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Micromonas commoda (previously Micromonas pusilla, a unicellular photosynthetic pico-
eukaryote globally dominant in marine ecosystems, has previously been qualified as being strongly
phototactic. To date, no detailed quantitative or qualitative description of this behaviour has been
reported, nor have thorough studies of its motility been undertaken. This primary producer has
only been qualitatively described as utilizing run-and-tumble motion, but such motility strategy is
incompatible with its morphology comprising only one propelling flagellum. Moreover, it is still
unclear as to how Micromonas sp. detects a light direction due to the lack of a dedicated eyespot;
the organism is essentially blind. Here we first perform population-scale phototactic experiments
to show that this organism actively responds to a wide range of light wavelengths and intensities.
These population responses are well accounted for within a simple drift-diffusion framework. Based
on single-cell tracking experiments, we then detail thoroughly Micromonas sp.’s motility which re-
sembles run-and-reverse styles of motion commonly observed in marine prokaryotes and that we
name stop-run or reverse. The associated peculiar microscopic changes upon photo-stimulation are
finally described and integrating those into jump-diffusion simulations appears to produce phototac-
tic drifts that are quantitatively compatible with those obtained experimentally at the population

level.

INTRODUCTION

The fitness of aquatic microbes strongly depends on
their ability to locate and aggregate at food sources
known as being dynamically patchy on the micro- to
the meso-scale [1-3] and at the same time to avoid haz-
ardous situations (predators, parasites, etc) [4]. Conse-
quently, most pelagic micro-organisms have accumulated
extensive physico-bio-chemical toolboxes enabling them
to move in the water column, either by using swimming
apparatus such as flagella [5] or by controlling their buoy-
ancy [6], and to sense adequately their environment and
dynamically respond to it in order to find stimulating
growth conditions. Such behaviors are mediated by mul-
titude forms of tazis, whereby cells actively or passively
reorient themselves and rectify their otherwise isotropic
random motion in external scalar or vectorial fields such
as chemicals (chemotaxis) [2, 3, 7], lights (phototaxis)
[8-10], fluid velocities (rheotaxis) [11, 12], gravitational
fields (gravitaxis) [13, 14], magnetic fields (magnetotaxis)
[15, 16] or even fluid viscosities (viscotaxis) [17, 18].

Phytoplanktonic species are no exception. These
prokaryotic and eukaryotic photosynthetic organisms
constitute the basic food reservoir of higher trophic
species that benefit from their high-conversion rates be-
tween solar energy and carbon-based molecules: they
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contribute to an estimated ~ 50% of primary carbon
production despite making up only ~ 1% of the Earth
biomass [19, 20]. As it happens, their very high pho-
tosynthetic yield explains the recent development of a
plethora of algal factories for biofuel and food produc-
tion [21]; such industry imposing also negligible pres-
sure on arable land. Among the known ~ 5000 species
(only in marine ecosystems) [22], a few are thriving sig-
nificantly more than the vast majority. This includes
notably species from the genus diatoms, cyanobacteria,
dinoflagellates and green algae. Understanding the rea-
sons why those cope so well with their environment, how
their evolution and adaptation have led to their success
and how this picture can change in our climate-changing
world appears therefore essential, from an ecological and
economical perspective.

In this context, the green alga Micromonas commoda
(previously Micromonas pusilla until a recent reclassifi-
cation of the species in the Micromonas genus [23]) has a
great role to play as it is one of the most abundant species
in the ocean and is found in marine and coastal environ-
ments globally, from the Caribbean Sea to the Arctic wa-
ters [24-26]. Since the seminal work of Manton and Parke
in 1960 [27] who described in detail its morphology and
some qualitative features of its motility, important ad-
vances regarding the biology and ecology of this species
have been established [7, 28-32]. Surprisingly though,
our current knowledge regarding its motility, foraging
strategy and single-cell response to stimuli is still very
limited. From [27] we know that its ~ 1 — 2um comma-
shaped body (the smallest known eukaryote on Earth!)
is complemented by a single ~ 5um flagellum which pro-
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trudes from the concave side of the cell and propels it
up to ~ 50 body lengths per second [8]. Micromonas sp.
apparently changes its swimming direction frequently [§]
but the way it does so with a single flagellum remains
unclear. More recently Omoto et al [33] have shown that
contrary to most eukaryotic flagella that bend and prop-
agate elastic waves, Micromonas sp. flagellum rotates
similarly to bacteria. Moreover, given a particular ori-
entation of the body, the cell can swim in two oppo-
site directions [27], probably due to opposite rotations
of the flagellum like the run-reverse-flick bacterium Vib-
rio alginolyticus [34]. Finally, Micromonas sp. has been
qualitatively described as being strongly phototactic [27]
which is common among photosynthetic microorganisms
[8—10], but the range of light intensities and wavelengths
that trigger this behavior as well as the single-cell dy-
namics leading to it are still unknown. This phototaxis
is all the more surprising that this species does not have
a dedicated eyespot to detect light, which suggest that
such behavior is strongly coupled to the photosynthetic
activity.

In this study we propose to start filling this gap by
shedding light on the motility and single-cell phototaxis
of this globally important species. We first use time
lapse microscopy to show that Micromonas sp. indeed
exhibits net positive phototaxis at the population level
under a wide range of light wavelengths and intensities.
We then perform single-cell tracking experiments to thor-
oughly describe the foraging strategy of non-stimulated
cells and to understand how these microscopic features
are altered upon photo-stimulation. Finally, in order to
relate our findings from single-cell dynamics to popula-
tion phototaxis, we carry out simulations that integrate
the microscopic dynamics of the cells and are seen to pro-
duce phototactic drifts in quantitative agreement with
our population experiments.

METHODS

We briefly summarise here our experimental and nu-
merical methods, and refer the reader to the Supplemen-
tary Information (SI) for a detailed description of our
procedures.

Culturing

Initial cultures of Micromonas sp. strain RC827
were generously provided by Dr Joseph Christie-Oleza.
These cultures were grown and swapped between two
medium to promote cell growth - Keller (K) medium [35]
and Gulliard’s /2 medium [36], prepared using artifi-
cial seawater in 500 ml quantities excluding the sodium
glycerophosphate to reduce precipitation. The cultures
were cultivated in a diurnal chamber on a 16/8 hour
light/dark cycle, maintained at 20°C at a light inten-

2

sity of 100uE.m~2.s7! from fluorescent strips. All exper-
iments took place with the cells growing in f/2 medium.

Experimental Setup

A sketch of the experimental setup is shown in Fig.
3a. All experiments were done using a Nikon TE 2000U
inverted microscope fitted with a longband pass filter
(765nm cutoff wavelength, Knight Optical UK) in order
to limit phototactic stimulation from the imaging light,
a 40x air objective and filmed using an Allied Vision
Pike F-100B camera. Camera settings were optimized
to reduce the required intensity of the optical beam to
limit thermal convection. A cuboid polydimethylsilox-
ane (PDMS) chamber was cast with internal dimensions
10mmx10 mm x4 mm with a wedge insert added on the
far edge of the chamber to reduce any coherent back-
reflection, then bonded to a glass cover slip using a Har-
rick oxygen plasma cleaner. The experimental window
covered 185 um from the boundary of the chamber closest
to the stimulus and along the full width of the chamber.
Prior to filming, the sample had been left to sediment for
a period of several hours. Light stimulus was generated
from one of four LEDs (then collimated) from Thorlabs
with peak wavelengths A = 470 nm, 530 nm, 595 nm and
625 nm. Light intensity was measured with a Spectrum
Technologies Field Scout light sensor reader.

Population Experiments

20 equally spaced sites were sampled along the edge of
the chamber nearest the light stimulus. Using a computer
controlled microscope stage, the population for each site
was counted in a cyclical manner for a duration of 88
minutes per site. These sites were then combined to give
a total population profile versus time for the total exper-
imental area with a sampling period of 230s for each full
cycle.

Cell Motility Experiments

5,000 frames films were taken with a framerate be-
tween 25 — 30 FPS at locations randomly chosen over the
surface of the chamber. These frames were then pre-
tracked and the particle trajectories reconstructed using
MATLAB® functions developed by Blair and Dufresne
[37]). From these trajectories the individual cell motion
parameters were measured. These experiments were re-
peated for both control cases and for stimulated cases
where a 625 nm stimulus at 300 uE.m~2.s7! intensity was
used. Two different stimulus exposure times were used: a
shorter time scale of 0—45 minutes and 90—120 minutes of
stimulation respectively. Films were taken at a height of
20 um above the coverslip to prevent cells from tethering
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FIG. 1. Population-scale phototaxis of Micromonas sp..
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a) Evolution of the number of cells (normalized by the initial

number) within the field of view close to the light source at I = 75uE.m~2.s7* for the four wavelengths examined (circles)

together with the best fit from the drift-diffusion solution (dotted lines).

Black dashed line is a linear extrapolation of the

initial population growth where drift dominates diffusion. b) Time-evolution of the drift-diffusion model (Eq 1) starting from
a uniform distribution of cells across the 1D system (black curve). The solution converges towards an exponential steady-state

(red curve).
coordinate, see SI §1 for a detailed calculation).

We show the distribution n(§) for 5 dimensionless times s = 0,0.05,0.5,2.5 and 5 (£ is a dimensionless spatial
c) Phototactic response quantified by the drift velocity u as a function of

intensity I for the four wavelengths examined. The phototactic drift u is always positive showing a positive phototactic response

for every parameter tested.

to the surface with the flagellum and to reduce hydrody-
namic interactions [38] so the cells swim approximately
straight.

Particle trajectories

A total of 480,939 control tracks were analysed, with
385,625 tracks consisting of a (minimum of) a complete
run-reorient-run cycle referred to as tracks and reorien-
tation tracks respectively. Two stimulated data sets were
collected, firstly over a period of 45 minutes of constant
stimulation (235,152 tracks with 193,146 reorientation
tracks) and a second set during 90 — 120 minutes of con-
stant stimulation (447, 526 tracks with 359, 967 reorienta-
tion tracks), totalling at 1,163,617 tracks analysed. Only
tracks that could be approximated to linear were consid-
ered, and all trajectories required a minimum of 100 data
points before analysis (i.e. corresponding to ~ 3 — 4s of
acquisition time).

Jump-diffusion simulations

For both the control and phototactic cases 2,000 par-
ticles were simulated for a duration t.,q = 5400s with
a timestep of At = 0.004s. These numerical exper-
iments were based on the 2D jump-diffusion simula-
tions performed by Jeanneret et al. [39]. Particles
were given a previous run direction ¢o and reorienta-
tion fy sampled randomly from [0, 27|, which gives the
initial run angle ¢1. The jump length is sampled di-
rectly from the distribution of run lengths as a func-
tion of previous run angle/reorientation angle, as shown
in Figure 3b. After each run, the particle samples a

waiting time from the exponential distribution shown
in Figure 2c¢ during which it diffuses both rotationally
(Dot = 2.1rad?.s71, see section Cell motility) and trans-
lationally (Dprown = 0.34um?.s~! taking an equivalent
spherical radius R = 0.63um for the particle). The rota-
tional diffusion over the waiting time together with the
probability of reversal (given by I" = 0.55 in Equation 3)
then determine the reorientation angle 6,. From ¢1, 61,
the run length for the next run can be sampled and the
process repeats for the duration of the simulation. Dif-
fusion is completely turned off during a run. Finally,
we define the drift velocity for each simulated cell as

Usim = (x(tend) - x(o»/tend-

RESULTS
A. Population Phototaxis

To quantify the phototactic response of the population
we first measure the accumulation of cells at the edge of
our chamber nearest to the light source (Fig. 3a) over 88
minutes exposure time for a large set of light intensities
and wavelengths. The evolution of cell number in that
region, n(t) = N(t)/No with Ny the initial number, is
plotted Fig. 1la for the four wavelengths examined and
at fixed intensity I = 75uE.m~2.s7!. Clearly, an accu-
mulation of cells is observed for each wavelength that was
probed, showing a positive phototactic response at this
particular intensity. Because Micromonas sp. displays
diffusive motion on long-time scales due to stochastic re-
orientations (see next sections), we expect the accumula-
tion dynamics to be well described by a 1D drift-diffusion
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model:

on 0%n on
a = Dt@ - U%a (1)

n(t=0)=1, (2)

where the light comes from the positive x-direction, u is
a population drift velocity modelling the phototactic re-
sponse of the population (u > 0 for positive phototaxis)
and D; represents the translational diffusion coefficient of
the cells. Across the width of the system the steady-state
solution is exponential with a maximum at the bound-
ary closest to the light source when u > 0 (red curve
in Fig. 1b, see SI §1 for a detailed calculation of the
theoretical solution). Fitting now the experimental data
with this model (considering the theoretical solution of
(n(t,x))zet.ov., see SI §1) gives a remarkable agreement
(Fig. 1la) when leaving u as the sole free-fitting parameter
and using Dy = 1.17 um?.s7! (measured from single cell
tracks, see next sections). The phototactic velocity u ex-
tracted from this procedure is shown to be positive for ev-
ery wavelengths and intensities tested (Fig. 1c¢), synony-
mous with a phototactic response directed towards the
light. The dependency of the phototactic response with
light intensity and wavelength seems highly non-trivial
and does not exhibit any particular trend. The only no-
ticeable trait is the dimmer response to red light stimula-
tion at low intensity compared to blue/green wavelengths
(Fig. 1c).

Altogether we confirm quantitatively that Micromonas
sp. is a strongly phototactic organism as previously noted
qualitatively [27]. However, the magnitude of the re-
sponse remains always quite low: the drift velocity never
exceeds u ~ 4 um.min~!. The object of the next sections
is then to establish the microscopic origins of this photo-
tactic response based on the characteristics of single cell
motion with and without light stimulations.

B. Cell motility: stop-run or reverse

We first characterise the motility of Micromonas sp.
without light stimulation. Typical recorded tracks are
presented Fig. 2a showing that the microalga alternates
between phases of active swimming in straight runs (red-
ish parts) and phases of apparent passivity where reori-
entation takes place (blue-ish parts). At first sight such
motility pattern looks akin to the run-and-stop motion
of Rhodobacter sphaeroides [40, 41], but further quantita-
tive analysis are needed to assess the similitudes and dif-
ferences between the motility strategy of the two species.
To that purpose we extract different parameters from the
experimental tracks (see the methods of extraction in SI
§2 and the schematic in Fig. 2b): the run time 7', the run
length L, the run direction ¢ given by the angle between
the x-axis and the swimming direction, the stopping time
7 and finally the reorientation angle # between two con-
secutive runs.

4

The stochastic switching events from running to stop-
ping states and inversely both follow Poisson processes
as commonly found in run-and-tumble type of motion
[42]. This is illustrated by the distributions of run
times T' (Fig. S3c) and stopping times 7 (Fig. 2c and
Fig. S3d) which are well fitted by simple exponentials
with switching rates kpun = 1/(T) = 5+ 1s7! (ie.
(T) = 0.20 & 0.04s) and Fgop = 1/(7) = 0.95 & 0.04s7*
(i.e. () = 1.05 £ 0.04s). During a run, the organisms
don’t swim at constant velocity (see color code in Fig.
2a)) but exhibit phases of acceleration and deceleration
at the beginning and at the end respectively. This fea-
ture is probably associated to a conformal change of the
flagellum at the onset and at the end of the propulsion
as observed with R, sphaeroides [43]. Peak run speeds
can be up to ~ 80um.s~! (Fig. S3a) while the average
run speed is 22.89 + 0.02um.s~! (Table S1 for numeri-
cal values of different average motility parameters). This
leads to an average run length of a few body lengths
(LY = 4.54 £ 0.01pm (full distribution of L in Fig. S3b).

Because Micromonas sp. is monoflagellated (like the
bacterium R. sphaeroides) and therefore cannot tumble
as multiflagellated organisms, we are primarily interested
in quantifying the reorientation of the alga during a stop
phase. As can be guessed from the tracks in Fig. 2a, the
direction of a run after a stop is not random, but strongly
correlated with the previous one: the distribution of re-
orientation angle 6 is bimodal with peaks at 0.y, = 0
and 0,., = 7 (Fig. 2¢). The cells either keep swim-
ming in the same direction or completely reverse their
motion after a stop. This contrasts with R. sphaeroides
which exhibits a distribution of reorientation angles sim-
ply peaked at 6y, = 0 [40]. Such motility behaviour
constitutes a strong proof that Micromonas sp. must
possess the morphological ability to swim in two oppo-
site directions from a given orientation of its body (as
already noted in [27]), although the mechanism by which
it does so remains elusive.

As illustrated by the red solid line in Fig. 2d, the
full shape of the distribution is very well described by
the analytical expression given in Eq. 3 below. Such
expression describes the reorientation process simply as
the consequence of rotational diffusion over exponentially
distributed stopping times 7 (see SI §3 for further de-
tails):

+00 oo —7/Ta o—(0+2km)?/(4D;or7)
P, (0) = Z/ [(1—{‘)6 e
=0 Td \/m

o—T/Ta g—(0—7+2km)? /(4DyoyT)
4T dr
Td \/m
3)

with I" the probability to reverse from the previous run
direction, 74 the mean stopping time, and D, the ro-
tational diffusivity of the cell. From the fitting we ob-
tain I' = 0.55 4+ 0.01, which means that the cell has a
larger probability to reverse its motion, 7y = 0.80+0.01s
in close agreement with the direct measurement of the

k=—o0
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FIG. 2. Micromonas sp. motility. a) Examples of Micromonas sp. trajectories, colour-coded by the instantaneous velocity
(see colormap). The cells alternate between stop phases (blue-ish parts) and forward or backward runs (red-ish parts). b)
Stop-run or reverse schematic. The cell runs for a length L (during a time T') at an angle ¢ relative to the z-axis, reorients
during a time 7 after which the cell moves again in a direction ¢+ 6. Displayed changes in the flagellum configuration are purely
to aid visualisation as the physical flagellum behaviour is unknown. ¢) Distribution of waiting times 7 relatively well fitted by
a simple exponential. Inset: semi-log plot of the distribution. d). Distribution of reorientation angle 6. The distribution is
bimodal with peaks at frun = 0 and 6,v = 7; the cells either continue in the current direction or a reversal takes place after a
stop. The experimental data (blue) is perfectly fitted with Eq. 3 (red, see also SI §3). Shown in orange (resp. green) is the
theoretical distribution (Eq. 3) for a completely passive process with particle radius 0.63 um (resp. 1pm) (Dyor = 0.64 and

0.15rad®.s* respectively). The former is chosen as the equivalent spherical radius of the cell, see text.

average stopping times (7) = 1.05 £ 0.04s, and Dot =
2.1 +0.1rad?.s~ %

Such value of D,, seems incompatible with being
solely set by thermal forces. Considering an equiva-
lent spherical radius of the cells Rgeo = 0.63um (aver-
age semi-principal axes a = luym and b = 0.5um) gives
D.ot = 0.64rad?.s™!, leading to a theoretical distribution
far-off the experimental one (using Eq. 3 and keeping
74 = 0.80s and I' = 0.55, orange curve in Fig. 2d).
This discrepancy is expected to be even larger when tak-
ing into account the correction to the Brownian rota-
tional diffusivity due to the non-spherical shape of the
body (i.e through Perrin friction factors, see [41, 44]).
Consequently, we conjecture that the reorientation pro-
cess is sustained by some yet unknown active mechanism
that enhances the rotational diffusivity during the stops.
Based on a similar approach, the same conclusion was
drawn from the microscopic features of the run-and-stop
motility of R. sphaeroides [41]. The authors there hy-
pothesized that this active contribution could originate
from low-frequency motion of the flagellum during the
stops [43] or from rapid polymorphic transformations of
the flagellum during the stop-to-run transitions inducing
rotation of the body [45]. We believe a similar process
happens in Micromonas sp. although dedicated experi-
ments aiming to record both flagellum and body motion
would be needed in order to unequivocally reveal the re-
orientation dynamics.

Overall this way of exploring the space leads to a trans-
lational diffusivity D; ~ 1.2um?.s~! (obtained from the
MSD, see SI §4), a few times the Brownian diffusivity of
a sphere of similar size as Micromonas sp.. To the best
of our knowledge, the motility pattern described here has
no equivalent in previous literature. Because it appears

~
~

somehow as a combination between the run-stop motion
of the chemotactic species R. sphaeroides [40, 41, 46-48]
and the run-reverse motility of P. haloplanktis [49-51],
we coin this new foraging strategy stop-run or reverse.

C. Individual Cell Phototaxis

To assess the origin of the phototactic drift seen at
the population level, we repeat the single cell tracking
experiment whilst imposing a continuous light stimulus
from the positive z-direction (Fig 3a) at A = 625nm and
I = 300uE.m~2.s7!. Data was collected between 0 and
45 minutes after switching on the light as well as between
90 and 120 to appraise any kinds of acclimation [52]. Sur-
prisingly, none of the microscopic quantities introduced
previously change upon light stimulation. In particular
the distribution of reorientation angle 6 remains identi-
cal to the control case (Fig. Sba), while the distribution
of run angle ¢ remains uniform (Fig. S5b) showing no
directed motion towards the light. Moreover we did not
find any change in the run length distribution as a func-
tion of the run angle ¢. The population drift is then the
consequence of subtle spatial asymmetries in the statis-
tical properties of the trajectories.

In fact, understanding the microscopic origin of the
phototactic drift requires a thorough analysis of the com-
plete run-stop-run pattern. We consider the average run
length L(¢1,0;) as a function of the previous run angle ¢;
and reorientation angle 6;. The map of L(¢1,61) appears
noisy and doesn’t seem at first sight to provide any clue
regarding the phototactic behaviour of the cells (Fig. 3b,
short phototactic stimulation experiment). To extract
useful information, we first divide this map into three re-
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FIG. 3. Individual cell phototaxis. a). Sketch of
the experimental setup and incoming light direction denot-
ing the ¢ = 0 run angle. b). Average run length as a
function of previous run direction ¢ and reorientation 6.
c). Areas of interest in panel b). Previous runs away from
(resp. towards/orthogonal to) the light source in red (resp.
blue/green). Reorientation angles that bring the cells towards
(resp. away from) the light are shown in black (resp. white).
d-f). Run length L(6:) averaged over ¢; in each of the three
zones in panel ¢). Full lines are simple sinusoidal fittings to
highlight the trend. The run length modulation is always
maximum for angles ¢; bringing the cells towards the light
(vertical grey shading). For a better visualisation of the mod-
ulation, we have concatenated the same 27-signals over 4.
g). Sinusoidal fittings in panels c-e) after eliminating the
phase and average values to show the difference in the mod-
ulation depending on the previous run direction ¢;. The re-
sponse is maximal (resp. minimal) when the cell first swims
away from (resp. orthogonal to) the light, red curve (resp.
green). h). Distribution of drift velocities (full lines) and av-
erage drift values (vertical dashed lines) in the jump-diffusion
simulations with/without light (magenta/cyan respectively).
The simulations with light reproduce very well the population
drift for this set of intensity /wavelength (black dashed line).

gions defined by the three colors in Fig. 3c where red
(resp. blue, green) corresponds to the first run being ori-
ented away from (resp. towards, orthogonal to) the light.
The corresponding reorientation angles 67 that bring the
cell towards (resp. away from) the light are shown in
shaded black (resp. white). Averaging over ¢; in each
of the colored regions (e.g. L(61) = (L(¢1,01))¢,cred)
shows that the run length L(6;) is modulated with re-
spect to the reorientation angle 6, (Fig. 3d-f, same color
code), with a maximum (resp. minimum) when the cells
run towards (resp. away from) the light in the second

6

run (light direction=grey shading in Fig. 3d-f). To com-
pare the modulation as a function of initial run direction
¢1 we fit these curves with a simple sinusoidal function
L =~ + Bsin(6y — 0) (Fig. 3d-f, full lines). After elimi-
nating the phase § and subtracting the average value v,
the amplitude of the modulation is seen to be the largest
when the cells swim away from the light in the first run,
while it is the smallest when the cells swim first orthog-
onally to the light direction (Fig. 3g). In the control
experiment, without light stimulation, no modulation of
the run length is observed and the modulation response
over long-time exposure is dimmed.

Finally, integrating our single-cell measurements with
and without light into jump-diffusion simulations (see
Methods) appears to produce drifts in good agreement
with our population measurements. Indeed we obtain a
distribution of drift velocity with average value (ugim) =
1.50 £ 0.02um.min~! upon photo-stimulation, close to
the value ueyp = 1.8 & 0.3um.min~! measured in this
particular set of wavelength and intensity (Fig. 3h).

DISCUSSION

While previous studies [27, 53, 54] have reported the
existence of phototactic activity amongst the dominant
marine pico-eukaryote Micromonas sp., no clear picture
of both the magnitude and the microscopic origins of this
response has yet been established. Here by combining
population-level and single-cell tracking experiments as
well as numerical simulations, we have shown that this
globally important species [24-26, 29, 55-57] is capable
of regulating its motility in response to directed light
stimuli, thus confirming the presence of phototaxis.

By examining a total of 1,163,617 single-cell tracks
with and without light stimulation, we have shed lights
on both the strategy Micromonas sp. adopts to explore
its environment and the way it manages to slowly drift
towards a light source. Interestingly, the cells perform a
type of motion never reported before and that we dubbed
stop-run or reverse (although a similar motility pattern
has been reported in E. coli following forced cell body
elongation [58]). This name reflects the fact that the cells
frequently stop in order to partially reorientate via seem-
ingly enhanced-rotational diffusion while they ”choose”
afterwards to move forward ('run’) or backward (‘re-
verse’) with respect to their body orientation. Despite
variants of run-reverse types of motion being common
amongst marine prokaryotes [34, 49, 59|, this is to the
best of our knowledge the first reported example amongst
eukaryotic species.

This strategy is certainly the consequence of the rudi-
mental propulsive machinery of the organism (i.e. a
single rotating flagellum [33]) which does not allow the
cell to actively steer towards any controlled direction
(nonetheless our data seems to show that the stochas-
tic reorientation process is enhanced by some type of cell
activity) as opposed to most algae that are also aided
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by dedicated eyespots for detecting light (e.g. C. rein-
hardtii[60], Euglena gracilis [61]) Instead, the phototactic
drifts experienced by Micromonas sp. population origi-
nates from subtle directional asymmetries in run lengths.
After reorienting back towards (resp. away from) the
light source, the cell always

By examining the average run length for given values of
the reorientations as a function of the incoming run angle
we observe an increase (resp. decrease) in the runs that
are reorientated back towards (resp. away from) the light
source. This peculiar strategy is validated by encoding
the experimental motility data into jump-diffusion simu-
lations and measuring the simulated population drift this
produces.

These observations probably reflect the way that Mi-
cromonas sp. manages to detect where the light comes
from without a dedicated eyespot. Although the fol-
lowing mechanism is still hypothetical, the phototactic
response could plausibly be mediated by the photosyn-
thetic activity of the cell which takes place in the chloro-
plast located in a plastid in the nose of the organism [27].
In such case, the decrease (resp. increase) of photosyn-
thetic activity during a run away from (resp. towards)
the light might trigger an increase (resp. decrease) of the
swimming speed as the organism reverses. In the case
where the cell runs in a path quasi-perpendicular to the
stimulus direction the photosynthetic activity would not
change substantially, preventing the organism to effec-
tively determine the direction of the light stimulus. This
could explain why in the case where the previous run is
perpendicular to the light source, the increase in the run
length is reduced in comparison to runs that were initially
on the light axis. This is supported by the observation of
micro-lensing within the cell (SI 7) where we see the cell
is capable of internally focussing light, which when cou-
pled with a photorecpetor or measurements of the photo-
synthetic activity provides a viable phototactic steering
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mechanism reminiscent of cyanobacteria [62]. However
despite being a plausible scenario given our experimental
data, further investigation should aim to understand the
complex biochemical processes taking place upon photo-
stimulation as well as the flagellar apparatus dynamics.

The phototactic behaviour reported here only leads to
relatively faint drifts with a maximum recorded speed at
the population level 4 ~ 4ym.min~!. This contrasts with
previous studies on chemotactic responses of this species
to DMSP and derivatives where drifts were seen to be of
the order of ~ pum.s™! [7]. We believe this phototactic
strategy is in fact mainly a way to counter-act sedimenta-
tion in order to remain at the same position in the water-
column. Indeed the magnitude of the phototactic drifts
obtained in this study matches well our measurement of
the sinking speed of the cells when no light stimulus is
imposed anywhere (SI). Importantly, the phototactic re-
sponse is always directed towards the light source regard-
less of the wavelength or intensity, even when it could
have been expected to be harmful for the cell (for instance
via photo-oxidative stress [63, 64]). This contrasts with
other phototactic organisms such as C. reinhardtii which
switch to photophobic behaviours at high intensities in
order to prevent self-damages [9, 65]. Although the re-
sponse is always positive, the phototactic drift 4 does not
follow any scaling law with the wavelength (i.e the curves
in Fig. 1b are not parallel), which suggests that the cells
make use of several distinct phytochrome photoreceptors
[32, 66] whose activations depend on light intensity. Fi-
nally, we observed that Micromonas sp. is less sensi-
tive to red than blue/green wavelengths at low intensities
(< 100 uE.m~2.s71) . This result probably reflects the
natural condition of light in the oceans, where red wave-
lengths do not penetrate to depths greater than a few
meters [67]. Consequently the peak sensitivity at low in-
tensity would be shifted towards smaller wavelengths in
order for the cells to keep track of the light when deep
enough in the water layer.
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Supplementary Material

SI 1: SI DRIFT-DIFFUSION POPULATION
BEHAVIOUR

Here we outline the main results from [S68], as dis-

cussed briefly in the main text. This is included for
completeness and for accessibility to the material to the
reader, for full methodology and mathematical support
please see the source material.
Consider a colloidal suspension whose number density
at a time t is given by n(z,t) with the z-coordinate re-
stricted to the interval 0 < z < h. Given constant drift
velocity u and Einstein coefficient D, the particle current
J is described by

dn
=un—D— 1
J =un - (S1)

The density and current satisfy the conservation equation
and also the zero current condition at the boundaries

oJ 0On
87x—|—E:O J(0)=0=J(h) (S2)

Combining these, we obtain the diffusion equation for the
number density

on _ 00 on
ot oz “or

For convenience, we introduce the dimensionless variables

(S3)

) 50 = 7 (84)

where £ is in fact the Péclet number of particle diffusion.
Using these variables, our original diffusion equation be-
comes

on  0*n  On

with u < 0 so the particles are driven towards the left
boundary at = 0. This direction of current is chosen

arbitrarily, we could equally choose u > 0 such that the
current is driven to the right boundary of = h, in which

x
case we simply set & = & — 7 and continue with the

methodology.

For the general initial distribution of particles, define
the Green’s function of the process ¢g(&, &1; s) which is the
probability for a particle located position &; at time s = 0
to be found at position £ at time s. From this, the time
evolution of the initial distribution n(&, 0) is described by
evaluating

&o
n(e,s) = /O g6, 0)dE,  (S6)

Substituting Equation S6 into Equation S5, the Green’s
function can be shown to satisfy the dimensionless diffu-
sion equation (Equation S5).

Solving for the Green’s function is a fairly arduous pro-
cess, but the final form is given by

e

g(&,&:7) R

+e € 3 e MOB(2kéy + 61 + €, 5)

k=—o0
+emETR2 NN w2k + £+ &1, 8)
k=—00 *£
(S7)
where the functions E,w are defined as
1 S+ 1 €1
_ s —

= — 4 E = —erf —=

wg)=go=e B . B = ged(52)

In the long time limit, the Green’s function tends to the
stationary probability distribution

—£
9a(§) = T (59)
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FIG. S1. Drift-Diffusion model near the boundary.

Population accumulation relative to an initial population n0
across the length of the experimental window. We take the av-
erage value of the population within 185 um of the boundary
(our experimental window), labelled as the black line, to fit
the population drifts in the main text. As expected the accu-
mulation decreases as distance from the boundary increases.

For an initial constant density n(&,0) = ng, Equation S6
becomes

&o
n(€,5) = no / 96,605 5)dE (510)

By integrating the Green’s function term by term, an
expression for the time evolution of a flat original density
can be found as

oo

n(E,5) = neg(€)4no 3
k=—oc0

{eé/ 2W (2kEo + €, 8)

— &= O2W((2k + 1)& + &, 5]

(S11)
Where the function W and equilibrium value neq are
defined as

W (&, s) =2sw(E, s) (S12)

+e (s —EF VB, s) + P E(=¢, 9)
e—¢
Neq(€) =nofo— =& (S13)
Finally, changing back to the original variables brings the
equilibrium distribution to the form

h efm/l
Neq () = no—

I1—eh/t (514)

An example of the resultant population behaviour is
shown in Fig. 1b-main text, where the population den-
sity converges to the exponential equilibrium distribution
Neq. Figure S1 shows the evolution of the number density

2

40
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FIG. S2. Run detection from instantaneous velocity.
Run-events are easily identified from the background Brown-
ian noise as sustained periods of time at higher speed. From
identifying the initial peak, the start and end of the run can
be determined (plotted as green and red respectively). From
these start and end points the full run trajectory can be anal-
ysed to determine features such as the run length, run dura-
tion and run angle.

n(t) at fixed distances x € [0, 185]um (blue to red, here
185um corresponds to the width of our field of view).
As the distance from the boundary increases there is a
decrease in the population accumulation at that point.
This behaviour is expected as the particles at these points
still have a distance they can travel before reaching the
boundary. To take this behaviour into account when fit-
ting the drift velocities we fit the experimental data to
Np(t) defined as:

(S15)

o]

1 B
NB(t) = Zn(xl)

where Np is evolution of the average number density of
the population within a fixed distance of the boundary,
where B is determined by the size of the observation
window (185um in our case). This is demonstrated in
Figure S1 as the solid black line, denoting the average
population value of the plotted range of x values.

SI 2: CELL MOTILITY PARAMETERS

For a run-tumble organism it is possible to characterise
the swimming behaviour with a selection of motility pa-
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FIG. S3. Observed cell motility parameters for Micromonas sp.. a). Peak run speed of individual trajectories. We have
also observed extremely rare cases of the speed exceeding 100 ums™' which are not recorded here. b). Run length. ¢). Run
duration. The vast majority of the runs last for less than a second, but there are rare cases of these runs lasting tens of seconds.
d). Stopping (tumbling) duration. As shown in the main text, these are exponentially distributed. Again, similar to the run

duration, there are extremely rare cases where the tumbling duration will exceed tens of seconds.

TABLE I. Mean values of the cell motility parameters for
three different data sets with standard errors.
Motility Parameter Control

Short exposure Long exposu

cross the entire observation window. Finally, the tumble
durations are also exponentially distributed (Fig S3d) as

Ic]eiscussed in the main text. Similar to the run durations,

we observe rare cases of long tumble duration - with one

Run Length (L) (pm) 4.54 £0.01  4.55+0.02 4.454+0.01 . .
Run Duration (T) (s) 0.20+0.04  0.20 + 0.04 0.20 + 0.04€vent having a tumble time of over 200s. For the average
1.035 & 0.04 1.05 + 0.04value shown in the main text, we only consider tumbles

Stop Duration (1) (s) 1.05=+0.04
Peak Speed (um.s™') 31.53+0.02 31.224+0.03
Run Speed (um.s™') 22.8940.02 22.59 +0.02

rameters: run length (L), run duration (T), tumble du-
ration (7), peak and average swimming speeds and the
reorientation distribution (). The 6 distribution has al-
ready been discussed in the main text (and below in sec-
tion §3), so here we focus on the other motility parame-
ters. The distributions of these are summarised in Figure
S3 and the average values can be found in Table S1.

Similar to other marine organisms Micromonas sp. is
an extremely fast swimmer relative to its body size - using
high-speed microscopy techniques we have recorded rare
cases where the peak speed of the cell exceeds 120 pms™!
or 60 body lengths per second. In the experiments con-
ducted here the peak run speed is on average ~ 32 yms ™"
and is exponentially distributed as shown in Fig S3a.
This large run velocity relative to the scale of the Brow-
nian noise can be used to detect run events by examining
the instantaneous speed of the particle as shown in Fig-
ure S2. From this information we can extract the x-y
coordinates of the run trajectory, from which we can de-
termine the value of the motility parameters for this run
event.

Since we only consider straight runs, the run length
distribution (Fig S3b) is the measured displacement of
the cell during the run event. The run durations (Fig
S3c) are exponentially distributed and typically last less
than a second though we have observed rare events where
the cell swims slower but for tens of seconds, able to

31.47 + 0.00f less than 5s since we can see from the distribution
22.66 + 0.0%hat at this point the probability of a longer tumble is

extremely low.

SI 3: REORIENTATION ANGLE DISTRIBUTION

During the tumble phase of a run-tumble organism
such as Micromonas sp., the cell reorientates an angle
# measured counter clockwise from the previous run an-
gle. During our cell motility experiments we are able to
measure this rotation over a 27 period, but we are unable
in these experiments to determine if the cell undergoes a
number of complete rotations or not. Hence when fitting
the probability distribution shown in the main text, we
need to wrap a continuous probability distribution P(6)
over a unit circle, which produce the wrapped probability
distribution as a 27 periodic sum.

Our derivation of the theoretical reorientation distri-
bution goes as follows. Consider a run-tumble particle
with an exponentially distributed tumble duration with
characteristic time 74:

(S16)

The particle is going to be subject to orientation
from thermal forces with probability distribution func-
tion given as (with a peak reorientation angle of 6, = 0):
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Ptherm(a) - 4D s

vV 47TDrotT
(S17)
where 6 is the reorientation of the particle during a time 7
with rotational diffusion constant D,.;. Combining these
two distributions and summing over all values of the tum-
ble duration gives the probability distribution:

1 T 1 (0 —0,)?
P = _ - N "P)
() /7':0 Td XP < Td) VAT Dot T P ( 4m Dyor T >dT’

(S18)

To apply this to Micromonas sp., two modifications

need to be made. Since we are only capable of experi-

mentally measuring 6 € [—7/2,37/2], P(0) needs to be
wrapped to form the circular distribution P, (6) by:

o

> P(6+2rk)

k=—o0

P,(0) = (S19)

Secondly we need to account for the twin peaks of the
experimental distribution of #. This is done by combining
two probability distribution with a parameter I', noting
that if Pj(x), Pa(z) are normalized probability distribu-
tions then:

P(z)=(1-T)Pi(z) +TPy(z), Tel0,1] (S20)

produces the normalized probability distribution P(z).
Combining the two modifications of Eq S19, Eq S20 with
our original probability distribution Eq S18, with 6, =
0, 7, we obtain:

+oo +oo e~ T/Ta e*(9+2kﬂ)2/(4DrotT)
P,(0) = (-1
(9) e /T:o ( ) T4 VAT Dyt T
o= 7/7d g (0—m+2km)? (4D 007)
T }dT
N

P,,(0) was fitted to the experimental data by minimis-
ing the Kullback-Leibler divergence , a measure of the
divergence of two probability distributions. Given two
probability distribution functions p(z), ¢(z) > Vx € X,
it is possible to measure the divergence of the experi-
mental data (p(x)) from the model distribution (¢(z) =
P,(6)). Aslong as the above conditions are satisfied, the
Kullback-Leibler divergence is defined as:

Drcr(p(@)llg@) = 3 pla)n (p”) (s21)

= q(z)

From this, we calculated the following parameter val-
ues for our fit: I' = 0.55, Dyt = 2.1rad.s? and 74 = 0.85s.
As we see in the main text, this distribution gives a very
good description of the observed experimental data.

1 exp (_(9_91))2), 0 € (—o0,00)

4
10°
10°
= 10*
S
> ;=0.7125
S 100
g 10 _—
:5 0,=0.3155
T
Y 10
o
kel
102 o, —=1.158
10° ‘ ‘ ‘ ‘
10® 10" 10° 10 10° 10°
log(t (s))
FIG. S4. Average mean-squared displacement as a
function of time. We observe three different diffusive
regimes: an initial super-diffusive regime (a; = 1.158),

followed by a transition to a sub-diffusive regime (a2 =
0.3155, g = 0.7125) for long timescales.

SI 4: DIFFUSION COEFFICIENT

The translational diffusion coefficient D; was calcu-
lated from the averaged mean squared displacements
(AMSD) of the particles, shown in Figure S4. The
relationship between the AMSD and time for a two-
dimensional system is defined as:

(Ar?) = 4D t™ (S22)

Here, we can see that setting o = 1 recovers the
Brownian diffusion regime. In the case of anomalous
diffusion, a > 1, < 1 define the super-diffusive and
sub-diffusive regimes respectively. We obtain three dif-
ferent regimes as shown in Figure S4; an initial super-
diffusive regime followed by two sub-diffusive regimes
with o123 = 1.158,0.3155,0.7125 respectively. While
run-tumble styles of motion can lead to anomalous dif-
fusion [S69, S70], we believe the subdiffusive behaviour
observed for Micromonas sp. on long-time scales is in fact
simply the consequence of our spatially-limited observa-
tion window (185um). We still extract the translational
diffusivity via this long-time scale evolution of the AMSD

leading to Dy = 1.17um?2.s7 .
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FIG. S5. Angluar distributions with/without stimulus.
In both figures, blue is the control, red the short-time stimu-
lus and green the long-time stimulus. a). Reorientation-angle
(0). There is no change to the reorientation distribution when
a stimulus is applied. b). Run-angle (¢) distribution. The
distribution roughly uniform for both the control and stimu-
lated cases, indicating no preferred run-direction.

SI 5: RUN-ANGLE AND
REORIENTATION-ANGLE DISTRIBUTIONS
WITH/WITHOUT LIGHT STIMULUS

In previous run-and-tumble-taxis studies such as F.
coli chemotaxis [ST1], the chemotactic drift is produced
by biasing the run-tumble durations to introduce a direc-
tional persistence to the motion. If this is the case here,
it is expected that there will be a direct change to ei-
ther the run-angle or reorientation-angle distributions (or
both). For example, reducing tumbling duration should
in theory increase directional persistence as the cell has
less time to be reorientated by diffusion and so is more
likely to travel towards/away the stimulus on the next
run. For a kinesis-style of response, where the response
is dictated by changing the run speed and/or run length,
there would not necessarily be a change to either of these
angular distributions. Figure S5 displays the probability
distribution functions for the reorientation angle (0, Fig
Sha) and the run angle (¢, Fig S5b) in all three light con-
ditions - control (no stimulus), short exposure and long
exposure. We do not observe a significant difference in ei-
ther distribution regardless of the presence of an external
light stimulus.

SI 6: SEDIMENTATION RATE

Dense samples of Micromonas sp. culture were loaded
into a 50 ym microfluidic chamber, inverted and left to
sediment in a dirunal chamber. The samples were then
flipped and the arrival times of the particles at the bot-
tom surface recorded. Fig S6 plots the particle count C(t)
(normalized by the maximum particle count attained,
Cax)- After 52 min the count begins to plateau, result-

ing in a estimated sedimentation speed of 0.95 ym.min~?,
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FIG. S6. Sedimentation of Micromonas sp.. A dense
sample of Micromonas sp. was loaded into a 50 um thick mi-
crofluidic chamber and inverted to collect particles on the top
of the chamber. The chamber was then flipped and the ar-
rival times of particles recorded, where C(t) is the number of
particles in view at a time ¢, and Chax the maximum particle
count attained. After 52.4min the particle arrival begins to
plateau, giving an estimate of 0.95 yum.min' for the sedimen-
tation velocity.

suggesting the slow phototactic drift is sufficient to main-
tain the cell’s vertical position in the water column and
thus remain in optimal photosynthetic conditions.

SI 7: CELL MICROLENSING

FIG. S7. Microlensing in Micromonas sp.. Two different
cells (a,b) in different orientations were illuminated with blue
light directed parallel to the focal plane (direction of propa-
gation: blue arrow) and imaged in both brightfield (red false
colour) and through a red filter cube (green false colour). The
latter captures the autofluorescence of the cells’ chloroplast,
indicating strong focusing the external light.

Micromonas sp. cells were imaged with an 100x oil-
immersion objective (with additional 1.5x internal mag-
nification and illuminated with a blue (470 nm) LED per-
pendicular to the optical path and a FTIC cube was
used to select the imaging wavelength, with the images
recorded with an EMCCD camera. Fig S7 shows three
different cells in different orientations (a-c) where the
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flagellum location is denoted by the black line, and the
illumination direction by the blue arrow. In red is the
brightfield image of the cell, with the fluorescent signal
from the cell emission overlain in green. We see that the

6

cell is capable of focusing external light internally in the
cell suggesting a potential phototactic steering mecha-
nism when the light is focussed onto light-sensitive com-
ponents of the cell i.e. photoreceptors, chloroplast.
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