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Biological microswimmers exhibit a variety of intricate behav-
iours and strategies to achieve navigational tasks in response 
to environmental stimuli such as chemicals1–3, light4–6, electric  

fields7–9 and fluid flows10. Experimental and theoretical studies  
in many microorganisms (for example, Escherichia coli2, 
Chlamydomonas reinhardtii11–15, Euglena gracilis6,16–18, Volvox glo-
bator4 and Paramecium caudatum7,8) have elucidated feedback- 
control mechanisms that tie together three spatiotemporal scales:  
fast subcellular sensors and actuators operate within tens of milli-
seconds, leading to cellular reorientation behaviours typically 
within 1 s, ultimately resulting in directed cell movement and 
task accomplishment over tens of seconds1,19,20. Many microswim-
mers (‘chiral microswimmers’) roll around their body axis, leading  
to helical swimming12,21, with external stimuli causing smooth  
curvature modulation3,12,21 or intermittent, randomized body  
reorientation (‘tumbling’)2,20.

Polygonal trajectories following increased light intensity
In contrast, here we report striking polygonal swimming trajecto-
ries in Euglena gracilis (Fig. 1a(i)–(iii) and Supplementary Video 1), 
where cells alternate between helical swimming and sharp turning 
with well-defined lengths and angles, respectively. These polygons 
emerge within ~1 s after a sudden 6–20-fold step-up in light inten-
sity from ~50 lx to ~300–1,000 lx. These trajectories are approxi-
mately confined to a plane perpendicular to the light stimulus, have 
a clockwise handedness (when observed from the direction oppo-
site the light source) and they are not due to surface inter actions as 
they also occur deep inside the fluid. Turning angles range from 30° 
to 150° yielding polygons from order 3 upwards (Fig. 1a(i)–(iii)); 
these angles also decrease over time as cells adapt to the increased 
light level, thereby leading to increased polygon order and  
also polygonal spirals. After ⪆ 20 turns, cells intermittently skip 
polygonal turns, eventually transitioning back to pure helical 
motion after ~1 min.

Euglena are of wide interest for biophysics and biochemistry res
earch5,6,17,18,22–24, education25–30, biosensing31, biocomputation32,33, and 
food, chemical and fuel production34; being part of an outgroup to much 
eukaryotic life promises impactful discoveries34,35. Euglena are single-
celled microorganisms with ellipsoidal bodies of length l ~ 50 μ m and 
width w ~ 5 μ m. They swim at v ~ 50–100 μ m s−1 while rolling around 
their long axis anticlockwise (as seen from behind) at a frequency of 
ω ~ 1–2 Hz5,6. Their single flagellum beats at Ω ~ 20–40 Hz18,36 (15–20 
beats per roll). Euglena are known to exhibit versatile behaviours. For 
example, they swim along helical paths (Fig. 1b and Supplementary 
Video 2) at weak light intensities (~100 lx)6, or spinning locally (Fig. 1c  
and Supplementary Video 3) at high light intensities (> 3,000 lx)22. 
Other behaviours include transient freezing22 and body deforma-
tions24, but they are not relevant here. Euglena sense light signals via 
a photoreceptor that is partially shaded by the stigma (red ‘eyespot’,  
Fig. 1d)5. This signal is converted into different three-dimensional 
(3D) flagellar beating patterns depending on light intensity23, which 
determines swimming speed, rolling frequency, and sideways turn-
ing5. These motions change the cell orientation and position in 3D 
space, which in turn affects the detected light signal6. This complex 
feedback enables Euglena to adjust their swimming paths and photo-
taxis strategies in accordance to light conditions, such as positive and 
negative phototaxis5,6,27,37 or avoidance turning at light barriers25,33

Due to the novelty of the observed polygonal behaviour, we  
further investigate its origins and characteristics. We investigated its 
dependence on light intensity by stepping up the microscope light 
from ~50 lx to various higher intensities (Fig. 1e). The obtained  
distributions reveal three behavioural states (n =  33 cells; Fig. 1f) 
with the polygonal behaviour forming a transition between helical 
swimming and spinning at intermediate light levels. In the follow-
ing, we describe the basis of this polygonal behaviour and its rela-
tionship to helical and spinning behaviours (Fig. 1b,c) at the levels  
of flagellar beats (Figs. 2 and 3), swimming behaviours (Figs. 4  
and 5) and phototaxis strategies (Fig. 6).
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eukaryotic cells swim in polygonal trajectories due to a sudden increase in light intensity. While smoothly curved trajectories are  
common for microswimmers, such quantized ones have not been reported previously. We find that this polygonal behaviour  
emerges from periodic switching between the flagellar beating patterns of helical swimming and spinning behaviours. We 
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between these behaviours selects for ballistic, superdiffusive, diffusive or subdiffusive motion (including tuning the effective 
diffusion constant over several orders of magnitude), thereby enabling navigation in spatially structured light fields, such as 
edge avoidance and gradient descent. This feedback control links multiple system scales (flagellar beats, cellular behaviours 
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Periodic switching between distinct flagellar beat patterns
First, we investigated at the subcellular level what flagellar beat 
patterns generate polygonal swimming, and how those beat pat-
terns relate to those of helical swimming and spinning (Fig. 2). We  
manually tracked the flagellum outlines (n =  3 cells for > 1.4 s for each 
behaviour, sampling rate 200 fps, ~40 beat cycles, ~7 beat patterns  
per cycle, ~3,000 frames total; Supplementary Fig. 3 and Supple-
mentary Section 3.2). All three behavioural states showed distinct 
flagellar beat patterns (Fig. 2a–d and Supplementary Video 4). 
During helical swimming, the flagellum twists into two loops that 
are distributed on both sides of the cell (Fig. 2a), whereas for spin-
ning, the flagellum twists into one loop extending towards the front 
of the cell and bends to the side opposite to the turning direction 
(Fig. 2b). Polygonal swimming emerges from periodic switching 
between two beat patterns that resemble those of helical swimming 
(Fig. 2c) and spinning (Fig. 2d), which coincides with the swim-
ming and turning phases of the polygon, respectively.

To quantify these beat patterns over time, we measured their 
instantaneous maximum vertical distance f1 and mean horizon-
tal distance f2 (positive on the cell’s right side from a top-down 
view) from the cell tip, as well as the cell orientation ϕ, from their 
2D projection (Fig. 2e). While this approach neglects many 3D 
aspects of flagellar beating, it is sufficient for the following analysis 
(Supplementary Section 3.2). For helical beat patterns, f1 remains 
small (< 3 μ m), f2 oscillates around 0 μ m and ϕ stays nearly constant 

(Fig. 2f). In contrast, spinning beat patterns have large f1 (~6 μ m), 
negative f2 and significantly decreasing ϕ over time (Fig. 2g). The 
asymmetry in f2 may explain why this beat pattern leads to turning 
rather than forward motion. For polygonal behaviour, f1, f2 and the 
change in ϕ reveal two distinct beat patterns (Fig. 2h) that closely 
resemble those of helical and spinning motions (Fig. 2f,g), occur-
ring during the straight swimming and turning phases, respectively 
(Supplementary Section 3.2). However, closer inspection of the 
eyespot reveals that during polygonal turning, cells still roll around 
their long axis, while during spinning they do not (Supplementary 
Videos 1 and 3 and Supplementary Fig. 4). This implies that there 
are subtle differences in these beat patterns. Thus, we conclude that 
the beat patterns for helical swimming and spinning have distinct 
geometric characteristics, and polygonal swimming emerges to first 
approximation via switching between both beat patterns (Fig. 2i).

We then assessed how the number of spinning beats affects the 
turning angle |δ ϕ| (Fig. 3a), and we find a linear increase of (18 ±  3)° 
per beat (n =  7 cells, 202 turning events, a total of 1,091 beats, 
always mean ±  s.e.m. unless stated otherwise). This implies that 
larger turns take more time, and there are slight variations between 
different cells. This discreteness is further highlighted by distinct 
peaks in the frequency distribution of normalized |δ ϕ| for different  
beat numbers (Fig. 3b, Supplementary Fig. 5 and Supplementary 
Section 3.3). Hence, the number of spinning beats determines the 
turning angle and hence the order of the polygon (Fig. 3c).
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Fig. 1 | Euglena gracilis cells swim in striking polygonal patterns following a step-up in light intensity. a, Euglena cells exhibit polygonal swimming 
trajectories of various orders. (i–iii) Polygonal trajectories with order 3–5. b,c, These polygonal behaviours are distinct from the known behaviours of helical 
swimming (b) and localized spinning (c). The red plus symbols mark the same spatial location in the images. Flagellum outlines are traced and coloured in 
blue. Duration of motion in a(i), a(ii), a(iii), b and c: 2 s, 2.2 s, 4.1 s, 1.35 s, 0.65 s. d, Euglena has a red ‘eyespot’ that shades its photoreceptor. The cell rolls, 
swims and turns due to its flagellar beating. This beat is affected by the light intensity sensed by the photoreceptor. e, A schematic of the experimental 
set-up: cells are illuminated from below by either uniform or structured light through the microscope lamp or a projector, respectively. Unless otherwise 
specified, uniform light field is applied. f, We observed three behavioural states of Euglena following a step-up to various light intensities (always starting 
from weak light of ~50 lx; n =  33 cells): polygonal behaviour appears at intermediate light intensities between helical and spinning behaviours. Scale bars, 
20 μ m (a–c) and 5 μ m (d).
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Feedback model for light sensation and cell reorientation
Second, we turned to the cellular level to analyse the two-way feed-
back between light sensed by the eyespot and 3D cell reorientation 
with respect to the laboratory and body frames (Fig. 4a). In the lab-
oratory frame (x̂, ̂y, ̂z), ϕ is defined as before, θ is the phase angle 
for the periodic helical trajectory due to the angular oscillation of 
amplitude ξ in the x̂– ̂y plane via ξ ξ θ= sin( ), and the light stimulus I 
is parallel to ̂z. In the body frame (b̂x, b̂y, b̂z), we define ̂r (direction of 
maximal light sensitivity, which is assumed to align with the eyespot 
orientation b̂y; see Supplementary Section 3.4 for generalizations), 
û (swimming direction) and p̂ (‘paw axis’, see below). Cells swim at 
speed v along û, roll around û at frequency ω (positive for anticlock-
wise as before) and turn around p̂. Instead of the ‘roll–pitch–yaw’  
reference system, we substitute the last two components with a 
‘yitch–paw’ vector, ̂K p, where the body rotations perpendicular to 

the roll axis are fully described by the ‘paw angle’ α with respect to 
the eyespot (the unit ‘paw vector’ p̂ is perpendicular to the ‘roll axis’) 
and the ‘yitch rate’ K (defining the magnitude of rotation around p̂).

We consider a biophysical model that accounts for the reorienta-
tion feedback of Euglena in response to the detected light stimuli 
(see Supplementary Section 3.4 for generalizations): K(t) depends 
on absolute light intensity |I| and light sensor orientation relative 
to the light ( ⋅ ̂I r), which is described by coupling constants Ka and 
Kd (for ambient and directional light components, respectively). We 
decompose K(t) into K0(t) (intrinsic, light-independent reorienta-
tion rate), K1(t) (instantaneous signal strength) and K2(t) (receptor’s 
adaptation to light). First, K1 is given by:

= ∣ ∣ + ⋅ ^ ⋅ ^K t K KI I r I r( ) ( )H( ) (1)1 a d
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Fig. 2 | Euglena switches between two flagellar beating patterns to achieve the three behavioural states of helical swimming, polygonal swimming 
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periodic switching between helical and spinning beat patterns. Scale bars, 5 μ m.
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The Heaviside function H accounts for directional shading by 
the eyespot. Next, K2(t) is given by:

∫γ= − γ

−∞

′ − − ′′
K t K t K t e t( ) ( ) ( ) d (2)

t
t t

2 1 1
( )

Here γ is the adaptation rate (γ ≪  ω/(2π ). Finally, K(t) is given by:

= +K t K K t H K t( ) ( ) ( ( )) (3)0 2 2

The Heaviside function ensures only activating signals. We non-
dimensionalize the system in space and time based on the body 
length ℓ and the inverse of the rolling frequency 1/ω, with v held 
constant (Fig. 4a). We define 〈 K〉  as the average of K(t) over the half 
rolling cycle that I is detected by the photoreceptor. α(〈 K〉 ) sets the 
direction of light-dependent turning (Fig. 4a), takes discrete values 
of α(〈 K〉 < 3) =  α1 and α(〈 K〉  ≥  3) =  α2, and does not adapt over time 
with light level.

Parameter exploration shows that this model can simulate 
all three behaviours and their dependencies on light intensity 
(Supplementary Section 3.5): for α ≈  π , cells perform helical swim-
ming and polygonal swimming for 〈 K〉  ≈  0 and 〈 K〉  ~ 1–2, respec-
tively. The simulated helical swimming is neither directed towards 
nor away from the light. Polygonal swimming is approximately con-
fined to a plane perpendicular to the light vector, and the polygons 
have the same handedness as in Fig. 1a. If α is chosen to be ≈ 0, poly-
gons have the opposite handedness. For all other α, cells eventually 
swim towards or away from light; that is, they do not stay in the 
same ̂z-plane. For 〈 K〉  ⪆  3 and α ≈  3π /2, cells spin perpendicular to 
the light, with the eyespot leading, as in Fig. 1c; for α ≈  π/2, the eye-
spot is on the other side. Other α values lead to spinning behaviour 
in planes that are not orthogonal to the light. We therefore set α1 =  π  
and α2 =  3π /2. Using these α values, we vary K(t) and characterize 
the 3D helical trajectories by their amplitude A, helix length L and 
helix period T (Fig. 4b). With increasing 〈 K〉 , A first increases before 
it eventually decreases, while L and T both decrease monotonically 
(Fig. 4c). At large 〈 K〉 , spinning emerges as a zero-twist helix with 

small A, L and T. Polygonal swimming occurs as the light sensed 
by the photoreceptor is periodically blocked by the eyespot during  
the rolling cycle, thereby resulting in an ‘on-and-off ’ signal in K(t) 
(Fig. 4d). In contrast, in helical swimming and spinning, cells sense 
low and high light intensities at all times, respectively. These model-
ling results predict the importance of the changes in the detected 
light stimulus due to eyespot rolling in different behavioural states. 
In the following, we verify these predictions experimentally.

Phase relationships between eyespot and reorientation
For weak light intensities (< 100 lx, ≈ ̂−OI z(10) 1 ), the model pre-
dicts that the frequencies of body rolling and helical swimming are 
coupled, identical and phase locked (Fig. 5a(i) and Supplementary 
Video 5). We experimentally verified this by tracking ϕ and θ of 
helically swimming cells. We also tracked ψ, defined as the roll 
angle using the eyespot as a reference point (Fig. 4a) when observed 
from the top (that is, − ̂z). We found a fixed phase relation between 
ψ and ϕ as well as ψ and θ (Fig. 5a(ii,iii)), in agreement with our 
model and recent work on Euglena18 and other microswimmers4,12. 
Fitting experimental and theoretical results revealed that this phase  
relation is fixed at α =  3.32 ±  0.07 ≈  π  (n =  9 cells, ≥ 3 periods, from 
similar plots as Fig. 5a(iii)).

For strong light intensities (> 3,000 lx, > ̂I z4 ), the model predicts 
that spinning behaviour occurs without rolling around the long axis 
(Fig. 5b(i) and Supplementary Video 6). We experimentally verified 
that the cells spin around their short axis in a plane perpendicular 
to the light, in either a clockwise or anticlockwise direction (experi-
ments revealed no bias) when the light sensor saturates. In the exper-
iments, cells did not appear to roll around their long axis (ψ =  const) 
and we measured non-zero forward velocity (which is also observed 
in theory, Fig. 4b), while the orientation ϕ varies linearly with time 
(Fig. 5b(ii)). Fitting experimental and theoretical results revealed 
that the yitch rate was much larger than the rolling frequency  
(〈 K〉  ≫  1) and α =  4.80 ±  0.24 ≈  3π /2 (n =  7 cells, ≥ 1.5 periods).

For intermediate light intensities (~1,000 lx, ≈ − ̂I z1 2 ), the 
model predicts that polygonal swimming behaviours emerge due to  
periodic shading of the eyespot to the light stimulus (Fig. 5c(i) and 
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Supplementary Video 7). The cells sense the light stimulus for only 
part of the rolling cycle due to eyespot shading; that is, they turn 
sideways (orthogonal to the light direction) whenever the light is 
detected, and they swim in a helix whenever the light is not detected. 
This process then repeats periodically and a polygon emerges. We 
experimentally verified this and observed clockwise polygonal tra-
jectories that occur due to the inherent symmetry breaking from 
handedness of rolling and directionality of the light (+ ̂z direction). 
This polygonal path is actually not completely planar but slowly 
moves along the light direction (approximately 1 body length for 
5–10 rolling cycles in simulations; in experiments, the cells swim out 
of focus slowly due to this motion). Fitting experimental and theoret-
ical results revealed that α =  3.18 ±  0.12 ≈  π  (n =  9 cells, ≥ 3 periods).

Since the model accounts for adaptation (equation (2)), it is 
predicted that the diameter of the polygonal path increases in size 
over time (Fig. 5c(ii) and Supplementary Section 3.6). The corres-
ponding polygonal spirals were found experimentally (Fig. 5c(ii)). 
For the cell shown in Fig. 5c, we obtained an adaption timescale of 
~2 min, after which it transitioned to helical motion. The polygo-
nal turns manifest themselves as ‘phase slips’ between ψ and ϕ  
(Fig. 5c(iii)). However, we also observed that these cells finished the 
turning phase much faster than predicted by the model given by 
equations (1)–(3) (blue lines versus red bars in Fig. 5c(iv)). A better 
match can be achieved with a more general model that accounts 
for a mismatch in the sensor’s vector and shading direction as 

well as for short-time desensitization (green line in Fig. 5c(ii–iv), 
and Supplementary Sections 3.4 and 3.6). Thus, we show that the 
polygonal behaviour can be explained by the cell sensing a strong, 
temporary light stimulus that causes turning, and where the sensor 
adapts over time.

Phototactic strategies and anomalous diffusion
Third, we investigated the utility of these three behaviours for 
photo tactic navigation strategies over longer timescales and length 
scales (Fig. 6). Using an image projector coupled into the micro-
scope, we generated different spatially structured light landscapes 
that were either constant in time or were suddenly switched on25,33 
(Fig. 1e, Supplementary Fig. 1 and Supplementary Section 2.3). We 
observed the resulting trajectories (Fig. 6a–c, top). (1) When cells 
(n =  27) coming from low light encounter a step-up to higher light 
intensity, polygonal swimming or localized spinning occurs, making  
the cells turn around and avoid the light ‘barrier’ (Fig. 6a and 
Supplementary Video 8). (2) When suddenly imposing a strong, 
spatially homogeneous light onto cells (n =  10) that had previously 
been at low light, these cells initially spin and then swim in poly-
gons of increasing order (eventually intermittently skipping the 
turning phases) and thereby increase their ‘search radius’ before 
ultimately escaping into darker regions and switching back to pure 
helical motion (Fig. 6b and Supplementary Video 9). (3) When  
cells (n =  15) under low light are suddenly exposed to a spatial light 
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short axis; the eyespot does not roll. (ii) sin(ψ(t)) and ϕ(t). c, Polygonal swimming. (i) The cell orientation alternates between straight swimming and 
sharp sideways turning; the eyespot always rolls around the long axis. (ii) Polygonal spiral swimming path due to adaptation (ℓ scaled to 1). (iii) ϕ(t) 
versus ψ(t), note the phase slip of ϕ during polygonal turns. (iv) The angular velocity distribution ϕ− t˙( ) versus ψ(t) reveals the effects of adaptation and 
desensitization on sideways turning; the error bars denote experimental s.d.; the blue and green lines show the mean ̇ϕ−  obtained from the simulations. 
See Supplementary Sections 3.4–3.7 for model parameters and additional details.
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gradient, they alternate between spinning, polygonal swimming 
and helical swimming, thereby executing a biased random walk 
down the light gradient (reminiscent of bacterial ‘run-and-tumble’2) 
(Fig. 6c and Supplementary Video 10), and where the variation of ϕ ̇
decreases accordingly (Supplementary Figs. 10 and 11). All of these 
strategies are captured in simulations with the model (Fig. 6a–c, 
bottom, and Supplementary Videos 11–13).

We quantitatively characterized these behaviours (Fig. 1a–c) and 
strategies (Fig. 6a–c) in terms of type and magnitude of anomalous 
diffusion as defined by 〈 |x|2〉  =  4Dtε, where D and ε are the general-
ized diffusion constant and anomalous diffusion exponent, respec-
tively (ε =  1 and ε =  2 for normal diffusion and ballistic motion, 
respectively)38,39. We introduce ζ =  ε −  1 to conveniently represent 
the slopes in the log–log plot of 〈 |x|2〉 /(4t) (normal diffusion con-
stant in 2D) for the different scenarios over time t (Fig. 6d and 
Supplementary Sections 3.9 and 3.10). (1) Spinning leads to sub-
diffusive behaviour (ζ =  − 0.58 ±  0.15; < 0, P <  0.01) as the small yet 
non-zero forward velocity makes the cell swim in small circles; after 
> 10 s cells often stop spinning. (2) Pure helical swimming leads to 
nearly ballistic motion with v =  78 ±  6 μ m s−1 (ζ =  0.91 ±  0.05; not  
significantly different from 1, P <  0.01). Over longer times of ~1 min,  
the behaviour becomes diffusive (ζ =  − 0.20 ±  0.17; not significantly 
different from 0, P <  0.01) with D =  18,500 ±  1,600 μ m2 s−1. (3) 
Polygonal swimming exhibits subdiffusive behaviour at short times 
(< 10 s) due to the looping motion (ζ =  − 0.49 ±  0.08; < 0, P <  0.01), 
while over longer times (> 10 s) the cells increase their search radius 
(Fig. 6b) and transition to normal diffusion (ζ =  0.05 ±  0.24, P <  0.01) 
with D =  17 ±  4 μ m2 s−1. After > 1 min, cells eventually transition into 
helical swimming and follow scenario (2). (4) For run-and-tumble 
in the light gradient (Fig. 6c), cells exhibit superdiffusive behaviour 
over the first ~10− 20 s given stochastic switching between helical, 
polygonal and spinning behaviours (ζ =  0.68 ±  0.08;> 0, P <  0.01); 
after escape from the light field, they transition to scenario (2). 
Hence, Euglena select between ballistic motion and different forms 

of anomalous diffusion (normal, subdiffusive and superdiffusive), 
and can, over longer timescales, adjust their effective diffusion con-
stants by multiple orders of magnitude (Fig. 6d), ultimately allowing 
these cells to adapt their search strategy to the relevant length scale 
in complex light environments to perform edge avoidance, local 
search and gradient descent.

Outlook
Finally, we note that navigation and search perpendicular to the 
light vector is relevant for photosynthesis and avoiding ultraviolet 
damage5,35,40. For example, cells might swim into a bright region 
from under an obstacle (Fig. 6a), or the sun might appear from 
behind a cloud (Fig. 6b,c). The values we experimentally obtained 
for α suggest that under these conditions Euglena are tuned to  
perform initially phototaxis perpendicular to the light vector. While 
cells cannot instantaneously discriminate between localized or 
global causes of these light intensity changes, the feedback-control 
loop between flagellar beat patterns, the cells’ rolling phase, stimu-
lus detection, reorientation response and longer-term adaptation 
enables cells to select the optimal response (Fig. 6a–c): typically, 
cells first perform a localized search via spinning at the length scale 
that cells swim in one roll (that is, 50–100 μ m), followed by a steady 
increase in search radius through polygonal motion, then intermit-
tently transitioning between polygon and helix, ultimately reaching 
the ballistic motion for the pure helix. Note that these processes 
bind together timescales and length scales from milliseconds to 
minutes and micrometres to millimetres, respectively. Future work 
may elucidate the relationship between phototaxis perpendicular 
versus along the light vector5,6,27,37, map out the various 3D flagellar  
beating patterns in detail18, directly relate the hydrodynamics of 
these patterns to K and α, and clarify the signalling transduction 
pathway5 from light sensation (including adaptation) to flagellar 
beat selection. The presented insights might generalize to other 
natural microswimmers, enlighten the self-organized behaviours of 
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Fig. 6 | Euglena accomplish versatile phototaxis strategies including edge avoidance and gradient descent, through behavioural state switching and 
selection of different anomalous diffusion types. a, Euglena encountering a sudden step-up in light intensity take multiple polygonal turns or directly spin 
around, performing edge avoidance (duration: 5 s). b, Euglena exposed to a sudden increase in light intensity initially spin before transitioning to polygonal 
paths of increasing order, performing a spiral search with increasing radius until the edge of the light field is encountered and ballistic helical motion sets 
in (duration: 21 s). c, Euglena cells exposed to a spatial light gradient switch between spinning, polygonal motion and helical swimming in a light-intensity-
dependent matter, performing a biased ‘run-and-tumble’ towards darker regions (duration: 7 s). Bottom rows in a–c: corresponding model simulations,  
ℓ scaled to 1 (Supplementary Section 3.7). d, Log–log plot of 〈 |x|2〉 /(4t) for different behavioural states over time t. Different forms of anomalous diffusion 
feature different slopes (that is, ζ =  ε −  1): subdiffusive (− 1 <  ζ <  1), diffusive (ζ ~ 0), superdiffusive (ζ >  0) and ballistic (ζ ~ 1). n ≥  10 cells for all cases; error 
bars are s.e.m. (sometimes smaller than the marker); slopes for the various linear fits are reported as mean and s.e.m. (see Supplementary Sections 3.9 
and 3.10 for more detail on the cell number and sampling method). Scale bars, 50 μ m.
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microswimmer suspensions41–43 and inform the design and control 
of light-guided synthetic microswimmers33,44–46.

Reporting Summary. Further information on experimental design 
is available in the Nature Research Reporting Summary linked to 
this article.
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