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! Laboratoire Matiére et Systémes Complezes, Universitée Denis Diderot, Paris, France
(Dated: October 22, 2019)

Many photosynthetic micro-organisms are able to detect light and move toward optimal intensities.
This ability, known as phototaxis, plays a major role in ecology by affecting natural phytoplankton
mass transfers and has important applications in bioreactor and artificial microswimmers technolo-
gies. Here we show that this property can be exploited to generate macroscopic fluid flows using a
localized light source directed toward shallow suspensions of phototactic micro-organisms. Within
the intensity range of positive phototaxis, algae accumulate beneath the excitation light where col-
lective effects lead to the emergence of radially symmetric convective flows. These flows can thus be
used as hydrodynamic tweezers to manipulate small floating objects. At high cell density and layer
depth, we uncover a new kind of instability wherein the viscous torque exerted by self-generated
fluid flows on the swimmers induces the formation of traveling waves. A model coupling fluid flow,
cell concentration and orientation finely reproduces the experimental data.

In order to survive in fluctuating heterogeneous envi-
ronments, micro-organisms have developed a wide array
of mechanisms allowing them to move in external gradi-
ents. Directed motions can rely on biochemical circuits
that detect and process external physico-chemical cues to
bias micro-organism motion toward or away from those
signals (chemotaxis, thermotaxis, phototaxis, etc), but
can also rely on passive physical forces. Asymmetry in
the cell mass distribution [1, 2] can induce a motion along
the direction of gravity (gravitaxis) and shear flows af-
fect micro-swimmer orientation, a mechanism known as
gyrotaxis [3] that may lead to the formation of thin con-
centrated layers in natural aquatic environments [4]. Ap-
plying external gradients to dilute suspensions of micro-
organisms allows to quantify the response of individual
micro-organisms to external stimuli [5-9]. At higher den-
sity, cell suspensions also exhibit fascinating nontrivial
collective responses to these external gradients, unseen
at the single-cell level, such as front propagation, pat-
tern formation [10] or the generation of meso- and macro-
scopic flows which affect micro-organisms transport.

While mesoscopic flows originate from hydrodynamic
or steric interactions between cells in dense suspensions
[11], independently of any externally applied field, macro-
scopic self-generated convective flows (”bioconvection”)
arise from density differences between cells and their sur-
rounding fluid. Spatial gradients of cell concentration
create differential buoyancy forces that drive large scale
flows. However, although bioconvection is an appealing
mechanism to generate or enhance mixing in biological
suspensions [12, 13], a major challenge in bioreactor tech-
nologies, but also to prevent biofouling and even to har-
vest micro-organisms [14], its control remains elusive. In-
deed, bioconvection studies so far have been essentially
restricted to pattern selection, appearing spontaneously
in concentrated layers, where a vertical (in the direction
of gravity) cell concentration gradient develops as a result
of the upward-swimming induced by negative gravitaxis
[15-18], oxygen consumption [19-21] or a combination of

several fields [22-29].

Here we use light to induce and control the collective
swimming of Chlamydomonas reinhardtii (CR) cells, a
motile phototactic micro-algae. This collective dynam-
ics lead to the emergence of macroscopic fluid flows at
scales larger than a thousand times the size of a single
micro-organism at cell concentrations lower than those
required for both mesoscopic and spontaneous bioconvec-
tive macroscopic flows to occur. Then, we demonstrate
that this light-induced flow can act as tweezers to ma-
nipulate small beads floating at the free surface of the
suspension.

By imposing a horizontal light gradient in a shallow
CR suspension, we generate an inhomogeneous concen-
tration field that becomes maximal around the location
of the laser spot. From these data, we are able for the
first time to quantify the average drift velocity of CR
cells subjected to light intensity gradients. Above a crit-
ical cell concentration or suspension depth, we uncover
a new kind of instability, bearing some resemblance with
hydrothermal waves, in which waves of concentrated al-
gae propagate away from the light source. We propose
a mechanism where the flow vorticity of the main con-
vective flow, coupled to cell gyrotaxis, focuses the micro-
swimmers in a thin concentrated layer within the bulk of
the suspension. At the critical threshold, this layer un-
dergoes an overturning instability, similar to Rayleigh-
Taylor instability [30, 31], in which descending plumes
are advected by the primary flow to generate traveling
waves. We then develop a continuous model coupling
phototaxis, cell orientation and cell concentration-driven
fluid flows. Extensive numerical simulations are rigor-
ously compared to experimental data and provide a quan-
titative validation of the model. The good agreement
between numerics and experiments is very promising to
predict the dynamics of active fluids in more complex
geometries.

CR cells are ~ 10pum wide spheroids that swim with
two flagella moving in a breast-stroke fashion [32], pro-
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FIG. 1. Experimental setup used to investigate the interaction between light and algae. A: Experimental setup (see Materials
and Methods). The shape of the laser beam is acquired in the green channel (B) and converted to a light intensity profile (C).
D-F: typical images captured on the red channel of the detector, starting from the same homogeneous initial condition (C) at
low thickness (H = 1.51mm) and cell concentration (co = 0.69 - 10%cell/ml). In E, the maximum light intensity Tmax is 100
W /m? and both positive and negative phototaxis are observed. In F, Imax = 5 W/m? and only positive phototaxis is observed.
In both cases, the cell concentration field remains axisymmetric. G-H: the cell concentration averaged along 6 = [0; 27] reaches
a steady state within approximately 30 min for both high (G) and low (H) intensities. After one hour, the cell concentration
at the center of the spot started to decrease slightly, indicating that algae may be slowly acclimating to the light conditions.
The insets in G and H show the corresponding cell concentration profiles at ¢ = 60 min. The dip in concentration at the center
of the beam in the inset of panel G is the signature of negative phototaxis.

pelling the cell at mean velocity ~ 100um/s. The
cell density, slightly larger than that of water, equals
peell = 1050 kg/m3. CR uses a photosensitive stigma
to detect light gradients [33]. Being widely used as a
model organism in biology [34] and biophysics [35], CR
also has important applications in biofuel [36], biohydro-
gen [37] and valuable pharmaceutical molecules [38, 39]
productions.

To investigate the response of CR to light, a leveled
Petri dish was filled with a thin layer of algal suspension
and carefully confined in a dark enclosure, as illustrated
in Fig. 1 A. A green laser beam lights the center of the
plate and, in order to observe the micro-organisms, a
LED panel with a red filter was placed below the Petri
dish. The intensity of the light transmitted through
the algal suspension was then converted, after calibra-
tion, into a local concentration, averaged across the layer
height. We first conducted a set of experiments at thin
algal layer and measured the height-averaged concentra-
tion as a function of space and time. Starting from a
homogeneous initial condition (Fig. 1D), Fig. 1 E and
F illustrate two typical experiments showing the aggre-
gation of the cells below the laser spot for two different
values of the maximum light intensity Imax at the center
of the laser beam. In both cases, the cell concentration
fields were axisymmetric (Fig. 1 E and F) and reached

a steady state in approximately 30 min (Fig. 1 G and
H). At high light intensity (Imax = 100 W/m?), cells
swam away from the center of the beam (negative photo-
taxis) and localized in a ring-like area around the beam
(Fig. 1-E), where the beam intensity was lower (positive
phototaxis). To find the crossover between positive and
negative phototaxis, crossed polarizers were placed on
the beam path to reduce the maximum light intensity.
Crossover occurred for a light intensity of ~ 10 W/m?2.
The light intensity was thus fixed at Imax = 5 V\//m2
such that only positive phototaxis (Fig. 1 F) occurred
and the same settings were used in all experiments.

We then investigated the effect of the initial concentra-
tion of algae ¢y and thickness H of the fluid layer. Several
concentration profiles are shown in Fig. 2 A-D and their
overall shapes did not change significantly when varying
the control parameters. However, as shown in Fig. 2 E,
the dependance of the maximum cell concentration cmax
at the center of the light beam with ¢g (at fixed H) re-
veals two distinct regimes. For ¢y < 0.6-10%cell/ml, cmax
increases linearly with ¢y as : cmax ~ 25¢g. For larger cg
(2 0.6 - 10%¢cell/ml), cynax becomes weakly dependent on
¢o (Fig. 2 A), increasing 10 times slower than in the first
low-cy regime. On the other hand, in this regime cmax
decreases with increasing height (at a fixed ¢p), as can be
seen in Fig. 2 F, with the scaling cmax — co ~ H 98,



Initial concentration c,increases

Initial concentation ¢, (x10°cell/ml)

i . 0.0 0.6 1.2 1.8 2.4 o4 =
Distance from center r (mm) Distance from center r (mm) E
0 2 4 6 8 10 2, = 0 4 6 8 10 2 = =
2 E 21 E E 3
A — In.lllal 3 B 3 @ “:o_
A e Final {18 © 8 0 1%
----- Theory < < 18y
15 X 5 X : £
o © - :.:)
12 © c ;o q)
..... S S & 2
3 T a7 ® g
. 9 5 max=8 = e e 122
=6.9 . S c / S
" Cmax . 6 g Q / o
S A S c x4 2 b g
3| x 14T R 3 8 S e D.f;:lsuon 3
5 Ry 5 =195 = Y T
g P
5 o=0.51 (] [ 2 Theory 16 &
P = = £
o 21 é 21 § é Experiments 3
£ c 3 3 E
K 18 O 18 O E]
S |Cmax=16.5p~~._ = 2 0 g
N N
g S 15 Ze, =144 15 X
ﬁ o © =
12 € c \ \
8 5 F o £
= = L \ i
o 0§ . s B A —— Theory 1248
€ X € @ o
s S 6 3 ( @ A\ é Experiments] E
c c \ x
s S s 8 §
5 @=19 + = @ A 186
€o=0. S [ . 5
I L I B S B TR éé 2
Distance from center r (mm) Distance from center r (mm) ééi} g
\ 12 @
é o
c
@ S
é s
6 £
£
3
E
x
0o ©
2 3 4 5 =

Layer thickness H (mm)

FIG. 2. Effect of thickness and initial concentration on the concentration profiles. A-D: Concentration profiles for different
values of the control parameters. A: ¢o = 0.51 - 106cell/ml and H = 3.41lmm. B: ¢g = 1.95- 106cell/ml and H = 3.22mm.
C: co = 0.39 - 10%cell/ml and H = 1.89mm. D: ¢ = 1.95 - 10%cell/ml and H = 2.46mm. The magenta dashed lines (resp.
magenta solid) are the experimental profiles in the initial (resp. final) states. The blue dashed lines are the theoretical
curves corresponding to phototactic parameters x = 0.8 - 1077 m*/J (where the J stands for Joule) for the lower curves and
x =1.4-10"7" m*/J for the higher curves. These values correspond to plus or minus one standard deviation around the fitted
value y = 1.1-1077 m4/J. The quantity x is the phototactic parameter relating the drift speed V; of the algae to the radial
light intensity gradient through Vi = x0I/0r. The experimental data at low concentration (co < 0.6 - 10%cell/ml) were fitted
with equation (4) using the least squares method to extract the value of x. E: Maximum cell concentration as a function of
the initial cell concentration ¢o for H = 2.62mm. The diffusion-only model (equation (4)) is shown with a black dashed line.
F: Maximum cell concentration as a function of the layer thickness for ¢o = 1.5 - 1060e11/ ml. In E and F, error bars represent
standard deviations between three replicates. G-I: Sequence showing the capture of 800um glass bead (false-colored in red)
floating at the surface of the algal layer (co = 1.95 - 10%cell/ml and H = 3.61mm). The bead is deposited onto the surface at
t = 0 (G) and the convergent flow field at the surface drags the bead toward the stagnation point below the laser spot (H)
where it remains trapped (I). The velocity of the bead increased from 20pm/s 15mm away from the center up to 140um/s near
the stagnation point.

Because of the density difference between water and  from a balance between buoyancy, cell diffusion and mo-
algae, a flow is likely to be generated due to the lateral mentum diffusion. The successive bifurcations that the

(horizontal) cell concentration gradient. Indeed, by simi- flow experience can be quantified by the Rayleigh (Ra)
lar reasoning as in thermally-driven convection of a later- ~ number [41] :

ally heated fluid [41, 42], a density gradient orthogonal to

the direction of graYity triggers cc?nvectiw'a flows Withgut Ra P00 BH3Ac .
any threshold. This contrasts with vertical convection = D—,u (1)

(with a density gradient aligned with gravity) where the
amplitude of the density gradient must exceed a critical
value above which convection can happen. The presence
of convection was indeed confirmed by using 800um glass
beads floating at the free surface of the algal layer, as il-
lustrated in Figs. 2 G-I.

where D is the effective diffusion coefficient of the algae, p
is the viscosity of the cell suspension, pg the density of the
medium in absence of cell, g is the acceleration of gravity,
Ac is the amplitude of the lateral concentration gradient
and 5 = (pret— p0)/(Cretpo) quantifies the relative density
difference between cells and the ambient medium (where
The flow produced by such a density gradient results Pref 18 the density of a suspension at a concentration cyef).
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FIG. 3. Formation of unstable patterns above a critical Rayleigh number. A-C: Formation of concentration waves propagating
radially in the outward direction. A: the cell concentration field is initially homogeneous (initial concentration c¢o = 1.95 -
10%cell/ml and H = 3.22mm). B: after 20 min, cells have started to accumulate beneath the laser spot but the pattern is
radially symmetric. C: after 60 min however, waves appears ~ 5mm away from the center and propagate radially away from
the concentrated region. D: subtracting the permanent regime (obtained by averaging the images between 60 and 65 min) from
image C allows to extract the unstationary component of the concentration field and clearly shows the structure of the waves.
E: from these images a kymograph is constructed in the r-t space and allows an accurate measurement of the wave velocity.
These velocities are then plotted as a function of the Rayleigh number in panel F. The upper and lower dotted lines are the
theoretical curves for B = 1.4s and B = 1s, respectively. The gyrotactic parameter B is the timescale of algae re-orientation
along the direction of the light gradient when the flow is switched off. G: the phase diagram shows the repartition of the stable
and unstable regimes in the co-H phase space. The dotted line is the marginal stability curve obtained from the numerical
resolution of the model (2), (3) and (5) under the incompressibility condition on an axially symmetric domain with no-flux
boundary conditions for the cell concentration field and slip (resp. no-slip) condition for the fluid velocity at the top (resp.
bottom) surface of the domain (see Materials and Methods). At even higher cell concentration or layer thickness (or, using (1),
above a critical Rayleigh number Ra. ~ 1500), beyond the parameter domain covered in Fig. 3-G, spontaneous bioconvection
occurs in the whole cell even in the absence of a light gradient. This threshold value is very close to that reported in a previous
study (Rac ~ 1400 in [18] for a strain of CR closely related to the strain used in our study) and comparable to the theoretical
prediction Ra. ~ 900 — 1800 that can be obtained from [15] for our system.

The

Upon further increasing the cell concentration or layer
thickness, we observed the formation of unstable pat-
terns, as illustrated in Fig. 3. Starting from a homoge-
nous concentration field (Fig. 3-A), algae accumulate be-
neath the laser spot. At the beginning of the experi-
ments, the cell concentration monotonically decreases in
the radial direction and remains axisymmetric, as in the
stable regime (Fig. 3-B). However after 10 to 30 min,
the pattern loses its axisymmetry and time invariance
(Fig. 3-C). Waves of concentrated micro-organisms ap-
pear at the periphery of the concentrated region (~ 4
mm away from the center of the beam) and propagate
away from the concentrated region (Fig. 3-C). These
waves appear periodically (with a period of roughly 30
s) as ~ 0.5 — 1 mm thick rings of concentrated micro-
swimmers that fragment in the orthoradial direction in
domains of irregular width (typically 0.5-5 mm) before

the ring is fully detached from the central part.
distance between rings in the radial direction is of the
order of the thickness of the rings. The waves propagate
radially across a distance of ~ 3mm before vanishing.
Although the concentration field is not time-invariant,
averaging the pattern over a few periods revealed that
the cell distribution could be decomposed into a steady,
permanent concentration profile, and an unsteady fluc-
tuating one.

As in the stable, time-invariant regime, the steady
component has a well-defined cpax at the center of the
laser spot, and the concentration decreases monotonically
away from the center. By subtracting this permanent
component from each frame, we can extract the non-
stationary one (Fig. 3-D). We then plot the light inten-
sity along a radius in this figure as a function of time.
The resulting kymograph in the r — t space allows an



accurate determination of the wave velocity (Fig. 3-E).
Depending on the thickness H and initial cell concentra-
tion c¢g, the velocity of the waves varies between 10 to
60 pm/s. These velocities are plotted in Fig. 3-F as a
function of the dimensionless number pogBH?>cy/(Du).
Finally Fig. 3-G presents the phase diagram in the H-¢q
space and shows the parameter domains of the stable and
unstable regimes.

We now theoretically analyze the experimental obser-
vations. In all generality, cell transport is controlled by
convection as well as diffusion, which arises macroscopi-
cally from the run-and-tumble-like motion of individual
CR cells in the dark. In the presence of a light gradient,
phototaxis steers the cells toward or away from the light
source [33] and there is an additional phototactic flux.
The cell concentration is thus described by the following
diffusion-advection equation [26]:

de = = " _
—=V-(DVe — Vi@ — _cU ) (2)
ot ~— —~~ ~—

diffusion phototaxis advection

where V; is the drift speed of the algae due to the radial
light intensity gradient, i.e V; = x9I/0r and ¢ is the
average orientation of the micro-organisms. The quantity
X is an unknown phototactic parameter that has units
of m*/(.J) and we first assume that the phototactic flux
cVsq'is directed toward the direction of the light gradient,
i.e ¢ = u;. Within the Boussinesq approximation [41],
the velocity ¥ and pressure p in the incompressible fluid
satisfy V - 7 = 0 and the Navier-Stokes equation:

ov
N
At very low cell concentration, fluid density differences
create minute flows and their contribution to mass trans-
port is negligible compared to diffusion. In this regime,
the stationary state is described by the following equa-
tion: DAc/dr = ¢x01/9dr, which is obtained from eq. (2)
by removing both convective and time-dependent terms,
and assuming that the concentration field only varies in
the radial direction. Solving this equation under the con-
straint of fixed total number of cells yields the maximum
cell concentration at the center:

= AT — Vp+ gpo(1 + Bo)Z (3)

nR2eXTmaz/D

cop————— (for diffusive transport 4
TEarertis port) (1)

Cmaz =

where R is the radius of the Petri dish. This equation is
valid at low concentrations provided that I,,,, remains,
as in our experiments, below the intensity threshold
where negative phototaxis occurs (~ 10W/m?). cmax
is indeed, as experimentally observed at low cg, linearly
proportional to ¢y (Figs. 2-E and F). The diffusion coeffi-
cient of the algae was obtained by first concentrating the

cell using light and then following the relaxation of the
cell concentration profile after switching off the light to
yield D = 0.8540.15-10""m? /s (see Supplementary Ma-
terials). Fitting eq. (4) to the data at low concentration
(co < 0.6-105cell/ml) allows a determination of the pho-
totactic coupling parameter y = 1.1 £0.3- 1077 m*/(J).
At higher concentrations (cy > 0.6-10°cell/ml), Figs. 2-E
and F show that data depart from this purely diffusive
regime and now depend on the thickness H, therefore
suggesting that convection becomes significant in this
range of concentration. All the other parameters being
known (see Materials and Methods), the numerical solu-
tion of the theoretical model (2)-(3) that includes con-
vection (together with the incompressibility constraint)
has been carried out and indeed shows a good agreement
with the experimental data, (Figs. 2A-F).

However, the numerical resolution of this model does
not reveal any instabilities in the range of parameters
relevant to our experiments. As described in the Sup-
plementary Materials, waves of nutrient concentration or
quorum sensing effects cannot explain the formation of
these unstable patterns either. The underlying mecha-
nism of the propagating waves observed in Figs. 3A-D has
to be sought elsewhere, namely in the coupling between
the flow and the cell orientation distribution ¢ that was
neglected so far. Indeed, because the fluid flow generated
by the algae has a non-zero vorticity, it is well known that
it induces a rotation of individual cells [44, 45]. When
cells have a principal drift direction, in the present case
along the orientation u, of the light gradient, cells are
rotated away from this preferential orientation. In that
case, the hypothesis formulated above stating that the
algae mean orientation ¢ = u, breaks down. Instead the
selection of the orientation ¢ results from a balance be-
tween the viscous torque and the light intensity gradient
that act to align ¢ with u;. such that ¢ satisfies the fol-
lowing differential equation [45]:

o7 1

. . 1,
T ﬁ{ur — (- Q)q} + §w><q (5)

where B is the timescale of algae re-orientation along
the direction u, of the light gradient when the flow is
switched off and @ = V@ is the flow vorticity. This
effect, known as gyrotaxis, was first evidenced for cells
drifting due to gravity in a shear flow [3] and, more re-
cently, was also found to occur for CR cells under the
influence of a light intensity gradient [46]. An important
consequence of gyrotaxis is that cells are focused at the
center of a Poiseuille flow when their drift direction is
opposite to that of the flow, while they are dispersed in
the same flow when the drift velocity goes in the same
direction as the fluid flow. In the present case, the ra-
dial flow is directed toward the light source in the upper
part of the algal suspension while it is directed outward
in the lower part of the suspension, as illustrated in Fig.
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FIG. 4. Underlying mechanism of the instability. A,C,D,E and F: side views of the results from the numerical calculations
with color coded cell concentrations. In the stable regime (A and C), starting from an homogeneous state (initial concentration
co = 1.5 - 10%cell/ml and H = 2.51mm), the system reaches a time independent equilibrium state (here presented after 90
minutes of simulation). A: without gyrotaxis (B = 0 s), the algae are concentrated in a dense layer at the bottom of the Petri
dish. B: sketch illustrating the fluid flow (indicated with black arrows) generated by the algae. This flow occurs because of
both the radial cell concentration gradient and the difference in density between cells and their surrounding fluid. This sketch
further illustrates the photo-gyrotactic effect that causes algae to experience an additional drift due to the generated flow:
cells in the bottom part of the suspension are focused where the outward radial velocity is maximum while cells in the upper
part of the suspension are spread by the inward radial flow. C: with this drift taken into account (using the value B = 1 s
for the gyrotactic parameter), the algae are also concentrated in a dense layer but above the bottom of the Petri dish. At
slightly higher cell concentration (co = 1.8 - 10°cell/ml), the system enters the unstable regime. Panels D to F illustrate three
snapshots of the development of this instability (10 s between each snapshots). The dense layer that forms initially (D) first
develops a single undulation (E) and further breaks into several clusters of concentrated algae that are advected by the primary
flow. Although the present secondary instability occurs in a different geometry, under different boundary conditions and on
top of a primary convective flow, let us note that the wavelength of the instability (in the range 1 — 2 mm) is roughly equals
to the distance between the top of the densified layer to the bottom of the Petri dish. This result is consistent with previous
theoretical and experimental studies [15, 25, 26].

4-B. We thus expect cells to be concentrated in a dense
thin layer just above the bottom of the Petri dish. To
confirm this hypothesis, equations (2), (3) and (5) were
then solved numerically under the incompressibility con-
straint (see Materials and Methods). As suggested by
previous models [26], the gyrotactic parameter B should
be of the order of 1 s. Best fits to the experimental
profiles were obtained for B = 1.2+ 0.2 s (see Fig. 2
A-D) although the value of B (in the range of values we
investigated) had only a weak influence on the radial con-

centration profiles, which were mostly determined by the
interplay between phototaxis, diffusion and convection.
Furthermore, the model shows good agreement with the
experimental data for the dependance of the maximum
cell concentration on both the initial cell concentration
and the layer thickness (Fig. 2 E and F). Now with the
gyrotactic effect taken into account, the model indeed
predicts that algae become concentrated in a dense thin
layer above the bottom of the Petri dish (Fig. 4-C). The
presence of a dense layer was also confirmed by brightfield



microscopy and the divergent radial flow field associated
with this layer is in good agreement with the theoretical
prediction (see Supplementary Materials). This stratifi-
cation provides the required mechanism for the instabil-
ity: above a critical threshold (Fig. 3-D), this dense layer
resting on top of a lighter fluid undergoes an overturning
- Rayleigh-Taylor [30, 31]- instability (Fig. 4-E) and de-
scending plumes are advected by the primary convective
fluid flow (Fig. 4-F). Observed from the top, the advec-
tion of these rings indeed produces outward propagating
waves. The velocity of these waves was then extracted
from the numerical data following the same procedure
as for the experimental results and a good agreement
was found with no additional fitting parameter (see Fig.
3-G). Furthermore, the model also reproduces very ac-
curately the parameter ranges of the stable and unstable
regimes in the phase space (see Fig. 3-E).

In the context of bioreactor technologies, the photo-
tactic property of micro-algae is a promising mechanism
for biomass harvesting, a technological limitation in bio-
fuel production. Bioconvective effects arising from cell
concentration gradients limit the efficiency of the concen-
trative power (the maximum value of the ratio ¢paz/co)
of a light gradient. Our results shows that these effects
can be minimized by operating under more confined ge-
ometries and our theoretical model can be used to select
optimal geometries where the crossover between diffu-
sion and convection occurs. Next, the results presented
in our study shows that fluid flows can be easily gener-
ated in a suspension of phototactic micro-swimmers with
a light-intensity gradient. Using a Gaussian laser spot,
which can be seen as the simplest element of a light pat-
tern, a convergent flow field is generated, enabling the
trapping of millimeter scale floating beads which might
find applications for the non-intrusive manipulation of
small objects. Furthermore, the ability of microswim-
mers to collectively generate fluid flows offers an unique
opportunity to control and enhance mixing in biologi-
cal suspension, which is a major challenge in bioreactor
technologies. In contrast with mesoscopic flows, arising
in highly dense suspensions, that are coherent over length
up to ~ 10% times the size of the micro-swimmers [11-
13], the photo-induced flows presented here are coherent
over centimetric length scale (~ 10% times the size of the
cells), while retaining the same order of magnitude for
the velocity field. Also, these flow patterns are larger
than those observed in spontaneous bioconvection and
occur at smaller global concentration. Due to the ver-
satility of controlling dynamically a light intensity field,
much more complex fluid flows could in principle be gen-
erated. Such complex light-controlled fluid flows could
find important applications in bioreactors, such as the
generation of chaos in laminar fluid flows.

On a more fundamental ground, we have uncovered a
new type of instability in a suspension of gyrotactic swim-
mers. Band propagation was first recognized by Adler

[48] and was shown to occur when micro-organisms con-
sume an external nutrient, causing them to move from
a region of depleted nutrient toward a region rich in nu-
trients [48]. Similar wave propagation can also be ob-
served if a chemo-attractant is secreted and consumed
by the micro-organisms themselves [49, 50]. The prop-
erties (existence criterion, dynamics, stability) of these
propagating waves are the subject of a vast literature
in physics and applied mathematics [10]. In all these
cases, micro-organisms behave as diffusing particles and
band propagation occurs as a result of the coupled dif-
fusion between the micro-organisms and one, or more,
external driving fields. In the present case however, the
instability is purely hydrodynamics in nature. In this
new kind of instability, micro-swimmers themselves gen-
erate a macroscopic flow that couple to their orientation.
This feedback triggers an overturning secondary insta-
bility that is advected by the primary fluid flow. This
mechanism further illustrates the richness of the nonlin-
ear physics controlling the behavior of active fluids.
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MATERIALS AND METHODS

Strains and culture conditions

We used the strain CC124~ of Chlamydomonas rein-
hardtii. CR uses a photosensitive stigma to detect light
gradients [33]. Light-induced Ca?*-carried photocur-
rents cause a depolarization of the membrane which dif-
ferentially modulates the beating amplitude to the two
flagella, thereby steering the cell toward or away from the
light source. Above a critical membrane depolarization
(or wavelength-dependent critical light intensity), open-
ing of voltage-sensitive Ca?* channels causes a massive
calcium influx that triggers the photophobic response and
alters the flagellar beating mode.

The algae were kept on HSA medium agar plate.
For experiments, algae were propagated in liquid HSA
medium on an orbital shaker in an incubator at 25° on a
12h/12h bright/dark light cycle to optimize cell unifor-
mity and motility. Cells were used between 48h and 72h
after inoculation in liquid medium to ensure reproducibil-
ity of the phototactic response. Algae were left 1h under
dim red light before being used in experiments. Exper-
iments at low cell concentrations were performed by di-
luting a culture of algae with an aliquot of supernatant
obtained by centrifuging another aliquot of the same cul-
ture at 5000g for 10 min and discarding the cells. Cell
counting was performed with a Malassez cell on an in-
verted microscope and gave a concentration of 541-10712
mol/ m? at an optical density ODsgo = 1. Using an aver-
age cell volume of 500m?, this is equivalent to a volume
fraction of ~ 1.5-1073.

To further establish that fluid flows were induced
by the cell concentration gradient, several control ex-
periments were also performed with either: 4) culture
medium only, i) culture supernatant (containing waste
products and secondary metabolites) and i) heat-killed
cells. In all these cases, no flow was observed, therefore
ruling out laser-induced thermal convection as well as
Marangoni flows as possible mechanisms. Experiments
with heat-killed cells were performed on cultures kept at
100°C for 5 min.

Experimental setup and data acquisition

A leveled Petri dish (inner diameter 84mm) was filled
with a layer of algal suspension and, to minimize cell ad-
hesion to the boundaries, this suspension was left undis-
turbed in the dark for 30 min before being discarded.
The Petri dish was then washed with distilled water be-
fore being filled again with a thin layer of algal suspension
and then carefully confined in a dark enclosure. A green
(532nm) Gaussian laser beam (4.5mW, Thorlabs , Ger-
many) was directed toward the center of the plate and the
intensity of the beam was calibrated using a luxmeter. In



order to observe the micro-organisms, a large LED panel
with a red filter (acting as a highpass filter with a cutoff
at ~ 610 nm) was placed below the Petri dish and the
intensity of the light transmitted through the algal sus-
pension was recorded with a Nikon D700 digital camera
equipped with a Zeiss objective. After calibration, the
transmitted light intensity was converted into a cell con-
centration. The intensity-concentration conversion was
carried out in Mathematica and image analysis for wave
velocity determination was performed with the ImageJ
software. In order to check for attraction toward the red
panel, we also ran a control experiment with the LED
panel turned off using only the green laser beam. Af-
ter one hour in the dark, the LED panel was turned on
and no difference could be seen on the cell concentration
profile obtained with the LED panel on, thus showing
that the red light had no distinguishable effect on the
cell migration in our experimental setup.

Numerical simulations

The density po and the viscosity p are taken to be
those of water at 25°C (pg = 997 kg/m? and pu =
0.89 mPa.s). The cell density is ~ 1050 kg/m?, thus

10

giving a 8 = 1.610" m®/mol. The diffusion coeffi-
cient was measured as mentioned in the text and de-
scribed in Supplementary Materials and was found to be
D = 0.85-10""m?/s. The chemotactic coupling param-
eter was taken as x = 1.1- 1077 m*/(J) unless otherwise
specified. Because cell volume fractions always remain
below 1%, cell-cell interactions can safely be neglected
[40] and we assume that the material parameters x and D
are independent of the cell concentration. Equations (2),
(3) and (5), together with incompressibility condition,
were then solved numerically using Comsol Multyphysics
5.0 on an axially symmetric domain together with no-flux
boundary conditions for the cell concentration field and
slip and no-slip conditions for the fluid velocity respec-
tively at the top and bottom surface of the domain. A
mesh with at least 150 000 elements was used and simu-
lations were run on a 2.3 GHz QuadCore computer with
16 GB of memory.
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