440-20UP). Image analysis used a combination
of Imagel and Matlab to track the cells; trajectories were
then linked and labeled employing the Crocker-Grier
algorithm [32].

Because the algal suspension is contained in a thin
chamber and the lights illuminate the chamber at the very
shallow angle of ~5° with respect to the plane of the stage,
the swimming is effectively two dimensional. As shown
in Figs. 1(a) and 1(b), the two beams are at angles 6
relative to the midplane, pointing toward the positive x axis
along the unit vectors V., with 7 = I /I_ the intensity ratio
of the two beams.

Chlamydomonas cells, viewed from behind, spin
counterclockwise around their posterior-anterior axis with
frequency f, = |w;|/2z ~ 1.5-2 Hz [31]. Because of shad-
ing by proteins behind the photoreceptor, when a cell
swims at an angle ¢ < —¢ (region I) or ¢ > 6 (region III)
both lights illuminate the photoreceptor in the same half
turn, but when |@| < & (region II), the photoreceptor is
illuminated only by one light in each half turn.

Starting from a dark state in which cells swim randomly,
highly directional swimming occurs within ~10 s of the
start of illumination. The swimming paths appear as
sinusoidal oscillations around linear motion because they
are projections onto the x-y plane of helices. We obtain the
swimming angle ¢; for each of typically 200-600 paths
from the best-fit straight line and report (¢*) as the
ensemble average for each choice of (8, 7), with error bars
representing the standard deviation of the fitted slopes.
Figure 1(c) shows that the data are well fit by the tangent
law, where the swimming direction is along the unit vector
i* = (cos¢*,sing*) defined as an intensity-weighted
average of the light vectors,
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FIG. 2. Reorientation dynamics. (a) Trajectories during a switch in light direction from v_ (red) to ¥ (blue) for # = 1. Black circle
indicates time of switch. (b) Reorientation angle £ during phototurn at intensities / = 1.8, 3.7, 9.1, 17.7, 24.8,33.9 W/ m?2, color coded
from light to dark blue compared to (5) (red) averaged over initial phase of motion.
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For 7> 1 (or n < 1) the trajectory aligns with the lower
(or upper) light (¢* = 6 or ¢* = —5), while for equal light
intensities (y = 1) cells swim along the x axis (¢* = 0), see
Video S1 in Supplemental Material [31]. This law appears
to be valid for half-angles § as large as ~65° — 70° [darkest
blue inverted triangles in Fig. 1(c)], although in this
situation cells do not follow the average direction as
accurately, as illustrated by the increasing size of the error
bars as 7 — 1 [31]. We hypothesize that such an intensity-
weighted law should remain valid for more than two lights
as long as the angle between the two furthest lights is small
enough (26 < 140°).

While the result (1) makes no reference to biochemical
processes in the cell, and is purely geometrical, we now
show that it is a fixed point of a dynamical theory for
Chlamydomonas phototaxis [23]. This theory combines
rigid-body dynamics and an adaptive model for the angular
rotation frequency @, around the body axis €, orthogonal
to the flagellar beat plane due to asymmetries in beating of
the two flagella in response to illumination of the photo-
receptor. For a cell swimming in the x-y plane with a
photoreceptor along €, in the cell’s equatorial plane (Fig. 4
in End Matter), and with T = |w;| a rescaled time, this
dynamical system reduces to

¢@r =—PsinT, (2a)
a+p 1 1

P —P —P=-5, 2b

T T ap T+aﬁ 5T (2b)

where the subscript 7 means d/dT, the photoresponse
variable P = w,/|ws]|, and a and f are the slow flagellar
adaption time and fast response time made dimensionless
with |ws|, respectively, with a > f# in experiments [23].
Under the assumption of additivity of light stimuli, the

phototactic signal S = P*[nJ H(J, )+ J_H(J_)] is given
by the projections J. = —6 - V. = sin(¢ F §) sin T of the
two lights on 0, the outward normal to the eyespot, where
P* = w}/|ws|, with w} the peak turning rate around €.
Here, the Heaviside functions 7 in S represent the effect of
eyespot shading. In the End Matter, we show that averaging
over the fast timescale of cellular spinning leads to the
reorientation dynamics of the swimming angle ¢ on a slow
timescale 7,

@, = —Alnsin(g — 6) + sin(¢ + 5)], (3)

where 1 « P*. While (3) depends on cellular parameters
via 4, its steady-state solution ¢* is the tangent law (1).

The dynamics (3) has a Lyapunov function V(¢) in the
sense that A~'dgp/dr = —dV /dg, with

V(p) = —[ncos(p — ) + cos(¢p + 5)]. (4)

A simple calculation shows that V = —&; - (y¥, + V_), the
projection of the total light vector onto the anterior pole
of the cell, and that V is a minimum at ¢*; for negative
phototaxis, a cell chooses a direction that minimizes the
average light falling onto its anterior pole. As shown in the
End Matter, for positive phototaxis the tangent law still
holds, with the selected angle ¢* shifted by z, and the
Lyapunov function is —V, which is the projection of light
on the posterior pole of the cell.

Moving on from the steady-state results in Fig. 1, we
study how cells respond to a rapid switch in illumination
between lights. Figure 2(a) shows cellular trajectories for
26 = 70° (Video S2 in [31]). These turns are quantified
through the angle &(7') between the local unit tangent t to
the trajectory and the new light direction. Results for
five different light intensities are shown in Fig. 2(b),
which illustrates that complete reorientation occurs
within just over one period of rotation (7 ~2x), with a
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Phototaxis at large angular light separation. (a) Trajectories for 25 = 162° and /. = 3.7 W/m?, showing negative phototaxis,

following tangent law, and stochastic switching between directions. Trajectories are color coded by orientation of their end-to-end
vectors relative to the x axis. (b) Probability distribution Q(g) of trajectory angles for 7. = 3.7 W/m?. (c) Distribution of eyespot
offsets along with Gaussian fit. (d) Numerical Q(¢) from model of stochastic phototaxis incorporating distribution of eyespot offsets
from equator. (e) Effective free energy as a function of eyespot offset for 26 = 162°.

modest dependence on light intensity. Within the adaptive
theory, this rapid orientation corresponds to P* ~ 1. When
a>f and aff~1 as found in prior work [23], the
dominant balance in (2b) gives P~ S and thus & =
P*sin&H(sin T)sin?T. In terms of the shift 7 =T — T,
relative to the switching time Ty, we find

cos &(T) = tanh { P*[2T —sin27]/4 - C},  (5)

where C = In[tan(&)/2)] and &, is the initial angle. To
compare with the experimental data, we note that when
the lights are switched the cells are at random phases of
their wiggly motion, and we average (5) over a uniformly
distributed angle &,€[-110°—¢;,—110°+¢;], where
£, =22° as measured directly (see Supplemental
Material, Fig. S7 [31]). The result shown in Fig. 2(b)
matches the data well, with P* ~ 1.4 as the sole fitting
parameter, reflecting the accuracy of this simplified model.

The three types of trajectories described in the
Introduction, shown in Fig. 3(a) for 26 = 162° (Video
S3 in [31]), are quantified in Fig. 3(b) by partitioning each
into 3s segments (~5 body rotations) and finding the
average orientation angle ¢ for each. The probability
distribution Q(¢) exhibits three peaks corresponding to
swimming away from either light or along the x axis.

The theory discussed thus far cannot account for stable
negatively phototactic swimming away from one light or
the other when the photoreceptor is in the cell’s equatorial
plane; the only stable fixed point is ¢* = 0. But if the
photoreceptor is displaced from the equator by an angle
y < 0, such motion is stable; due to photoreceptor shielding
by the eyespot, a cell swimming away from one light must
rotate through y to sense the other. Such rotations may arise
from flagellar beating jitter [23].

Using a method based on light reflection from the
eyespot [31,33], we measured the probability distribution

q(h) of eyespot displacements i from the midplane of
204 cells, and we show in Fig. 3(c) that it is well fit by a
Gaussian with mean 0.15 pm and standard deviation
1.0 pm (positive values correspond to eyespots closer to
the flagella). A significant subpopulation has eyespots
displaced more than the eyespot diameter from the midline.

It follows from the considerations above that during the
finite duration of an experiment, cells with eyespots far
below the midplane will have not had sufficient time to
fluctuate enough to see the other light and thus will swim
away from one light or the other. For those with eyespots
far above the midline, direct swimming away from either
light is unstable, and those with intermediate positions
can exhibit stochastic hopping between the three choices.
To test the hypothesis that eyespot displacement is the
origin of the distribution in Fig. 3(b), we generalize the
model by writing a Langevin equation for the orientation
with a shifted photoreceptor. The dynamical system is
gr = —PsinT + &(T), where (£(T)) = 0, (&(T)&(T)) =
2D,8(T —T'), D, = D,/|ws]| is the scaled rotational dif-
fusion constant, and the projections are

Ji =cosysin(¢p F 6)sinT —sinycos(p F 5), (6)

where & = Rsiny, with R = 5 pm the cell radius. Details
of numerical studies of this stochastic phototaxis are given
in the End Matter. Figure 3(d) shows the resulting prob-
ability distribution function of trajectory angles, which
strongly resembles the experimental one. We find that the
peaks are associated with different subpopulations of the
cells. Those with a large negative offset angle y move
directly away from one or the other light, while those with
a strongly positive offset follow the tangent law. Cells with
an offset close to the middle of these two extremes
stochastically switch their trajectories.
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By defining an effective free energy F(¢) = —In Q from
the measured distributions in the numerical computations,
we find an underlying bifurcation in the decision-making
process. Simulations in which both 6 and 4 are fixed show
[Fig. 3(e)] a transition from a single minimum in F at small
h to a double-well structure at larger 4. Thus, the observed
three-peak distribution function in Fig. 3(d), obtained for
an ensemble of cells with different eyespot offsets, reflects
a superposition of one- and two-minimum free energies.
Further evidence for the existence of an underlying
bifurcation at large angles is found in the increasing scale
of fluctuations around the tangent law seen in Fig. 1(c) for
large 6 as n — 1 [31].

The approach presented here shows how mechanistic
insights into biological decision-making can be gained by
going beyond typical forms of stimuli found in natural
contexts. Yet, since a continuously varying natural light
field can be represented as a superposition of discrete
sources, our results suggest that the generalization of our
model to one with N — oo lights would imply that
negatively (positively) phototactic cells would swim away
from (toward) the brightest spot, thus providing a link
between line-of-sight and gradient-climbing approaches
[34-36]. Issues for further study involve the possibility
of a dynamic bifurcation [37] when the lights are point
sources, not at infinity, and their apparent positions slowly
vary as cells swim [30], as well as the effects of longer-term
adaptations associated with photosynthesis [38,39]. Finally,
we may ask whether multicellular organisms related to
Chlamydomonas and yet having no central nervous system
[40] would follow the same decision-making rules.
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End Matter

The complete model introduced earlier [23] consists of
the coupled dynamics of the Euler angles (¢,0,y)
describing rigid-body motion and the adaptive dynamics
of the angular rotational velocity w; about the axis €
that is orthogonal to the plane of the flagellar beating. In
a system of units scaled by the magnitude of the spinning
angular velocity |m;| about the cellular axis €; that lies in
the plane of beating and is equidistant to the bases of the
two flagella (Fig. 4), the dynamics takes the form

N sin y

=(P+P Al
¢T ( + ) Sin@ 4 ( a)
07 = (P + P)cosy, (Alb)

N siny cos @

=-1-(P+P)————, Al
yr=—1-(P+P) L (Alc)
pPr=S—H-—P, (Ald)
aHy =S —H, (Ale)
where P =&,/w; and P =w,/w; are the scaled

intrinsic and photoresponse rotation frequencies around

€, respectively, H is the hidden variable responsible for
adaptation, and a and f are the scaled adaptation and
response times for the photoresponse system.

In earlier work [23], we found two intrinsic timescales of
relevance to a phototactic turn: a short one associated with
the cell’s spinning motion about the axis €; and a longer
one for the reorientation of €; toward a collimated light

trans

€1 w1 0

FIG. 4. Coordinate system of Chlamydomonas, from Ref. [23].
Eyespot is shown as red square.
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beam. In this section, we provide a systematic derivation of
the averaged dynamics based on the presumed smallness of
the photoresponse variable P, focusing first on the case of a
single light source pointing along —&, and then general-
izing to the geometry of the two light sources considered in
the main text. To make analytical progress, we ignore the
small helical component of the motion, take the photo-
receptor to be along €,, and fix the Euler angle § = z/2 to
neglect the small out-of-plane motion. Finally, with P
small, we may approximate the third Euler angle by
w = —T since the time evolution of y is dominated by
rotations around €. This yields the simplified model for the
Euler angle ¢,

¢r = —PsinT, (A2a)
pPr=S—H-P, (A2b)
aHr =S —-H. (A2¢)

Under the adaptive dynamics (Ald) and (Ale), for
positive § a temporal maximum P, in P requires
S—H—-P,, =0, and since H >0 we obtain that the
maximum possible value of P is P* = S. This can be seen
explicitly for square-wave signals [23], but holds more
generally. This result allows us to bypass the need to
calibrate a relationship between the light intensity and the
photoresponse variable, and instead measure the signal
amplitude by the maximum photoresponse (w;) induced.

We set P*, the scaled maximum magnitude of the
photoresponse, to be

P* = —me, (A3)

with m = £1 for positive (negative) phototaxis and the
small parameter is 0 < ¢ < 1. Then the signal is
S=mecosgpf(T) with f(T)=sinTH(sinT). (A4)
Noting that (A2b) and (A2c) can be combined into a single
second-order equation for P [23],

1o
LP =P+ —(a;ﬁﬂ) Pr+osP=58n (A9

we now seek a perturbative solution to the dynamics (A2)
and (A5) in powers of e.

As the intrinsic rate of variation of P given by a and /3 is
O(1), it is natural to assume that when coupled to the slow
variable ¢ the dynamical variables ¢ and P can be written
as functions of two variables: a fast one (7") and a slow one
(z = €T). Thus, assuming the forms ¢(T, ), etc. we have
the rule

d 0 0
— > —tec—.

Al
dr dT or (A6)

If we now propose perturbative expansions of the form

H(T,7) = (T, 7) + (T, 7) +-- -, (A7a)
P(T,7) = POT,7) 4+ eP(T,7) + - -, (A7b)
then at O(e”) we find
opO(T
PO =0 and w —0, (A8)

which implies that ¢(©) depends only on the slow variable .
This solution corresponds to the fixed point of the under-
lying adaptive dynamics in the absence of a stimulus.

At O(e') we find

g B 99

T o sin TP, (A9a)
£P) = %cos 0 (2)] d];(TT) C (A%

Note that the rhs of (A9a) does not depend on ¢! and thus
functions as a forcing term. Moreover, at this order, the
right-hand side of (A9b) is a function of 7, with 7z playing
the role of a parameter.

A bounded solution to (A9a) requires implementing the
solvability condition that the rhs of (A9a) be orthogonal
to the null space of the lhs operator. That null space is a
constant, leading to the result

1 [270p(0) 0
L [# 000 9O
2z Jo Ot or

1 2r
=—— / sin TP (T, 7)dT.  (A10)
2 0

In the multiple-scale analysis, reorientation toward the light
is slow, and at each value of ¢ the flagellar response has
time to reach a quasisteady state in which P(!) is the same
from one rotation to the next. Hence, the rhs of (A10) is
proportional to the discrete Fourier transform with respect
to T of that steady-state response at the cellular rotation
frequency. This transform is given by the Green’s function
of the damped harmonic oscillator whose operator is L.
A great simplification of this analysis can be made in
light of our earlier work [23], which showed that repre-
sentative values of the dimensional time constants in (A2b)
and (A2c) are a ~7 > f ~0.14. These values imply that
the dominant balance of terms in the second-order
equation (AS5) is Pr ~ Sy and hence P ~ S; the photo-
response is directly proportional to the signal. This yields

PU(T,7) =~ mcos ¢ (7)f(T). (A11)

Shifting to ¢(©) = ¢ — /2, we obtain from (A10)

90

L (A12)

= mlsin g,
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where A(a, ) = 1/4 in the limit considered here. With
initial condition ¢, = ¢(*)(0) and returning to dimensional
units, the reorientation to a single light shining toward the
positive x axis follows

(1) = 2tan™! [tan <%> em’lwft} )

Intuitively, the turning rate in (A13) is proportional to the
maximum angular velocity @] achievable by the cell,
attenuated by the factor of 1 due to the geometry of light
projection on the eyespot of a rotating cell. For positive
phototaxis (m = +1), ¢ - 7 as 7 — oo (the cell swims
along —é&,, antiparallel to the light), whereas ¢ — O as
7 — oo for negative phototaxis (m = —1), as the cell swims
parallel to the beam.

The generalization of (A12) to the case of two lights at
angles +6, involves the signal defined in the main text,
S =P nJ H(J,)+ J_H(J_)], with the light projections
J. =—0-V. =sin(p F §) sinT. This leads directly to the
dynamics

(A13)

9
ot

= m [;7 sin(@® — &) + sin(p© + 5)} . (Al4)
The general Lyapunov function is

V(@) = mlncos(p — 8) + cos(p + 5)]. (A15)

Here, V,, = mé; - (nv, + Vv_) is the projection of the total
light vector onto the posterior pole (m = 1) or anterior pole
(m = —1) of the cell. In either case, the tangent law (1)
holds, with |¢*| <z/2 for negative phototaxis and
|¢p*| > /2 for positive phototaxis, and V,, is a minimum
at the relevant ¢*. The similarity of dynamics for positive
and negative phototaxis extends to the case of large
separation angles o6, where positively phototactic cells
also display a three-peaked distribution with subpopula-
tions of cells sorted by eyespot location. This behavior is
consistent with earlier results on Euglena [29], whose
eyespot is very close to the anterior of the cell.

In numerical studies of stochastic phototaxis, we
typically simulate N = 103 realizations of the dynamics,
in which for each trajectory the eyespot location angle y is
chosen from a Gaussian distribution with parameters
taken from experiment [Fig. 3(c)]. The time stepping
was implemented in Matlab using the Euler-Maruyama
method for the phototactic dynamics in the limit P ~ § as
above. Trajectories typically lasted 60 rotational periods,
and after discarding the first five periods to allow
transients to decay away, the subsequent motion was
analyzed as in the experiments by fitting straight lines
to segments of five rotational periods and finding
the average orientation angle ¢ for each, after which
the data were aggregated into the histogram displayed
in Fig. 3(d).

228401-8



	Phototactic Decision-Making by Microalgae
	Acknowledgments
	Data availability
	References
	temp:book:Section1_5


