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The mechanism by which living organisms seek optimal light conditions—phototaxis—is a fundamental
process for motile photosynthetic microbes. It is involved in a broad array of natural processes and
applications from bloom formation to the production of high-value chemicals in photobioreactors. Here, we
show that a population of the model alga Chlamydomonas reinhardtii exhibits a highly sensitive nonlinear
response to light and demonstrate that the self-organization of cells in a heterogeneous environment
becomes unstable as the result of a coupling between bioconvective flows and phototaxis.
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Understanding the behavior of semidilute to dense
suspensions of active (self-propelled) particles is a central
question of contemporary physics at the crossroads of
active matter, hydrodynamics, and biophysics [1]. From a
theoretical standpoint, much work has been devoted to
explain the emergence of collective dynamics in such
systems. While individual motions prevail in low-
concentration suspensions [2], intercellular interactions
become significant when the volume fraction of microbes
exceeds a few percent. They generally consists in repulsion
or self-alignment and can lead to collective motion such as
bacterial turbulence [3,4] or flocking [5] that offers striking
similarities with liquid-gas phase transitions. On the
experimental side, however, such phenomena have been
observed only in highly confined systems [4,6]. In large
or unconfined systems, density mismatch between
microbes and the carrier fluid drives the emergence of
another class of collective effect—bioconvection—charac-
terized by large-scale flows in active suspensions even at a
volume fraction below 1% [7–18]. Recently, it has been
shown that bioconvection, which also occurs in nature [19],
can be triggered and controlled using light beams in
suspensions of phototactic microbes that bias their swim-
ming motion in response to light [20–22]. However, the
macroscopic modeling of this light-induced directional
swimming lacks robust quantitative data, and most studies
approximate the phototactic velocity as an on-off function
of the local light intensity, apart from rare attempts to
introduce more complex effects [16,23–26].
Here, we investigate how a population of the model

phototactic alga—Chlamydomonas reinhardtii (CR)—
moves in heterogeneous luminous landscapes. In the dark,
CR swims with a typical velocity ju⃗j ∼ 100 μm=s, and
individual cell trajectories can be approximated as long
(τ ∼ 10 s) straight runs interrupted by short (∼0.1 s) tum-
bling events (Fig. 1) [27]. This microscopic dynamics
shares many similarities with Brownian motion and implies
that the macroscopic cell concentration c of a dilute

suspension of microswimmers is well described by a

diffusion equation [28]. A concentration gradient ∇⃗c ≠ 0⃗

induces a cell flux D∇⃗c, where D is an effective diffusion
coefficient that has been measured macroscopically in the
range 0.7–0.9 × 10−7 m2=s [20,27], in agreement with the
estimate D ∼ ju⃗j2τ obtained from the microscopic proper-
ties of cells. But how is this dynamics modified in a
spatially heterogeneous environment? In particular, how do
cells move in a light-intensity gradient? To answer these
questions, we first focus on dilute suspensions, where
collective effects and bioconvection are negligible.
In order to shape a heterogeneous luminous landscape, a

monochromatic (532 nm) light beamof variablewidthw and
maximal intensity Imax was projected onto a Petri dish
containing a thin layer (thickness H ≤ 1 mm) of a dilute,
initially homogeneous, CR suspension (Supplemental
Material, Fig. S1 [29]). The light intensity IðrÞ was
measured as a function of the distance r from the beam
center. Because CR does not respond significantly to
wavelengths above ∼650 nm, a dim homogeneous red light
was also projected across the suspension, and the measure-
ment of the transmitted red light intensitywas used to obtain,
after calibration, the local depth-integrated cell concentra-
tion c. Low values of cwere chosen to avoid any effect of the
cell concentration on the measurements. Following illumi-
nationwith the inhomogeneous green light, cells accumulate
over time in regions of most favorable light intensity until a

stationary inhomogeneous concentration field (∇⃗c ≠ 0⃗),
sharing the axisymmetry of the light field, is reached
[Figs. 1(b)–1(d)]. Several processes occurring at the cellular
scale likely contribute to this accumulation; e.g., the light
intensity may modulate the swimming velocity, the tum-
bling frequency, or the tumbling orientation probability
distribution. More drastic alteration of the beating patterns
such as photophobic or scotophobic shocks may also occur
at critical light intensities. In order to obtain a simple yet
quantitative description of phototaxis at the population
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scale, we do not model each of these mechanisms but use a
Keller-Segel approach instead [30]. In this framework, the

nonzero diffusive fluxD∇⃗c arising from an inhomogeneous
concentration is balanced by a phototactic flux cv⃗drift in the

stationary state. In the simplest approximation, the drift
velocity v⃗drift is proportional to the light-intensity gradient

∇⃗I, and, thus, v⃗drift ¼ χðIÞ∇⃗I. Although an additional
drift velocity along the direction of light propagation
(orthogonal to the free surface of the suspension) could
also be involved, it is largely subdominant here [20] and is
neglected. The proportionality coefficient χðIÞ is a photo-
tactic susceptibility quantifying the propensity of cells
to migrate in a light-intensity gradient and encompasses
all themicroscopicmechanisms involved during phototaxis.
The axisymmetric stationary solution reads χðrÞ ¼
fD½ð∂cÞ=ð∂rÞÞ�g=½c½ð∂IÞ=ð∂rÞ�g. χðrÞ is space-dependent,
because IðrÞ varies spatially: χðrÞ≡ χ½IðrÞ�.
Several experiments at various maximal intensities

(Imax ∈ ½1–500� W=m2), beam widths, and cell concentra-
tion were carried out, and the phototactic susceptibility χðrÞ
was measured in the stationary states. The parametric
curves fIðrÞ; χðrÞg obtained from each experiment were
plotted together. They indeed collapsed to yield a χ versus I
master curve spanning seven decades in light intensity and
shown as a bisymmetric log-log plot in Fig. 1(e). These
experimental data reveal that the phototactic susceptibility
is a highly nonlinear function of I, and, despite the
dispersion, three qualitatively different regimes can clearly
be identified: (i) no phototactic response (χ ≈ 0) below a
detection threshold Ith, (ii) positive phototaxis (χ > 0) with
a power-law decrease over ∼4 decades at intermediate I,
and (iii) negative phototaxis (χ < 0) above a critical
intensity Icrit. For practical purposes, the phototactic susce-
ptibility is approximated by the function:

χðIÞ ¼

8>>><
>>>:

0; I < Ith;

αp
ð1− I

Icrit
Þð I

Ith
−1Þ

ð I
Icrit

Þ1þm ; Ith < I < Icrit;

αn
�
1 − I

Icrit

�
; Icrit < I:

ð1Þ

Best-fitted values of the parameters in Eq. (1) are
summarized in Table I. Note that a detection threshold
intensity of Ith ∼ 1 mW=m2 at 532 nm corresponds to a
photon flux density of 3 × 1015 photons=ðm2 sÞ. Given that
the number of Channelrhodopsins is ∼30 000 per cell
[31,32], with an absorption cross section of 1.5 × 10−20

m2 per rhodopsin and a photochemical quantum efficiency
of 0.67 [33], we deduce that Ith corresponds to the detection
of ∼1 photon per second per cell. Since the photo-
current induced by the photoisomerization of the rhodopsin
reaches a peak within milliseconds [34], much faster
than 1 s, we deduce that a single photon absorption event
is sufficient to trigger phototaxis in a cell. This high
sensitivity is in agreement with previous electrophysiology
measurements performed at the cellular scale [35],
but here measured noninvasively at the population
scale. At the critical intensity Icrit ∼ 100 W=m2, where
phototaxis switches from positive to negative, ∼80 000
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FIG. 1. (a) Cartoon illustrating phototaxis along a light-intensity
gradient. The drifting velocity is proportional to the direction and
magnitude of the gradient. (b) Typical heterogeneous light field.
(c) Stationary accumulation of algae around the beam. Scale bar,
1 cm. (d) Azimuthal average of the stationary concentration field
after ∼80 min. (e) Bisymmetric logarithmic plot of the phototactic
susceptibility χðIÞ as a function of I. The graph is obtained by
plotting sgnðχÞ logð1þ jχj=cÞ versus log I. c ¼ 10−12 m4=J is an
arbitrary constant that removes the singularity near χ ¼ 0. Gray
lines, individual experiments. Blue line, function (1) using the
values in Table I.
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photoisomerization events occur per cell every second.
Under continuous light conditions, the open state of
the Channelrhodopsin has a relaxation timescale of
250 ms to the dark-adapted state [36], indicating that a
Channelrhodopsin molecule may be photoisomerized ∼4
times every second. We conclude that ∼2=3 of the rhodop-
sin molecules in the cell are photoisomerized at Icrit and
that a broad range of photoisomerization states, from
single molecule activation to almost full continuous acti-
vation of all photoreceptors, is used in the positive photo-
taxis regime. Although it endows CR phototaxis with a
remarkable dynamic range, it leaves open the question
of the molecular mechanisms controlling CR photopho-
bic response, since most Channelrhodopsin are already
activated at Icrit. Recent experiments suggest that
Channelrhodopsin dephosphorylation at high light inten-
sity might be involved [37]. Finally, we note that the
I-average value of χ in the positive phototaxis regime (for
Ith < I < Icrit) is ∼2 × 10−7 m4=J, very close to our pre-
vious estimate [using a constant χ to fit cðrÞ profiles [20]].
Having established a connection between the subcellular

processes underlying phototaxis and the macroscopic behav-
ior of a dilute algal population, we now investigate the
emergence of collective behavior in semidilute suspensions.
Because of the density mismatch Δρ between CR and the
carrier fluid (Δρ ∼ 50 kg=m3), algae-rich regions are denser
than algae-poor regions. This density gradient induces a
pressure gradient in the active suspension which generate
macroscopic, bioconvective, fluid flows [7–18,20–22]. Their
magnitude is controlled by the pseudo-Rayleigh number

Ra ¼ H3Δρgc0
Dν

; ð2Þ

whereH is the suspension depth, g is the gravity constant, c0
is the initial homogeneous cell concentration, and ν is the
fluid kinematic viscosity, supposedly independent on c0.
Experimentally, Ra was varied by tuning c0 and H. The
maximum light intensity was fixed at 5 W=m2, and the beam
width w was in the range [2.7–20] mm. We monitored the
algal aggregation process as a function of Ra and of
the magnitude of the light-intensity gradient, the latter
being tuned by varying w (Supplemental Material,
Figs. S2 and S3 [29]). We first observed that the maximum

dimensionless concentration cmax=c0 was weakly dependent
on Ra for values up to ∼100 before decreasing strongly for
higher Ra [Fig. 2(a)]. Because the measurements to extract
χðIÞ presented above were conducted for Ra ∼ 10, this
observation confirms that they were indeed performed in
a regime independent of the cell concentration. While no
significant effect of the beam width w on cmax=c0 was
observed, the pattern width R1=2, on the other hand, was
found to increase with both w and Ra [Fig. 2(b)]. Depending
on the value of the control parameters, the cell population
self-organizes into distinct patterns whose distribution in the
parameter space is represented in Fig. 2(c). At low relative
beam width and pseudo-Rayleigh number, stationary round
patterns are observed. They follow closely the light beam. As
we already shown in a previous work [20], when the pseudo-
Rayleigh number is increased at low w=H, circular waves
of concentrated algae are emitted periodically. At a larger
relative beam width w=H, a very different short wavelength
instability is found above a critical threshold in Rayleigh
number. In this dendrite instability, orthoradial invariance is
lost but stationarity is retained. These patterns consist of
periodic thin dendrites that grow radially and exhibit splitting
[Fig. 2(d)] until a final state is reached. Dendrite patterns
appear in the same range of Ra as radial waves (Ra≳ 100)
but with a strong dependance on w. Since the primary flow
is radial, circular waves are advected while dendrites
remain stationary. The dimensionless wavelength λ=H is
0.63� 0.08, roughly independent of Ra [Fig. 2(e)]. Finally,
at intermediate Ra and large enough w=H ratio, a budding
instability is observed. In this regime, a budlike structure
grows from the circular cell aggregate. We also observed a
mixed dendrite and bud state in which both the growth of the
bud as well as the dendrite instability occurred simulta-
neously. It was previously suggested that gyrotaxis could
trigger radial waves [20]. Hereafter, we present a semi-
quantitative model suggesting gyrotaxis can also induce the
orthoradial dendrites. We introduce an anisotropic nonlinear
diffusion-drift equation for the depth-averaged dimension-
less cell concentration field cðr; θ; tÞ:

1

D
∂c
∂t ¼ ∇⃗ ·

�
ΛðcÞ∇⃗c − c

χðrÞ
D

∇⃗I

�
: ð3Þ

The initial condition is cðr; θ; t ¼ 0Þ ¼ 1, while the

radial component of the mass flux fΛ∇⃗c − ½cχðrÞ=D�∇⃗Ig ·
e⃗r ¼ 0 at the outer boundary r ¼ L. The second term in the
rhs of Eq. (3) describes phototaxis toward the beam center.
The nonlinear anisotropic diffusion matrix ΛðcÞ can be
represented in the base ðe⃗r; e⃗θÞ as the sum of three terms of
distinct physical origins:

Λ ¼
�
1 0

0 1

�
|fflfflfflfflffl{zfflfflfflfflffl}
diffusion

þ
�
αRac 0

0 αRac

�
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

convection

þ
�
0 0

0 −γRac

�
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

gyrotaxis

:

TABLE I. Parameters for the phototactic function χðIÞ.

Symbol Meaning Value range

Ith Detection threshold intensity 1.2� 0.7 × 10−3 W=m2

Icrit Critical intensity separating
positive and negative
phototaxis

101� 81 W=m2

m Power-law exponent 1.5� 0.2
αp Positive phototaxis strength 8� 5 × 10−17 m4=J
αn Negative phototaxis strength 4� 2 × 10−11 m4=J
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The first term in the rhs accounts for the run-and-tumble
motion of the cells. The second term, nonlinear, represents
algal advection by bioconvection and is proportional to Ra.
The third term stems from the gyrotaxis of the algae: Their
orientation is affected by the flow-induced viscous torque
[8–10,13,14,17,18,20]. It depends on the magnitude of
the flow through Ra and on the gyrotactic properties of
algae through γ. This term applies only in the orthoradial
direction, since gyrotaxis is directed in the direction
orthoradial to the primary fluid flow which is mostly
radial. Experimentally, γ could be measured by using an
asymmetrical beam and fitting the concentration profiles
with Eq. (3). While the nonlinear equation (3) can be
derived by a dimensionality reduction of a general 3D
model of bioconvection, as will be presented in a sub-
sequent study, it is used here as a phenomenological
model to capture some of the experimental features.
Equation (3) has a stationary axisymmetric solution

ceqðrÞ=c0 ¼ WðAαRae
R

r

0
f½χðrÞ�=Dg½ð∂IÞ=ð∂rÞdrÞ=ðαRaÞ, where

WðyÞ is the Lambert function. The constant A is deduced
from the global cell conservation. Since ceqðrÞ decreases
monotonically with r in the positive phototaxis regime, the
maximum concentration cmax ¼ ceqðr ¼ 0Þ is reached at
r ¼ 0 and is independent of w. Noting the asymptotic
expansion WðyÞ ∼

y≪1
y, we have cmax=c0 ≈ A for Ra → 0

and, thus, A is physically the maximum concentration

factor. The dimensionless parameter α¼ð1.5�0.3Þ×10−4

quantifies the efficiency of the convective process to
transport algae away from the concentrated region. It is
found by fitting the experimental data for cmax=c0 with the
model [Fig. 2(a)]. Once fully constrained, the model
reproduces reasonably well the dependence of the pattern
size on both w and Ra [Fig. 2(b)]. In particular, the
nonlinear phototactic response (1) is critical to predict
the concentration profiles (Supplemental Material,
Fig. S4 [29]). Going further, we note that, provided
γ > α, the orthoradial component of the diffusion tensor
½1þ ðα − γÞRac� becomes negative when the product Rac
becomes large enough. Since a negative diffusion coef-
ficient is associated with a short wavelength instability,
akin to the spinodal instability of the Cahn-Hilliard
equation, the model predicts that a short wavelength
orthoradial instability occurs when Ra exceeds a threshold
value, as observed experimentally. The selection of the
instability wavelength likely results from small-scale mech-
anisms not included in Eq. (3).
Although still poorly quantified for most microbial

species beyond the cellular scale, phototaxis is of major
importance for the understanding of fundamental problems
in ecology such as the diel migration of the phytoplankton
[38] or blooms [39,40]. From an applied standpoint, it may
also contribute to biomass growth optimization in photo-
bioreactors. With these considerations in mind, we have

(a) (c)
(d)

(e)(b)

FIG. 2. (a) Log-log plot of cmax=c0 versus Ra for several w. Black line, theoretical prediction [A ¼ 26� 6 and
α ¼ ð1.5� 0.3Þ × 10−4]. Gray area, corresponding error interval. (b) Log-lin plot of the pattern radius R1=2 versus Ra for several
w. Dotted colored lines, theoretical predictions. (c) Phase diagram showing the distribution of instabilities as a function of Ra and w=H.
Pictures show typical patterns (high concentrations in red and low concentrations in blue). (d) Kymograph of the normalized cell
concentration, 5 mm from the beam center, as a function of the angular coordinate and time, showing dendrite splitting and merging.
(e) Lin-log plot of the dimensionless wavelength λ=H versus Ra for different w.
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developed an experimental setup enabling a convenient
quantification of the phototactic response of swimming
microorganisms at the population scale, relevant to a broad
range of applications. We have shown that CR exhibits a
highly nonlinear phototactic response over 7 orders of
magnitude in light intensity and introduced a phenomeno-
logical law to describe this response. We have uncovered a
detection threshold, a critical intensity driving the switch
from positive to negative phototaxis, and we have estab-
lished a link between these quantities, measured at the
population scale, and subcellular processes. In a second
step, we have investigated how a cell population self-
organizes in a heterogeneous light field as a function of the
strength of the collective effects, here controlled through
the pseudo-Rayleigh number Ra. We found that the
interplay between nonlinear phototaxis and bioconvection
leads to remarkable symmetry-breaking instabilities that we
partly reproduce in a simplified theoretical model. Beside
exhibiting very rich patterns that should inspire the devel-
opment of refined models in nonlinear and active matter
physics, we anticipate that the nonlinear phototactic
response uncovered in this study, coupled to self-generated
bioconvective flows, will enable a fine control over the
spatial organization of microbial populations that will help
in the development of efficient strategies for the harvesting
or biomixing of microbes in photobioreactors.
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Nédélec, and D. Arendt, Nature (London) 456, 395 (2008).

[39] T. J. Smayda, Limnol. Oceanogr. 42, 1137 (1997).
[40] J. Dervaux, A. Mejean, and P. Brunet, PLoS One 10,

e0120906 (2015).

PHYSICAL REVIEW LETTERS 128, 258101 (2022)

258101-5

https://doi.org/10.1103/RevModPhys.85.1143
https://doi.org/10.1103/RevModPhys.85.1143
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1103/PhysRevLett.93.098103
https://doi.org/10.1103/PhysRevLett.110.228102
https://doi.org/10.1038/nature12673
https://doi.org/10.1103/PhysRevE.83.061907
https://doi.org/10.1103/PhysRevE.83.061907
https://doi.org/10.1017/S0022112075001577
https://doi.org/10.1017/S0022112075001577
https://doi.org/10.1038/313218a0
https://doi.org/10.1017/S0022112088002393
https://doi.org/10.1017/S0022112088002393
https://doi.org/10.1017/S0022112089002922
https://doi.org/10.1017/S0022112089002922
https://doi.org/10.1146/annurev.fl.24.010192.001525
https://doi.org/10.1146/annurev.fl.24.010192.001525
https://doi.org/10.1017/S0022112096008579
https://doi.org/10.1242/jeb.200.10.1515
https://doi.org/10.1063/1.869704
https://doi.org/10.1103/PhysRevE.58.4793
https://doi.org/10.1103/PhysRevE.58.4793
https://doi.org/10.1063/1.2731793
https://doi.org/10.1242/jeb.051094
https://doi.org/10.1242/jeb.051094
https://doi.org/10.1017/jfm.2011.100
https://doi.org/10.1017/jfm.2011.100
https://doi.org/10.1002/2017GL074868
https://doi.org/10.1038/nphys3926
https://doi.org/10.1038/nphys3926
https://doi.org/10.1103/PhysRevLett.123.158101
https://doi.org/10.1103/PhysRevLett.123.158101
https://doi.org/10.1098/rsta.2019.0523
https://doi.org/10.1098/rsta.2019.0523
https://doi.org/10.1073/pnas.1422922112
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1016/j.bpj.2019.09.016
https://doi.org/10.1016/j.bpj.2019.09.016
https://doi.org/10.1126/science.1172667
https://doi.org/10.1007/BF00277392
https://doi.org/10.1007/BF00277392
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.258101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.258101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.258101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.258101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.258101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.258101
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.258101
https://doi.org/10.1016/0022-5193(71)90050-6
https://doi.org/10.1128/mr.44.4.572-630.1980
https://doi.org/10.1128/mr.44.4.572-630.1980
https://doi.org/10.1002/j.1460-2075.1995.tb00273.x
https://doi.org/10.1038/311756a0
https://doi.org/10.1038/311756a0
https://doi.org/10.1038/351489a0
https://doi.org/10.1038/351489a0
https://doi.org/10.1016/S0006-3495(97)78188-8
https://doi.org/10.1016/S0006-3495(97)78188-8
https://doi.org/10.1073/pnas.1818707116
https://doi.org/10.1073/pnas.1818707116
https://doi.org/10.1105/tpc.18.00936
https://doi.org/10.1038/nature07590
https://doi.org/10.4319/lo.1997.42.5_part_2.1137
https://doi.org/10.1371/journal.pone.0120906
https://doi.org/10.1371/journal.pone.0120906

