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Abstract  13 

 14 

Marine phytoplankton inhabit a dynamic environment where turbulence, together with 15 

nutrient and light availability, shapes species fitness, succession, and selection1,2. Many 16 

species of phytoplankton are motile and undertake diel vertical migrations to gain 17 

access to nutrient-rich deeper layers at night and well-lit surface waters during the 18 

day3,4. Disruption of this migratory strategy by turbulence is considered to be an 19 

important cause of the succession between motile and non-motile species when 20 

conditions turn turbulent1,5,6. However, this classical view neglects the possibility that 21 

motile species may actively respond to turbulent cues, in order to avoid layers of strong 22 

turbulence7. Here we report that a population of the harmful-algal-bloom forming 23 

raphidophyte Heterosigma akashiwo actively diversifies its migratory strategy in 24 

response to hydrodynamic cues characteristic of overturning by Kolmogorov-scale 25 

eddies. Upon experiencing repeated overturning with timescales and statistics 26 

representative of ocean turbulence, an upward swimming population rapidly (5–60 27 

min) splits into two subpopulations, one swimming upward and one swimming 28 

downward. Quantitative morphological analysis together with a model of cell 29 

mechanics revealed that this behaviour was accompanied by a modulation of the cells’ 30 

fore-aft asymmetry. The minute magnitude of the required modulation, sufficient to 31 

invert the cells’ preferential swimming direction, highlights the advanced level of 32 

control that phytoplankton can exert on their migratory behaviour. Together with 33 

observations of enhanced cellular stress following overturning and the typically 34 

deleterious effects of strong turbulence on motile phytoplankton5,8, these results point to 35 

an active adaptation of H. akashiwo to increase the chance of evading turbulent layers 36 

by diversifying the direction of migration within the population, in a manner suggestive 37 

of evolutionary bet-hedging. This migratory behaviour, which we observed also in other 38 

raphidophyte and dinoflagellate strains, relaxes the boundaries between the fluid 39 

dynamic niches of motile and non-motile phytoplankton, and highlights that rapid 40 

responses to hydrodynamic cues are important survival strategies for phytoplankton in 41 

the ocean.  42 
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Understanding the distribution of phytoplankton in the ocean represents a longstanding 43 

challenge in oceanography9, owing to the complex, multi-scale interactions between biotic 44 

and abiotic processes10. Unfavourable conditions, such as light and nutrient limitation2, sub-45 

optimal temperature11 or strong turbulence5 can cause physiological stress and reduced 46 

growth, affecting species fitness and succession1,2,12. Phytoplankton have evolved diverse 47 

adaptive strategies to cope with environmental stressors, often by exhibiting plasticity in 48 

important functional traits13, including buoyancy14, chlorophyll13 and lipid content, which 49 

they can modulate in response to ambient conditions. 50 

 51 

Turbulence is a prevalent physical factor in the ecology of phytoplankton, and is implicated 52 

in the seasonal succession and bloom formation of phytoplankton species1,2,9, as first 53 

conceptualized in Margalef’s ‘mandala’1,12. Turbulence is often deleterious for the 54 

physiology of motile phytoplankton5,6, causing flagellar or body wall damage, reduced lipid 55 

production and impaired organelle functioning8. Because turbulence is often intermittent and 56 

localized7, frequently affecting only a few meters of the water column15, migration could be 57 

an effective turbulence-avoidance strategy. However, this hypothesis implies that 58 

phytoplankton can modulate migration based on turbulent cues, which has not been 59 

demonstrated until now.  60 

 61 

Evidence for behavioural responses of phytoplankton to turbulence has remained scarce and 62 

limited primarily to drag reduction over timescales comparable to the cell cycle16. Here we 63 

demonstrate an active, rapid and fine-tuned response of a phytoplankton species to a 64 

fundamental turbulent cue. We show that the raphidophyte Heterosigma akashiwo – known 65 

for its allelopathic effects17 and toxic blooms, and frequently used as a model system for 66 

vertical migration studies4,18 – diversifies its migration behaviour upon repeated overturning 67 

events that mimic the effect of small-scale eddies, with nearly half of an upward-swimming 68 

population engaging in a dive response within 30 minutes. Because the vertical is the most 69 

effective direction for modulating migration in order to escape unfavourable conditions, we 70 

propose that this rapid behavioural diversification may be a bet-hedging strategy to increase 71 

chances of evading turbulent layers.    72 

 73 

Many phytoplankton species rely on gravitaxis19 to migrate through the water column. 74 

Gravitaxis is a form of directed motility mediated by a stabilizing torque that biases 75 

swimming in the vertical direction. In the presence of hydrodynamic shear, gravitactic 76 

swimming can lead to the formation of thin layers18, while in turbulence it can cause 77 

microscale patchiness in cell distribution20. These phenomena represent passive effects of 78 

flow on swimming cells: whether cells can actively modulate gravitaxis and thus their 79 

direction of migration in response to turbulence has remained unknown. 80 

 81 

We observed and tracked individual cells of H. akashiwo (strain CCMP452, hereafter 82 

referred to as HA452) in a millifluidic chamber (4121.6 mm3) using video microscopy. 83 

The chamber could be continuously rotated around a horizontal axis by means of a computer-84 

controlled motor, thus mimicking the overturning of cells in the ocean by Kolmogorov-scale 85 
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eddies (Fig. 1a,b). In the absence of rotation, cells exhibited a strong tendency to swim 86 

upwards (negative gravitaxis), resulting in a marked accumulation at the top of the chamber 87 

(Fig. 1c).  88 

 89 

Repeated overturning caused a striking departure from negative gravitaxis. We first imposed 90 

a periodic series of flips, with a period (18 s) representative of the Kolmogorov timescale in 91 

the ocean (0.1–30 s) (7), the characteristic overturning time of the smallest eddies. 92 

Specifically, a period of 18 s corresponds to a turbulent dissipation rate  = 310-8 W/kg, 93 

characteristic of the ocean’s pycnocline21. When exposed to this overturning regime for 30 94 

min (100 flips), the population split into two subpopulations: HA452(↑) continuing to swim 95 

upwards (negative gravitaxis) and accumulating at the top of the chamber, HA452(↓) 96 

swimming downwards (positive gravitaxis) and accumulating at the bottom (Fig. 1d). The 97 

population split occurred both for populations cultured under continuous light and for 98 

populations cultured under a diel light cycle (Materials and Methods). We quantified the 99 

population split in terms of an upward bias index, r = (f↑ - f↓) / (f↑ + f↓), with f↑ and f↓ the 100 

concentrations of cells in the top and bottom 400 µm of the chamber, respectively (Fig. 1g). 101 

The treatment with 100 flips resulted in r = 0.130.20, whereas control experiments with 102 

cells held in the chamber for 30 min without flipping yielded no population split (r = 103 

0.610.12; Fig. 1g). A starved HA452 population exhibited no split (Extended Data Fig. 1d), 104 

suggesting that behavioural responses to turbulence depend on the cells’ physiological state. 105 

Sinking was ruled out as the cause of the bottom accumulation, because cells from both 106 

subpopulations exhibited active swimming with comparable speed (top: 74.542.4 µm s-1; 107 

bottom: 73.846.2 µm s-1; Extended Data Fig. 2), indicating that the split is an active 108 

behavioural adaptation to overturning.  109 

 110 

The population split occurred also for reorientations that were not purely periodic, and were 111 

instead directly modelled on the continuous, stochastic reorientation experienced by cells in 112 

isotropic turbulence, obtained from a Direct Numerical Simulation (Fig. 1b; Methods). After 113 

30 min, the continuous reorientation treatment resulted in r = 0.220.04, denoting a 114 

population split of the same magnitude as the periodic flipping case (ANOVA: p < 0.001, 115 

Extended Data Table 1; Fig. 1g). This finding justifies the simplification of using flips in lieu 116 

of continuous, stochastic reorientations. While the hydrodynamic environment in the flip 117 

chamber is not equivalent to turbulence, it captures the overturning of cells by small-scale 118 

turbulent eddies, also in terms of timescales.  119 

 120 

The magnitude of the population split increased with the duration of the overturning 121 

treatment (Fig. 2a). Over the course of 30 flips (~10 min) the upward bias r decreased from 122 

0.61 to 0.30, corresponding to a 60% increase in the number of down-swimming cells. This 123 

fast change indicates that the response is rapid and even brief periods of turbulence can cause 124 

diversified migration. The response saturated after 300 flips (~2 h) at r = 0.030.10, which 125 

corresponds to a symmetrical distribution of up- and down-swimmers.   126 

 127 
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The migratory response was triggered by changes in the cell orientation relative to gravity. 128 

This was revealed by additional periodic flipping experiments, with the same periodicity but 129 

in the horizontal plane (Fig. 1g). No population split was observed in this case (r = 0.480.16 130 

after 30 min; Extended Data Table 1). The change in cell orientation relative to gravity is a 131 

simple yet fundamental effect of a small-scale turbulent eddy on plankton. Compared to it, 132 

the hydrodynamic acceleration of the fluid in an eddy (~0.001g) (22) is negligible, indicating 133 

that a reversal of the perceived gravitational acceleration, rather than fluid velocity gradients, 134 

represents the cue for the behavioural differentiation (Supplementary Information).  135 

 136 

The switch of a fraction of the cells to downward swimming corresponded to a switch in their 137 

orientational stability. The latter is quantified by the reorientation timescale, B, the 138 

characteristic time a cell takes to rotate back to its vertical equilibrium orientation once 139 

perturbed from it. A greater magnitude of B denotes less stability and the sign of B denotes 140 

upward (B > 0) or downward (B < 0) stability (Methods). For the up-swimming cells we 141 

found B = 10.4±1.5 s prior to flipping (Fig. 2b). After 30 min of flipping, two behaviourally 142 

distinct subpopulations of HA452 cells emerged. Cells from these two subpopulations, 143 

HA452(↑) and HA452(↓), had lost stability and, most importantly, had opposite stability, 144 

with B↑  = 19.3±13.5 s and B↓ = -23.1±10.2 s (Fig. 2c), confirming the active nature of the 145 

down-swimming behaviour.  146 

 147 

The process underpinning the reversal in stability responsible for the emergence of down-148 

swimming cells was a change of morphology. We harvested cells from the top and bottom of 149 

the chamber after 30 min of flipping and determined their shape through phase contrast 150 

microscopy. We found that up-swimming cells were fore-aft asymmetric, narrower in the 151 

front and wider in the back (Fig. 1e, Extended Data Fig. 3). In contrast, down-swimming 152 

cells were fore-aft symmetric (Fig. 1f). Quantitative image analysis showed that the 153 

asymmetry was on the order of 1 µm – a minute yet robust morphological difference between 154 

the two subpopulations (Extended Data Fig. 3 and Table 2; Methods). This fast shape change 155 

is enabled by the absence of a rigid cell wall, characteristic of many raphidophytes23, 156 

conferring HA452 cells considerable morphological plasticity.  157 

 158 

A cell mechanics model demonstrated that the observed shape change is sufficient to cause 159 

the stability switch. Using the cell contour, the size and position of the nucleus determined by 160 

epifluorescence microscopy, and the flow field around the cell obtained through a 161 

computational fluid dynamics model (Methods), we determined the position of the three 162 

points relevant for cell stability: the geometric centre, CB (where the buoyancy force acts), 163 

the centre of mass, CW (where the weight acts), and the centre of hydrodynamic stress, CH 164 

(where the resultant hydrodynamic force acts) (Fig. 3, Extended Data Fig. 3, Tables 2 and 3) 165 

(Methods). For HA452 cells collected from the top of the chamber after 30 min of flipping 166 

(subpopulation HA452(↑)), we found that CW was located a distance LW = 0.03±0.04 µm 167 

above CB (Fig. 3a,b), making cells top-heavy. By itself, this top-heaviness produces a torque 168 

TW that orients cells downwards. However, because of the fore-aft asymmetry, CH was 169 

located a distance LH = 1.17±0.46 µm above CB (Fig. 3b; Extended Data Figs. 3,4), 170 
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producing a torque TH > TW that overcame top-heaviness and oriented cells upwards. In 171 

contrast, for cells collected from the bottom of the chamber after 30 min of flipping 172 

(subpopulation HA452(↓)), LW was unchanged (0.04±0.04 µm), but LH was reduced 173 

(0.24±0.27 µm; Fig. 3c,d Extended Data Figs. 3,4), because of the loss of front-aft 174 

asymmetry. As a result, TW > TH and cells were stable downwards (Fig. 3d). In the phase 175 

space of cell stability defined by the two cellular length scales LH and LW the loss of fore-aft 176 

asymmetry corresponds to the crossing of the line dividing upward from downward stability 177 

regimes (Extended Data Fig. 5).  178 

 179 

For comparison, for a different strain of H. akashiwo (HA3107) that had greater, upward 180 

stability (B = 4.9±1.5 s; Extended Data Fig. 6), we found that CW was located a distance LW = 181 

0.02±0.02 µm below CB (bottom-heavy; Fig. 3e,f) and CH was located a distance LH = 182 

0.87±0.23 µm above CB (Fig. 3f; Extended Data Figs. 3,4), so that both torques TW and TH 183 

stabilized cells upwards. Indeed, HA3107 did not exhibit a behavioural split, but the entire 184 

population retained upward stability upon repeated flipping (Fig. 2a).  185 

 186 

These observations reveal that HA452 is capable of rapid polymorphism to diversify its 187 

migration strategy. Polymorphism is an important adaptation in phytoplankton24, yet to date 188 

has been observed mostly as large morphological changes occurring over demographic 189 

timescales, for example in the reversible loss of horns and spines to accelerate sinking16 or in 190 

chain formation5. In contrast, HA452 diversifies shape over minutes, and a minute 191 

morphological change is sufficient to drastically alter migration behaviour. These findings 192 

thus illustrate exquisite control over movement behaviour through fine-scale control over 193 

cellular morphology.  194 

 195 

The mechanism by which HA452 perceives its reorientation relative to gravity remains 196 

unclear. The large (>75 µm) unicellular protists Paramecium and Tetrahymena directly sense 197 

gravity through mechanosensitive ion-channels, which are activated by the gravitational 198 

pressure of the cytoplasm on the lower membrane25. However, in the size range of HA452 199 

(~15 µm) the work from gravitational pressure is comparable to thermal noise (10-21 J; 200 

Supplementary Information), making this mechanism unlikely. On the other hand, cross-talk 201 

between ion-channels and reactive nitrogen species (RNS) production has been observed26, 202 

suggesting that the sensing of gravity may involve positive feedbacks between these two 203 

cellular networks.  204 

 205 

We propose that the observed diversification of migration strategies is an escape response to 206 

avoid turbulence. The behaviour we reported could afford significant benefits to a migrating 207 

population when turbulence is heterogeneous over the depth of the water column, as often 208 

occurs in the ocean where turbulent layers or patches often span no more than a few meters 209 

in depth7,15. When an upward migrating phytoplankton population enters a turbulent layer, 210 

part of the population may switch to downward migration (temporarily renouncing to 211 

performing photosynthesis and thus to growing) in response to the turbulent reorientations 212 

and thus avoid exposure to the stronger and potentially damaging levels of turbulence in the 213 
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core of the layer. Damages from strong turbulence to motile phytoplankton have been 214 

extensively reported and include disruptions to diverse elements of their complex life cycles, 215 

including the cellular clock, mitotic cycle, nucleic acid concentration, disturbance of 216 

microtubule assembly and chromosome separation, reduction in swimming velocity and loss 217 

of flagella5,8. At the same time, uncertainty about the severity of turbulence in any particular 218 

layer implies that a strategy of splitting allows some cells to attempt the ‘crossing’ of the 219 

layer, with the benefit of continued growth at the risk of turbulent damage. 220 

 221 

This population split may be a bet-hedging strategy (sensu Bulmer27) to cope with the 222 

encounter of a turbulent layer in the ocean during vertical migration. According to this 223 

scenario, by phenotypically diversifying into two subpopulations with different gravitactic 224 

behaviours, a population increases the probability that at least a fraction of the cells escape 225 

turbulence, at the cost of reduced photosynthesis because downward swimming cells will not 226 

reach well-lit surface waters (Supplementary Information). This hypothesis is supported by 227 

the observation that re-growing cells collected from the bottom of the chamber after the 228 

overturning treatment resulted in a recovery of the original upward stability (Extended Data 229 

Fig. 1a,b). The occurrence of a split upon flipping also in a monoclonal population of HA452 230 

(Extended Data Fig. 1c) strongly suggests that genetically identical cells can express 231 

different gravitactic phenotypes. The high intrinsic variability in the reorientation timescale B 232 

within the population – prior to and thus independently of the reorientation treatment – is 233 

also in line with the bet-hedging hypothesis (Extended Data Fig. 7, Supporting Information), 234 

because it allows a diversification of migration strategies through inversion of the 235 

orientational stability of a fraction of the cells in the population. However, other mechanisms 236 

that produce phenotypic differences cannot be ruled out, including ones that produce changes 237 

to the DNA sequence, as occurs in genetic switching28. Genetic switching may also in 238 

principle have occurred in our monoclonal population and would not be straightforward to 239 

distinguish from phenotypic heterogeneity29.  240 

 241 

The escape hypothesis finds support in stress measurements, performed by quantifying the 242 

production of the free radical nitric oxide (NO) (Methods), which revealed that flipping is 243 

stressful for HA452 (Supplementary Information). After flipping, cells from the two 244 

subpopulations showed significantly higher rates of NO accumulation (3.9±0.510-3 s-1 for 245 

HA452(↓); 2.9±0.310-3 s-1 for HA452(↑); Fig. 4) compared to the still control (2.1±0.3 10-246 
3 s-1; Kruskal-Wallis test: p = 0.02, Extended Data Table 4). By demonstrating that flipping 247 

causes stress, these results confirm the view of turbulence being typically deleterious for 248 

motile phytoplankton1,5,8 (although it can be beneficial for some species6, in particular by 249 

enhancing mass transport to larger cells30) and supports the hypothesis that a diversification 250 

of migration strategies can aid HA452 escape from turbulent regions.  251 

 252 

Adaptation phenomena to turbulence in phytoplankton are not restricted to HA452 and could 253 

be widespread. Additional experiments revealed that several other raphidophytes and 254 

dinoflagellates responded to flipping by modifying their vertical migration pattern, in some 255 

cases in a manner very similar to that of HA452 (Extended Data Fig. 8 and Table 5). 256 
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Margalef’s mandala has remained the paradigm for the effect of turbulence on phytoplankton 257 

species succession in the ocean1,2,12. The results reported here suggest that active responses of 258 

cells to turbulence may play an important role in this paradigm, and that the spatial structure 259 

of turbulence – not just its intensity – may be a fundamental driver of phytoplankton species 260 

fitness and succession2. We thus propose that the understanding of the ocean embodied in the 261 

mandala should be augmented by a mechanistic understanding of behavioural adaptations to 262 

turbulence, to better understand how turbulence shapes phytoplankton community 263 

composition in present-day and future environmental conditions.  264 

 265 

 266 

Materials and Methods 267 

 268 

Cell culture. Two different strains of the raphidophyte Heterosigma akashiwo were 269 

examined: CCMP 452 (obtained from the National Center for Marine Algae; here referred to 270 

as ‘HA452’) and CCMP 3107 (31) (courtesy of Susanne Menden-Deuer, University of Rhode 271 

Island; here referred to as ‘HA3107’). Both strains were grown in 50 mL sterile glass tubes at 272 

21°C under continuous illumination (75 μmol m-2 s-1), in f/2 (minus silica) media. For 273 

propagation, multiple cultures, separated by a few days, were inoculated, and every two 274 

weeks 25 mL of fresh media were inoculated with 2 mL of the old culture. Additional 275 

experiments were performed (i) with cells grown under a diel light cycle (14 h light / 10 h 276 

dark) (Extended Data Fig. 1) and (ii) with monoclonal cultures of HA452. The latter were 277 

grown from a single parent cell, isolated from a prior culture by means of an inoculation loop 278 

(diameter ~100 µm) developed in house. The loop was dipped into a culture to trap a thin 279 

liquid layer and microscopy analysis was used to select the cases with only a single HA452 280 

in the layer. Each single trapped cell was then transferred to a separate well in a 36-well plate 281 

containing fresh growth media. Monoclonal cultures were also grown under a 14/10 light 282 

cycle (Extended Data Fig. 1c). Experiments were conducted at room temperature (21°C), 283 

between 96 h and 120 h after inoculation. This time window corresponds to the early 284 

exponential growth phase of HA452 (Extended Data Fig. 9a). All experiments were carried 285 

out at a specific time of the day (9-12 am) to rule out any possible artefact due to the diurnal 286 

migration pattern of H. akashiwo (Extended Data Fig. 9b). 287 

 288 

Flipping chamber. All experiments were conducted in a millifluidic chamber (12 mm  4 289 

mm  1.6 mm) constructed out of a transparent acrylic sheet and mounted on a supporting 290 

frame. The frame was coupled to the shaft of a stepper motor and designed to allow for full 291 

rotations from 0° to 360°. The rotation of the chamber was automated using an externally 292 

programmed controller that drove the motor, with full user-control over the time series of the 293 

rotation angle. A suspension of H. akashiwo was gently pipetted into the chamber through 294 

one of two injection ports which were then closed with silicone plugs. At the end of an 295 

experiment, the two ports were used to harvest cells from the top and bottom parts of the 296 

chamber using a microcapillary attached to an aspirator tube for gentle suction, for 297 

subsequent microscopic characterization. The dimension of the capillary (internal diameter = 298 

500 μm) was chosen to avoid cell damage during sampling.   299 



 
 

8 

 300 

During experiments, cells in the flipping chamber were visualized using a stereoscope 301 

(Nikon SMZ1000) with a plan APO 1 objective (0.12 NA) and a digital CMOS camera 302 

(Photron FastCam SA3). The flipping chamber was mounted on a translation stage, the 303 

position of which could be controlled using micrometer screws along all three axes. The 304 

camera was focused on a plane perpendicular to the rotation axis and halfway between the 305 

two chamber walls. The depth of focus was 750 µm, ensuring that cells were more than 400 306 

µm (>50 cell radii) from the front and back walls of the chamber, to eliminate wall effects. 307 

Any small residual wall effects that may still have occurred would have been present for the 308 

entire duration of an experiment, and thus could not have caused the population split.  309 

 310 

Images were acquired at 60 frames per second. The suspension was uniformly illuminated 311 

using a single 627 nm LED (0.1 W) mounted just outside of the flipping chamber. Neither of 312 

the two H. akashiwo strains tested showed any phototactic bias to wavelengths of light in the 313 

red spectrum, in agreement with literature32. All experiments were conducted under diffused 314 

room light settings, to avoid possible photo-responses.  315 

 316 

For each treatment, a control experiment was performed consisting in observing cells in the 317 

flipping chamber without rotation, for the same time as the duration of the treatment. The 318 

vertical distribution of cells in these control experiments was quantified at regular intervals to 319 

ascertain that the cells’ upward bias in the absence of overturning remained constant (Fig. 2a, 320 

red line; Extended Data Fig. 9b).  321 

 322 

Overturning experiments. The range of length scales characteristic of a given turbulent flow 323 

is quantified by the Taylor Reynolds number, Re = uRMS /, where  = uRMS (15/)1/2 is the 324 

Taylor length scale, uRMS is the root-mean-square fluid velocity, and  is the energy 325 

dissipation rate. Periodic flipping consisted of multiple, rapid overturnings of the chamber 326 

(180 degrees in 3 s), each followed by 15 s at rest. The resulting period of 18 s corresponds 327 

to the Kolmogorov timescale τ𝜂 = (/)1/2, associated with a turbulent dissipation rate  = 328 

310-8 W/kg. This value is typical of the ocean pycnocline21 and falls within the typical range 329 

of values for ocean turbulence7 (10-9 – 10-5 W/kg).  330 

 331 

To drive the timeseries of the angular orientation of the flipping chamber relative to the 332 

vertical in the continuous, non-periodic overturning experiments, we used the time history of 333 

the angular orientation of a small passive sphere in homogeneous isotropic turbulence, 334 

quantified from a direct numerical simulation (DNS) (20) at Re = 65 (time history courtesy 335 

of Massimo Cencini and Guido Boffetta). 336 

 337 

Vertical cell distribution. Histograms of normalized cell concentration in the vertical 338 

direction inside the flipping chamber, within the region captured by the camera (4 mm  4 339 

mm), were obtained by identifying the positions of the centroids of individual cells, imaged 340 

in the mid-chamber plane (i.e., equidistant from the two sidewalls perpendicular to the 341 
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imaging axis). After the end of every flipping experiment, we allowed the population to reach 342 

their equilibrium distribution over the vertical by waiting 30 min. This waiting time was 343 

chosen conservatively based on the observation that the concentration profile stabilizes 344 

already after ~5 min (Extended Data Fig. 10), and the consideration that cells swimming 345 

upward at ~50 µm/s (Extended Data Fig. 2) cover the depth of the flipping chamber (4 mm) 346 

in < 2 min.  347 

 348 

Upward bias index. To quantify the asymmetry in cell distribution over the vertical, we 349 

computed the upward bias r = (f↑ - f↓) / (f↑ + f↓), where f↑ and f↓ are the numbers of cells in the 350 

top 400 µm (↑) and the bottom 400 µm (↓) of the chamber, respectively. A symmetric 351 

distribution of cells corresponds to r = 0, whereas preferential upward-swimming 352 

corresponds to r > 0 and preferential downward-swimming to r < 0. The two subpopulations 353 

HA452(↑) and HA452(↓) were composed of HA452 cells collected from the top/bottom of 354 

the chamber after 30 min of flipping. 355 

 356 

Cell tracking. For tracking, cell locations were determined by image analysis based on 357 

intensity thresholding using MATLAB (The MathWorks) routines. Cell trajectories, obtained 358 

from movies recorded at 60 frames per second, were assembled by linking locations of cells 359 

in subsequent frames, based on proximity and kinematic predictions from previous time 360 

steps, using automated software33.  361 

 362 

Quantification of cell stability. To determine cell stability, we quantified the rotation rate  363 

of cells as a function of their orientation θ relative to the vertical. This is an established 364 

method19 for quantifying the reorientation timescale B, and is based on the fact that greater 365 

stability will cause faster reorientation towards the stable orientation after a cell is perturbed 366 

from it. To this end, we tracked individual cells over 15 s immediately following a single flip 367 

(which provided the perturbation from the stable orientation), and averaged their rotation rate 368 

over all cells as a function of θ. Given that the smallest dimension of the field of view is 369 

along the optical axis (750 µm, the depth of field) and that cells swam on average at 70 µm/s, 370 

an estimated residence time in the field of view is ~10 s. Tracked trajectories in our dataset 371 

are as long as 22 s, with an average of 5.5 s, which is sufficient to compute the stability 372 

parameter B. The resulting data for (θ) were well fitted with a sinusoidal function of the 373 

form Acos (θ+κ), where we imposed a phase shift κ equal to –π/2 for the top population and 374 

π/2 for the bottom population. (Simultaneously fitting both A and κ showed consistent results 375 

to this approach). We determined the reorientation timescale from the best-fit sinusoid as19 B 376 

= (2A)-1
 cos (π/2+κ). To account for heterogeneity in the population stability (Supplementary 377 

Information), resulting in some cells reorienting faster than others, we separately quantified B 378 

for the first 5 s and the subsequent 10 s (Extended Data Fig. 7a). HA452 cells in the flipping 379 

chamber swam in helical patterns, characteristic of many phytoplankton species34. However, 380 

the helical component was averaged out using a 1-s moving average to reduce noise in the 381 

calculation of the stability parameter B.  382 

 383 
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Axial symmetry, fore-aft asymmetry, and centre of buoyancy. To determine the morphology 384 

of cells sampled from the millifluidic chamber, we used single-cell imaging with an inverted 385 

microscope (Nikon TE2000) equipped with a 20 or 40 objective and an Andor iXon Ultra 386 

897 camera. We used phase contrast microscopy to determine the cell orientation, through 387 

the location of the flagellum that is located on the anterior part of the cell, and the cell 388 

contour. To assess the axial symmetry of the cell shape, we acquired images of the cross-389 

section of ten randomly chosen HA452 cells. This was achieved by acquiring videos of each 390 

cells over tens of seconds, manually refocusing as needed to maintain cells in focus. From 391 

each video, we identified the frames in which cells swam vertically – changing swimming 392 

plane – based on the fact that the cell boundary is in sharp focus when a cell swims vertically 393 

out of the imaging plane, but is blurry due to optical diffraction when it swims out of the 394 

imaging plane at an angle. The frame of the video in which the cell had the maximum 395 

diameter was then chosen to extract the cell’s cross-section (‘top view’, Extended Data Fig. 396 

3d). Using this data, we quantified the ratio (R) between the major (bx) and minor (by) semi-397 

axes of the ellipse that best fitted the top-view cross-section (Extended Data Fig. 3). This 398 

yielded R = bx / by = 1.08 ± 0.06 (average ± s.d.), i.e., an aspect ratio very close to that of a 399 

circle (R = 1). Given the small departure of R from 1, the analysis was conducted assuming 400 

axial symmetry, with b = bx = by. The cell shape was captured by the 3-parameter surface35  401 

 402 

ab / (a2 cos2 𝛾 cos2 δ + a2 cos2 𝛾 sin2 δ + b2 sin2 𝛾)1/2 + c sin 𝛾 = r(𝛾,δ) ,      (1) 403 

 404 

where 𝛾 and δ are the polar and azimuthal angles measured from the major axis, a and b are 405 

the major and minor semi-axes of an original axisymmetric ellipsoid (i.e., a spheroid), 406 

respectively, c measures the deviation from the symmetric shape in the fore-aft direction (i.e., 407 

along the major axis), and r(𝛾,δ) is the distance of a point on the surface from the origin with 408 

a polar angle 𝛾 and azimuthal angle δ. To quantify a cell’s fore-aft asymmetry, the cell 409 

contour obtained from phase contrast microscopy was fitted with the curve ab / (a2 cos2 𝛾 + 410 

b2 sin2 𝛾)1/2 + c sin 𝛾 = r(𝛾,δ=0). The contours of 10 HA452 cells collected from the bottom 411 

of the flipping chamber, 13 HA452 cells collected from the top, and 12 HA3107 cells 412 

collected from the top (all after 30 min of flipping treatment) were determined through image 413 

analysis and used to determine the parameters a,b and c for each population (Extended Data 414 

Figs. 3,4). The centre of buoyancy of the cell CB, which is the center of mass of the (uniform) 415 

fluid displaced by the cell, was then determined by finding the geometric centre of the fitted 416 

contours.  417 

 418 

Centre of mass. To locate a cell’s centre of mass, CW, one needs – in addition to the cell 419 

contour – the location, size and density of any heavy organelle. Of particular importance is 420 

the nucleus, because of its size and density, and we used epifluorescence microscopy to 421 

identify its size and location. The chloroplasts, having higher density than the rest of the cell, 422 

could also potentially have contributed to the location of the centre of mass, but in HA452 423 

and HA3107 they are randomly distributed, close to the external membrane, and our analysis 424 

showed that their contribution to the offset of the centre of mass, is negligible compared to 425 

the contribution of the nucleus. Chlorophyll autofluorescence imaging in HA452 cells 426 
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showed that a cell has typically 15–25 chloroplasts, each 1.5 µm in diameter, in agreement 427 

with previous observations23. In the analysis, we considered 20 chloroplasts per cell, each 428 

having a diameter of 1.5 µm and a density ρchlo = 1150 kg m-3 (higher than the density of the 429 

rest of the cell, ρcyto = 1050 kg m-3) (36). Chloroplasts were assumed to be distributed 430 

randomly on the interior of the cell surface, such that their outmost point was in contact with 431 

the cell surface (Extended Data Fig. 4b,c), the location where their contribution to the offset 432 

is greatest. The contribution of the chloroplasts to the offset of the center of mass was found 433 

to be negligible compared to the contribution of the nucleus (Extended Data Fig. 4c). Prior to 434 

imaging, the nucleus was fluorescently stained by incubating cells for 20 min in the dark with 435 

100 nM SYTO 9 (Molecular Probes, Life Technologies), a green fluorescent nucleic acid 436 

stain (ex/em 485/498 nm) that stains the nucleus (Extended Data Fig. 3). The intensity of the 437 

excitation light was maintained low to prevent photo-toxicity. HA452 and HA3107 cells 438 

have the nucleus typically located off-centre. By means of image analysis, we determined the 439 

size of the nucleus as well as the distance LN = (LNa
2

 +LNb
2)1/2 between the centre of the 440 

nucleus and the centre of buoyancy (Extended Data Fig. 3, Extended Data Tables 2,3, where 441 

LNa and LNb are the offsets along the major and minor axis, respectively. By using a nucleus 442 

density of 1300 kg m-3 (37) and an average density for the rest of the cell of 1050 kg m-3 (36), 443 

we then also computed the distance LW between the centre of mass and the centre of 444 

buoyancy.  445 

 446 

Centre of hydrodynamic stress. The centre of hydrodynamic stress is the point in which the 447 

resultant of all viscous stresses exerted by the fluid on the cell (in our case of swimming 448 

cells, resulting from the combination of displacement, reorientation, and sedimentation) acts. 449 

Bodies with cylindrical symmetry have a centre of hydrodynamic stress located along the 450 

axis of symmetry38. To model the flow around a fore-aft asymmetric cell, we solved the 451 

three-dimensional Navier-Stokes equations around a cell with the finite element software 452 

COMSOL Multiphysics (Burlington, MA), using the characteristic size and shape determined 453 

experimentally for the upward-swimming cells (see Extended Data Table 2, and Extended 454 

Data Fig. 4) and their characteristic swimming speed (70 µm s-1). Imposing the torque-free 455 

condition (sum of all torques on the cell must vanish) allowed us to determine the position of 456 

the centre of hydrodynamic stress, CH. Specifically, the coordinates of CH were determined 457 

by finding the minimum of the surface integral of the cross product between the stress force 458 

and the surface of the cell. The lengthscale LH quantifies the distance between the centre of 459 

buoyancy and the centre of hydrodynamic stress.   460 

   461 

Cell mechanics model to predict orientational stability. For a body of revolution swimming 462 

in a fluid at a low Reynolds number, there is separation of the equations for translational and 463 

rotational motion38. This allows us to write the force-free conditions along the major-axis and 464 

minor axis directions as 465 

 466 

P sin φ = D sin θ 467 

P cos φ – D cos θ = (ρcell – ρfluid) Vg,             (2) 468 

 469 
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where P is the propulsion force, originating from the beating of the flagellum and assumed to 470 

act along the major axis of the cell, which is φ relative to the vertical; D is the drag force, 471 

acting by definition in the centre of hydrodynamic stress CH and directed in the opposite 472 

direction of the cell swimming velocity, which is θ relative to the vertical; V is the volume of 473 

the cell; ρcell  and ρfluid are the densities of the cell and the fluid, respectively. The drag D on a 474 

spheroid moving in a fluid with dynamic viscosity 𝜂 at velocity v depends on the angle α = θ 475 

– φ between the body axis (oriented at an angle φ to the vertical) and the direction of motion 476 

(oriented at an angle θ to the vertical), and can be computed as 𝐷 = 𝐷∥ cosα + 𝐷⊥ sinα (𝐷∥ 477 

and 𝐷⊥are the drag forces corresponding to motion along and perpendicular to the direction 478 

of the major axis of the spheroid, respectively). 479 

 480 

One additional equation can be derived by balancing torques around the centre of buoyancy 481 

CB, resulting in TH + TW  = TV, where TH is the torque generated by the drag force D, TW is the 482 

torque generated by the weight of the cell W = V ρcell g, TV = R𝜂 is the net viscous torque, R 483 

is the coefficient of resistance of the body to rotational motion, and  is the rotation rate of 484 

the cell. The propulsion force P generates no torque about CB, because it acts along the major 485 

axis of the cell and goes through CB. The torque-balance equation reads    486 

 487 

D sin (θ – φ) LH – W [sin φ – arctan(LNb/LNa)] LW = R𝜂,     (3)  488 

 489 

where Warctan(LNb/LNa) is the contribution to the gravitational torque coming from the offset 490 

LNb = 0.25 ± 0.26 µm of the nucleus within the equatorial plane (Extended Data Figure 3d).  491 

For a given swimming speed v, we numerically solved (using Mathematica) the system of 492 

three equations (2) and (3) for the unknowns P, φ, and . This yielded the rotation rate, (θ), 493 

as a function of the swimming orientation to the vertical, θ. To quantify the cell stability, we 494 

then extracted the reorientation timescale B from (θ) through the sinusoid-fitting method 495 

described above. We note that a stability analysis for upward swimming HA452 cells (with 496 

parameters taken from Extended Data Table 2) showed that the torque Warctan(LNb/LNa) does 497 

not change the stability of the cell (i.e., upward vs. downward; Extended Data Fig. 7c) and 498 

this torque was thus neglected in the remainder of the analysis. When solving Eqs. (2) and (3) 499 

in Mathematica we made the approximation that even for fore-aft asymmetric cells the drag 500 

can be computed as the drag on the corresponding spheroid (i.e., with asymmetry coefficient 501 

set to c = 0), defined as the spheroid with the same volume and same aspect ratio a/b (i.e., 502 

using ‘equivalent semi-axes’, aeq and beq), because the drag for the latter is known 503 

analytically. Specifically, we have computed the drag on the most fore-aft asymmetric 504 

HA452 cell we observed (a = 7.87 µm, b = 5.60 µm, c = 1.04 µm; Extended Data Table 2) by 505 

solving the 3D Navier-Stokes equations around the cell in Comsol Multiphysics. We found 506 

that the drag on the fore-aft asymmetric cell exceeds the drag on the corresponding spheroid 507 

(aeq = 7.95 µm, beq = 5.65 µm, c = 0) by only 2%, irrespective of the direction of motion (i.e., 508 

for both 𝐷∥ and 𝐷⊥). The approximation of replacing the fore-aft asymmetric shape with a 509 

spheroid for drag calculations had a negligible effect on the stability of the cell (compare red 510 

and pink curves in Extended Data Fig. 7d). For a prolate spheroid, 𝐷∥= 6π𝜂vreq𝐾∥ and 𝐷⊥= 511 

6π𝜂vreq𝐾⊥ where req is the radius of the sphere with volume equal to the spheroid and 𝐾∥ and 512 
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𝐾⊥ are shape factors, which depend on the ratio of minor over major axes of the spheroid, t = 513 

a/b. The shape factors are approximated38,39 as 𝐾∥ (t) = 4(t2 –1)3/2 / 3t1/3 / [(2t2 –1)1/2 ln[t + (t2–514 

1)1/2  – t (t2–1)1/2] and 𝐾⊥= 8(t2 –1)3/2 / 3t1/3 / [(2t2 –3)1/2 ln[t + (t2–1)1/2  + t (t2–1)1/2]. The 515 

coefficient of resistance of a prolate spheroid to rotational motion is39 R(t) = 2/3t (t2 +1) (t2 –516 

1)3/2/[(2t2–1) ln [ t + (t2–1)1/2 ] – t (t2 –1)1/2]. 517 

 518 

Stress quantification. To quantify the generation of nitrosative stress, cells exposed to overturning 519 

and control cells were sampled from the millifluidic chamber as described above, and incubated 520 

for 30 min in 500 nM DAF-FM Diacetate (Molecular Probes, Life Technologies), prepared by 521 

diluting the original aliquot in the cell culturing medium f/2. DAF-FM Diacetate is a chemical 522 

reagent that enables the detection of low concentrations of nitric oxide (NO), a common reactive 523 

nitrogen species (RNS) exuded by eukaryotic cells under stress40,41 (Supplementary Information). 524 

DAF-FM by itself is not fluorescent, but forms a fluorescent benzotriazole group (ex/em = 525 

495/515 nm) upon reaction with the free radical NO. After incubation, cells were illuminated 526 

using cyan light (ex ~495 nm) and the fluorescent readout was quantified over time using 527 

epifluorescent microscopy. For each cell, the fluorescent intensity increased over time, and 528 

reached the peak value at the onset of cell lysis. The magnitude of fluorescent intensity just before 529 

cell lysis corresponded to the maximum value of the NO accumulation in the cell. For the 530 

quantification, each measurement was first normalized with the value of maximum fluorescence 531 

intensity. The stress accumulation rates in each experiment was calculated using a linear fit on the 532 

portion of the dataset where the stress signal was higher than 10% of its maximum intensity.  533 

 534 

Statistical tests. We performed a one-way ANOVA to test the differences in the upward bias index 535 

r between the still control and the three reorientations treatments – horizontal, vertical, and 536 

stochastic. Experiments reported in Figs. 1g and 2b,c were carried out in 4 replicates. In each 537 

replicate, more than 1000 cells were recorded within the field of view to extract the upward bias, r.  538 

Anderson-Darling test was performed to test the normality assumption in the four treatments 539 

(Control: p = 0.28; Horizontal: p = 0.55; Vertical: p = 0.16; Stochastic: p = 0.39). Bartlett’s test was 540 

performed to check for homogeneity of variance (χ3 = 4.39, p = 0.22). We tested for multiple 541 

comparisons using a post-hoc Tukey’s HSD test (Extended Data Table 1). A Kruskal-Wallis test 542 

was conducted (Bartlett’s test revealed variance heterogeneity) to test the stress differences 543 

between the still control and the two subpopulations, top and bottom. Dunn’s test was performed 544 

for multiple comparisons (Extended Data Table 4).  545 
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FIGURES 670 

 671 

  672 
 673 

Figure 1 | Active response of HA452 to reorientations relative to gravity. (a) The 674 

automated millifluidic chamber used to expose phytoplankton cells to turbulence-like 675 

reorientations. (b) A square wave (green) comprising periodic reorientation events of 676 

amplitude π (‘flips’) and period Q = 18 s (Methods). Time series of the orientation, ψ(t), of a 677 

passive particle relative to the vertical in a 3D isotropic turbulent flow (magenta), obtained 678 

from a DNS simulation. The dashed line denotes the direction of gravity vector, g (ψ = π/2). 679 

(c,d) Equilibrium distribution of HA452 over the height of the chamber, (c) before and (d) 680 

after 100 flips (30 min). Hued regions extend 400 µm from the top (↑, orange) and bottom (↓, 681 

blue) of the chamber. (e,f) False-colour epifluorescence micrographs of HA452 cells 682 

harvested from (e) the top and (b) the bottom of the chamber, after 30 min of flipping in the 683 

vertical plane (period Q = 18 s). (g) Equilibrium distributions of cells over the chamber 684 

height upon different treatments, each lasting 30 min: still conditions (control, red), periodic 685 

flips in the horizontal plane (horizontal, blue; Q = 18 s), periodic flips in the vertical plane 686 

(vertical, green; Q = 18 s), and continuous, stochastic reorientations (stochastic, magenta). 687 

For each case, the equilibrium vertical distribution was measured 30 min after treatment 688 

ended. (g, inset) The upward bias, r = (f↑ - f↓) / (f↑ + f↓), for each treatment, where f↑ and f↓ are 689 

the relative number of cells in the top and the bottom 400 µm of the chamber (mean ± s.d. of 690 

4 replicates, Extended Data Table 1).   691 
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 692 

 693 
 694 

Figure 2 | Two behaviourally distinct subpopulations of HA452 rapidly emerge upon 695 

reorientation relative to gravity. (a) Upward bias, r, as a function of the number of flips, N 696 

(period Q =18 s, red axis denotes the equivalent time elapsed, t = NQ). For each case, the 697 

equilibrium vertical distribution was measured 30 min after treatment ended. Square symbols 698 

correspond to pre-treatment conditions, measured 30 min after filling the chamber for HA452 699 

(blue) and HA3107 (green). Flipping induces the emergence of two subpopulations having 700 

distinct migration behaviours in HA452 (colour coded in blue, mean ± s.d. of 4 replicates), as 701 

compared to the control (cells maintained in the chamber under still conditions for the same 702 

amount of time, see red axis on top for the time conversion). Flipping does not affect 703 

HA3107 (green). (b,c) Rotation rate, (θ), of HA452 cells, as a function of the cell 704 

orientation to the vertical, θ, measured (b) before (n = 2257) and (c) after 30 min of flipping 705 

in the vertical plane (period Q = 18 s). Note that, after flipping, HA452(↑) (n = 1421) and 706 

HA452(↓) (n = 1138) subpopulations have opposite stability.  707 
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 708 
 709 

 710 

Figure 3 | A change in morphology underpins the emergence of a downward swimming 711 

subpopulation in HA452. (a,c,e) False-colour epifluorescence micrographs of HA452(↑), 712 

HA452(↓) subpopulations, and of HA3107. White dashed lines denote the contour of cell 713 

body and nucleus (bright orange). CW, CB, and CH are the centres of mass, buoyancy, and 714 

hydrodynamic stress, respectively. (b,d,f) Free body diagrams showing the forces acting on 715 

the cell overlaid on the numerically computed flow field around the cell (not to scale). The 716 

swimming direction θ is set by the competition between the gravitational torque TW and the 717 

hydrodynamic torque TH about CB. (b) HA452 cells collected from the top of the chamber 718 

after 30 min of flipping are top-heavy (CW above CB) and fore-aft asymmetric (CH above CB), 719 

thus TW and TH act in opposition. (d) HA452 cells collected from the bottom of the chamber 720 

after 30 min of flipping are fore-aft symmetric (CH coincides with CB and thus TH vanishes) 721 

and top-heavy (CW above CB), so that TW causes cells to orient downwards. (f) HA3107 cells 722 

are bottom-heavy (CW below CB) and fore-aft asymmetric (CH above CB), thus both TW and 723 

TH act to right cells up.  724 
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 725 
 726 

Figure 4 | Reorientations relative to gravity trigger stress response in HA452. (a-c) 727 

Fluorescence intensity, measuring production of NO in cells collected from (a) the top 728 

(subpopulation HA452(↑), n = 4), and (b) the bottom (subpopulation HA452(↓), n = 7) of the 729 

chamber, in both cases after 30 min of flipping, as well as (c) cells not exposed to flipping 730 

(control, n = 3). (d) Time series of stress accumulation, quantified as NO production 731 

(Supplementary Information), for the same three cases. Solid lines denote the arithmetic 732 

mean over all cells and the shaded regions represent ± 1 s.d. from the mean (see legend for 733 

colour-coding). Time represents the acquisition time under the microscope. (d, inset) Rate of 734 

stress accumulation (a multiple comparison analysis is reported in Extended Data Table 4).  735 

  736 
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EXTENDED DATA TABLES AND FIGURES 737 

 738 

Extended Data Table 1 | Multiple comparisons analysis (Tukey’s HSD test) between the 739 

control and the different reorientation treatments. Control = still conditions, Horizontal = 740 

flipping in the horizontal plane, Vertical = flipping in the vertical plane, Stochastic = 741 

continuous stochastic reorientations obtained from the DNS model (Methods).   742 

 743 

Treatment comparison Mean difference (95% confidence interval) p-value 

   
Control, Horizontal 0.127 (-0.167, 0.420) 0.591 

Control, Vertical 0.495 (0.201, 0.789) 0.001 

Control, Stochastic 0.409 (0.115, 0.703) 0.011 

Horizontal, Vertical 0.368 (0.074, 0.662) 0.007 

Horizontal, Stochastic 0.282 (-0.011, 0.576) 0.066 

Vertical, Stochastic -0.086 (-0.380, 0.208) 0.591 

  744 
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Extended Data Table 2 | H. akashiwo single-cell parameters for strains HA452 745 

(subpopulations HA452(↑) and HA452(↓)) and HA3107 after 30 min of flipping, 746 

aggregated over all cells for each population. The cell contour was fitted using Eq. 1, 747 

where a is the semi-major axis, b is the semi-minor axis, c captures the degree of fore-aft 748 

asymmetry, sN is the radius of the nucleus, LN is the distance between the centre of the 749 

nucleus and the centre of buoyancy (positive when the former is above the latter), LW is the 750 

distance between the centre of mass and the centre of buoyancy (positive when the former is 751 

above the latter), and B is the reorientation timescale (positive for upward stable cells 752 

Highlighted in bold are the parameters that significantly differ between the two 753 

subpopulations, HA452(↑) and HA452(↓). All data are given as mean ± s.d.. Values for 754 

individual cells (nHA452(↑) = 13, nHA452(↓) = 10, nHA3107 = 12) are given in Extended Data Table 755 

3. Notice the minus sign in the value of B of HA452 for cells collected from the bottom of 756 

the chamber, from the subpopulation HA452(↓), signifying opposite orientational stability 757 

compared to HA452 collected from the top, from the subpopulation HA452(↑) (Methods). 758 

 759 

  760 

Strain    a (μm) b (μm) c (μm) sN (μm) LN (μm) LW (μm) B (s) 

        

HA452(↑) 7.87±1.25  5.60±0.55  1.04±0.38 2.34±0.33 0.41±0.58 0.03±0.04 19.3±13.5  

HA452(↓) 9.10±1.44 5.86±0.91  0.18±0.24 2.61±0.48 0.61±0.53 0.04±0.04 -23.1±10.2   

HA3107 6.58±1.00  4.90±0.42  0.77±0.20 1.94±0.26 -0.42±0.26 -0.02±0.02 4.9±1.5 
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Extended Data Table 3 | H. akashiwo single-cell parameters for strains HA452 and 761 

HA3107 after 30 min of flipping, for each individual cell analysed. HA452(↑) and 762 

HA452(↓) indicate HA452 cells harvested from the top and the bottom of the chamber, 763 

respectively. See caption of Extended Data Table 2 for other details. 764 

Cell # Population a (μm) b (μm) c (μm) sN (μm) LN (μm) LW (μm) 

1 HA452(↑) 7.10 5.23 0.90 2.57 0.58 0.06 

2 HA452(↑) 7.43 5.82 1.20 2.87 0.31 0.02 

3 HA452(↑) 6.38 5.03 1.40 2.07 -0.11 0.01 

4 HA452(↑) 8.60 6.57 1.45 2.63 0.58 0.02 

5 HA452(↑) 7.88 6.05 1.75 2.24 0.88 0.03 

6 HA452(↑) 7.72 4.90 1.00 2.25 0.51 0.03 

7 HA452(↑) 6.80 5.20 0.75 2.25 0.52 0.03 

8 HA452(↑) 9.52 5.82 0.60 2.92 1.49 0.11 

9 HA452(↑) 8.41 5.40 0.40 2.22 -0.87 -0.04 

10 HA452(↑) 6.38 4.94 1.00 1.76 -0.22 -0.01 

11 HA452(↑) 9.59 6.28 1.50 2.43 0.33 0.01 

12 HA452(↑) 7.30 5.56 0.90 2.13 0.52 0.02 

13 HA452(↑) 10.28 6.32 0.90 2.07 0.84 0.02 

14 HA452(↓) 8.35 7.00 0.50 3.38 1.38 0.11 

15 HA452(↓) 9.82 5.13 0.20 2.65 0.76 0.05 

16 HA452(↓) 8.97 4.84 0.20 2.33 1.17 0.09 

17 HA452(↓) 8.38 5.66 -0.20 2.21 0.21 0.01 

18 HA452(↓) 7.40 5.49 0.50 2.28 -0.34 -0.02 

19 HA452(↓) 8.96 6.15 -0.20 3.05 0.01 0.00 

20 HA452(↓) 10.57 5.72 0.20 2.15 0.97 0.03 

21 HA452(↓) 8.12 5.44 0.20 2.15 0.71 0.04 

22 HA452(↓) 8.12 5.34 0.30 2.59 0.66 0.06 

23 HA452(↓) 12.27 7.81 0.10 3.32 0.53 0.03 

24 HA3107 7.28 5.22 0.50 2.45 -0.65 -0.05 

25 HA3107 6.38 4.97 1.00 1.61 -0.28 -0.01 

26 HA3107 5.53 4.71 0.90 1.90 -0.25 -0.01 

27 HA3107 6.64 4.97 0.40 1.90 -0.56 -0.02 

28 HA3107 5.69 4.96 0.70 2.27 -0.18 -0.01 

29 HA3107 6.90 4.64 0.60 2.20 -0.15 -0.01 

30 HA3107 7.04 4.75 0.85 2.52 -0.82 -0.08 

31 HA3107 5.16 3.82 0.75 1.82 -0.84 -0.05 

32 HA3107 8.35 5.26 0.95 2.02 -0.63 -0.02 

33 HA3107 5.66 4.87 0.70 1.42 -0.15 -0.00 

34 HA3107 8.06 5.43 1.00 0.94 -0.39 -0.00 

35 HA3107 6.30 5.23 0.90 2.26 -0.18 -0.01 

 765 

  766 
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Extended Data Table 4 | Multiple comparisons analysis (Dunn’s test) of the rate of 767 

stress accumulation between the cells from control and cells collected from the top and 768 

the bottom of the millifluidic chamber (belonging to subpopulations HA452(↑), 769 

HA452(↓) respectively) after 30 min of flipping. Control = still conditions; HA452(↑) = 770 

HA452 cells collected from the top of the chamber upon flipping; HA452(↓) = HA452 cells 771 

collected from the bottom of the chamber upon flipping (nHA452(↑) = 4, nHA452(↓) = 7, nControl = 772 

3). 773 

 774 

Treatment comparison Mean difference (95% confidence interval) p-value 

   
Control, HA452(↑) -5.25 (-12.88, 2.38) 0.272 

Control, HA452(↓) -8.00 (-14.89, -1.11) 0.017 

HA452(↓), HA452(↑) -2.75 (-9.01, 3.51) 0.652 

  775 
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Extended Data Table 5 | The response of different phytoplankton species to flipping. 776 

The vertical distribution of the population is expressed in terms of the upward bias, r, for the 777 

control and after 300 flips (r > 0 denotes upward accumulation, r < 0 denotes downward 778 

accumulation, and r ~ 0 denotes a symmetric distribution). Subscript “RCC” denotes species 779 

acquired from the Roscoff Culture Collection; all other species were acquired from CCMP 780 

(Culture Collection of Marine Phytoplankton; currently: National Center of Marine Algae 781 

and Microbiota). In the column “Class”, “R” indicates Raphidophyceae and “D” 782 

Dinophyceae. An asterisk indicates that the difference between the flip treatment and the 783 

control is statistically significant (in particular, for the two additional species that exhibited a 784 

split: CM2962: t6 = 3.66, p = 0.01; PM291: t4 = 2.85, p = 0.04). The last column provides a 785 

qualitative description of the behavioural response to the flips.   786 

 787 

Strain Strain No. Class 
Upward bias, r  

     control 

Upward bias, r  

     300 flips 

Behavioural 

response 

 

Heterosigma akashiwo 

Heterosigma akashiwo 

 

HA452 

HA3107 

   

    R   

    R 

 

0.55 

0.86 

 

0.15* 

0.85 

 

split 

no effect 

Heterosigma akashiwo 

Fibrocapsa japonica_cf 

Chattonella sp 

Chattonella marina_cf 

Chattonella subsalsa 

Akashiwo sanguinea 

Alexandrium tamarense 

Alexandrium tamarense 

Alexandrium tamarense 

Alexandrium tamarense  

Karenia brevis 

Karenia brevis 

Prorocentrum minimum 

Prorocentrum minimum 

Prorocentrum minimum 

HA3374 

FJ2965 

CSP218 

CM2962 

CS2814 

AS3040RCC 

AT1771 

AT2023 

AT1598 

AT4087RCC 

KB2281 

KB2229 

PM699 

PM696 

PM291RCC 

R 

R 

R 

R 

R 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

0.67 

0.93 

0.60 

0.86 

0.72 

0.94 

-0.44 

0.45 

-0.97 

0.94 

0.33 

0.25 

-0.28 

0.82 

0.88 

 

-0.52 

0.94 

0.51 

-0.01* 

-0.79 

0.51 

-0.99 

0.43 

-0.92 

-0.30 

0.75 

0.88 

-0.40 

0.75 

0.08* 

up do down 

no effect 

no effect 

split 

up to down 

no effect 

no effect 

no effect 

no effect 

up to down 

strongly up 

strongly up                      

no effect  

no effect           

split 

 788 
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 789 

Extended Data Figure 1 | Vertical distribution of HA452 cells for (a) a population 790 

grown under a diel light cycle, (b) for regrown cells, (c) for a monoclonal population, 791 

and (d) for a starved population. (a) Upward bias for exponential-phase HA452 cells 792 

grown under a diel light cycle (14 h light / 10 h dark), showing the characteristic split after 793 

100 flips (blue curve; red curve is control). Note that a similar split was observed for cells 794 

cultured under constant illumination (Fig. 1g). (b) Cells regrown from those collected from 795 

the bottom of the chamber after 100 flips. Although cells collected from the bottom were 796 

positively gravitactic (swimming downwards; blue curve in panel a), cells regrown from 797 

these are negatively gravitactic (swimming upwards; pink curve in panel b). Upon exposure 798 

to 100 flips, these regrown cells again exhibited the population split (cyan curve). (c) The 799 

population split also occurs in a monoclonal population of HA452. The inset shows the 800 

upward bias calculated from the relative distribution of the cells at equilibrium, after being 801 

exposed to 100 flips (blue) and for the control (red). The star indicates statistical significance 802 

in the difference between treatment and control (t4 = 4.79, p = 0.009). (d) A nutrient-starved 803 

HA452 population does not split upon flipping. Nutrient-starved cells were harvested at 804 

stationary phase (350 h after inoculation). For all panels, insets show the upward bias for the 805 

different treatments. All the experiments have been carried out in 3 replicates. 806 
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 807 

Extended Data Figure 2 | Swimming behaviour of HA452 cells after exposure to 100 808 

flips. (a) The relative distribution of swimming speeds, obtained by image analysis of cells in 809 

the flipping chamber, showing no difference in the absolute swimming speed of the two 810 

subpopulations, HA452(↑) and HA452(↓). (b) Distribution of the vertical component of the 811 

swimming velocity in HA452(↑) and HA452(↓), showing distinct peaks in opposite 812 

directions, at approximately ±50 µm s-1, and corresponding to upward and downward 813 

swimming, respectively. (c) Distribution of the vertical component of the swimming velocity 814 

in HA452(↑) and HA452(↓), showing no appreciable difference between the two 815 

subpopulations. In all panels, speeds were obtained by tracking cells for 15 s just after a 816 

single flip that was additional to the 100 flips. Here, trajectories in the top 1 mm of the 817 

chamber were assigned to HA452(↑) and trajectories in the bottom 1 mm were assigned to 818 

HA452(↓). For each subpopulation, velocities were averaged over all trajectories. (d-e) The 819 

joint distribution of the swimming velocity along the vertical and horizontal directions for 820 

HA452(↑) and HA452(↓). The colour bar indicates the number of cell trajectories counted 821 

over the 15 s movie normalized by the number of cells in each subpopulation.   822 

   823 
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 824 

Extended Data Figure 3 | Quantification of the shape and nucleus position of H. 825 

akashiwo cells based on single-cell microscopy, for subpopulations HA452(↑), and 826 

HA452(↓), as well as strain HA3107. (a,c) The upper row in each panel shows micrographs 827 

obtained by epifluorescence microscopy (Methods), respectively of (a) HA452 cells 828 

harvested from the top (HA452(↑), n = 13) and (b) bottom (HA452(↓), n = 10) of the 829 

millifluidic chamber after 100 flips, and of (c) HA3107 (n = 12). The cell itself was 830 

visualized using an inverted microscope (Nikon TE2000) in phase contrast, equipped with a 831 
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20 or 40 objective and an Andor iXon Ultra 897 camera. Prior to imaging, cells were 832 

stained with SYTO 9 (Methods) to visualize the nucleus through fluorescence microscopy 833 

(central bright spot). Image analysis was used to extract the contour of each cell and the 834 

position of its nucleus (middle rows). Experimentally obtained cells contours (black) were 835 

fitted with a 3-parameter curve (Eq. 1; red) (lower rows). Single-cell parameters associated 836 

with these fits are given in Extended Data Tables 2 and 3. (d) Quantification of the axial-837 

symmetry of HA452 cells from single-cell microscopy. The upper row shows micrographs 838 

obtained by epifluorescence microscopy for 10 cells. Image analysis was used to extract the 839 

contour of each cell and the position of its nucleus (middle row). Experimentally obtained 840 

cells contours (black) were fitted with (i) an ellipse with major and minor semi-axis bx, by 841 

(red) and a circle of radius req (blue). The degree of axial-asymmetry, quantified as R = bx / by 842 

= 1.08 ± 0.06 (average ± s.d., n = 10), was very close to that of a circle (R = 1), showing that 843 

cells were very close to axially symmetric. The offset of the position of the nucleus compared 844 

to the center of the circle in the plane perpendicular to the major axis was found LNb = 0.25 ± 845 

0.26 µm.      846 
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  847 

 848 

 849 

Extended Data Figure 4 | Cell shapes for HA452(↑), HA452(↓) and HA3107. (a) The 850 

graph shows the cells’ shape variation in terms of the degree of fore-aft asymmetry and 851 

major/minor axis ratio (see Eq. 1). The parameter c denotes the degree of fore-aft asymmetry, 852 

a is the semi-major axis, b is the semi-minor axis. We highlighted the average contours (see 853 

Extended Data Table 2) for the subpopulation of downward swimmers (HA452(↓), blue), the 854 

subpopulation of upward swimmers (HA452(↑), orange), and HA3107 (green). Values of a, b 855 

and c are given in Extended Data Tables 2 and 3. (b) Epifluorescence micrographs showing 856 

the chloroplasts. (c) Three-dimensional schematic of a HA452 cell used to compute the 857 

contribution of chloroplasts to the offset of the center of mass relative to the contribution of 858 

the nucleus. The large blob represents the nucleus (density ρN = 1300 kg m-3, radius sN = 2.5 859 

µm) and the 20 small blobs represent the chloroplasts (density ρchlo = 1150 kg m-3, radius rchlo 860 

= 0.75 µm), which for the purpose of computing the contribution to the center of mass were 861 

taken to be randomly distributed adjacent to the cell membrane. The contribution of the 862 

chloroplasts to the offset of the center of mass from the center of buoyancy was found to be 863 

<4% of the contribution of the nucleus and was thus neglected in the stability analysis. 864 
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  865 
Extended Data Figure 5 | Regime diagram of cell stability. Two physical features – 866 

summarized by two morphological length scales – determine cell stability: the asymmetry in 867 

shape, quantified by LH/a, and the mass distribution, quantified by LW/a, where 𝑎 is the semi-868 

major axis, LH quantifies the distance between the centre of buoyancy and the centre of 869 

hydrodynamic stress and LW the distance between the centre of buoyancy and the centre of 870 

mass (Fig. 3). Colours denote the cell rotation rate  following an orientational perturbation 871 

(Eq. 3):  > 0 denotes negatively gravitactic cells (stable upward),  < 0 denotes positively 872 

gravitactic cells (stable downward), and   = 0 (white dashed line) denotes neutrally stable 873 

cells. Sample asymmetry configurations corresponding to different locations on the regime 874 

diagram are illustrated by the black-and-white schematics. Full circles denote experimental 875 

data (see Extended Data Table 2). The morphological adaptation of HA452 cells in response 876 

to overturning causes the population stability to switch (red arrow crossing the white dashed 877 

line). The original population splits into a subpopulation swimming downward HA452(↓) 878 

and a subpopulation swimming upward, HA452(↑).      879 
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           880 

 881 

Extended Data Figure 6 | Rotation rate, , of HA3107 cells before the overturning 882 

treatment, as a function of the direction, θ, of the instantaneous swimming velocity, v, 883 

relative to the vertical. The rotation rate was quantified by tracking cells for 15 s after a 884 

single flip and averaged over all cells as a function of θ. The dashed line is a sinusoidal fit to 885 

the data used to obtain the reorientation timescale B. Shading denotes the standard deviation 886 

around the mean. The reorientation timescale obtained for HA3017 from these data was B = 887 

4.9 s (see “Quantification of cell stability” in Materials and Methods). 888 
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 889 

 890 

 891 

Extended Data Figure 7 | Heterogeneity in orientational stability within a HA452 892 

population. (a) Rotation rate, , of HA452 cells before the overturning treatment, as a 893 

function of the direction, θ, of the instantaneous swimming velocity, v, relative to the 894 

vertical. The rotation rate of the cells was quantified by tracking them in the time intervals 0–895 

5 s (grey) and 5–15 s (magenta) just after a single flip, and averaged over all the cells as a 896 

function of θ. The difference between the two curves denotes the presence of cells that 897 

reorient more rapidly and others that reorient more slowly. Dashed lines are sinusoidal fits to 898 

the experimental data, used to obtain the reorientation timescale B. The shading region 899 

denotes the standard error around the mean. The reorientation timescale obtained from these 900 

data are B = 7.2 s for the first 5 s and B = 12.2 s for the following 10 s, denoting a nearly 901 

two-fold higher stability for cells that were observed reorienting in the first 5 s. (b) Angular 902 

distribution of swimming orientation of HA452 cells before the overturning treatment. The 903 

distribution was quantified by tracking cells in the time intervals 0–5 s (black), 5–10 s 904 

(green), 10–15 s (cyan), 15–20 s (blue), just after a single flip, and averaged over all cells as 905 

a function of θ. Note that after 15 s the distribution does not appreciably change, because by 906 

that time after the flip almost all cells swim aligned along the vertical direction. The mean 907 

reorientation timescale for HA452 is B = 10.4 s. (c) Effect of the torque generated by the 908 

offset LNb of the nucleus within the equatorial plane, shown in terms of its effect on the 909 

dependence of the rotation rate on the body axis angle for the upward swimming 910 

subpopulation HA452(↑). The dashed red line denotes the case without offset (LNb = 0), the 911 

purple and pink lines represent the cases in which the nucleus is offset by LNb = +0.25 µm 912 
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and by LNb = -0.25 µm, respectively (the average offset measured experimentally; see 913 

Extended Data Fig. 3d) and the dark green and light green lines represent the cases in which 914 

the offset corresponds to mean+s.d. of the experimentally measured values, i.e., LNb = 915 

+(0.25+0.26) = +0.51 µm and LNb = -(0.25+0.26) = -0.51  Note that the overall upward 916 

stability of the cells remains unchanged when one accounts for the effect of LNb, since the 917 

stable points for all the cases (coloured dots) always occur for a swimming orientation θ that 918 

is smaller than ±π/2 (dashed vertical lines), which separates upward and downward 919 

swimming (θ = ±28° for LNb = ±0.25 µm; θ = ±35° for LNb = ±0.51 µm. Note that the results 920 

are symmetric around the vertical direction, θ = 0°). (d) Stability analysis demonstrating that 921 

two assumptions made in our calculations have negligible consequences, in particular the 922 

assumptions that (i) the angle α between the body axis and the direction of motion is zero 923 

(compare orange and red lines), and (ii) the drag on the fore-aft asymmetric upward 924 

swimmers can be approximated by the drag on a spheroid (compare red and pink lines). 925 

Shown is the rotation rate as a function of body axis angle for three cases: a spheroidal cell in 926 

which the major axis is aligned with the direction of motion (α = 0, orange), a spheroidal cell 927 

in which the misalignment between major axis and direction of motion is accounted for (α = 928 

4 degrees, red), and a fore-aft asymmetric cell in which the misalignment between major axis 929 

and direction of motion is accounted for (α = 4 degrees, pink). Parameters were taken from 930 

Extended Data Table 2 (first row), for the upward swimming cells. The fore-aft asymmetric 931 

case was simulated with Comsol Multiphysics. Note that the cell stability is the same in all 932 

three cases, as evidenced from the fact that the curve has a stable point at a swimming angle 933 

of   = 0 and a negative minimum at   = π/2, which together imply upward stability. 934 

Throughout our analysis, we have thus adopted the spheroidal approximation for the 935 

calculation of the drag, and took into account the contribution to the cell stability by the 936 

angle α.     937 
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   938 

Extended Data Figure 8 | Additional flipping experiments with a range of raphidophyte 939 

and dinoflagellate species revealed that rapid behavioural responses in phytoplankton 940 

to flipping are not restricted to HA452. (a) Vertical distribution of Chattonella marina_cf 941 

CCMP2962 and (b) Prorocentrum minimum CCMP291, both showing a split similar to that 942 

of HA452. Insets show the upward bias, r, after 300 flips  and for the control (same time in 943 

chamber, without flipping) (mean ± s.d. of at least 3 replicates). The star indicates statistical 944 

significance between the two treatments (CM2962: t6 = 3.66, p = 0.01; PM291: t4 = 2.85, p = 945 

0.04). (c,d) Upward bias index, r, for (c) 7 raphidophyte strains and (d) 10 dinoflagellate 946 

strains. Full names of strais are provided in Extended Data Table 5. Many of these strains 947 

showed a moderate to strong response to flipping, as shown by the change in their upward 948 

bias between treatment and control.  949 
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 950 

  951 
Extended Data Figure 9 | The growth curve of HA452 and the upward bias, r, of cells 952 

over the course of a day. (a) To obtain the growth curve, we sampled cells from the original 953 

culture (see “Cell culture” section) at the specified time points (t = 0, 36, 68, 90, 114, 126, 954 

140, 164, 288, 360 h). Cells were counted by imaging them inside the flip chamber, in the 955 

middle plane. The growth curve of HA452 in both linear and (Inset) semi-log scale. The 956 

population density at carrying capacity was 3105 cells/ml, reached after ~2 weeks of 957 

incubation (= 360 h). The population’s intrinsic growth rate was found to be 0.4 day-1, as 958 

measured by fitting a logistic curve to the data. In the inset, the shaded orange region shows 959 

the growth stage at which cells were harvested for experiments with exponential-phase cells 960 

(most experiments), while the shaded magenta region denotes the growth stage at which cells 961 

were harvested for experiments with starved cells. (b) Upward bias, r, of HA452 cells over 962 

the course of a day, with time measured from midnight. For each data point the equilibrium 963 

vertical distribution was measured 30 min after cessation of the overturning treatment, for 964 

both 10 flips and 100 flips (for the control: 30 min after introduction of cells in the flipping 965 

chamber). A positive upward bias denotes negatively gravitactic cells (i.e., preferentially up-966 

swimming). Gravitaxis can be seen to follow a diel cycle, even though the culture was kept 967 

under constant illumination. Flipping experiments consistently show a population’ split, by 968 

noticing the reduction of the upward bias of the 10 flips and 100 flips treatments compared to 969 

the control treatment. The experiments presented in the main text were all conducted between 970 

9 am and 12 noon, where the upward bias measured for the control cells present the 971 

maximum stability.  972 

  973 
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 974 

  975 

Extended Data Figure 10 | Time series of the vertical distribution of HA452 following a 976 

100-flip treatment. The cell distribution inside the chamber was tracked after the end of the 977 

overturning treatment, with time zero corresponding to the cessation of the treatment. At t = 978 

1 s (blue) the cell distribution is homogeneous because the cells have been continuously 979 

flipped with a period of 18 s. This timescale is not long enough to allow cells to reach the 980 

equilibrium profile, in which the cells reach the top/bottom of the chamber. To traverse the 981 

chamber (4 mm) (Extended Data Fig. 2), the time it takes cells swimming with a vertical 982 

velocity of 50 µm s-1  is 80 s. In fact, it takes 90 s (orange) to establish the bimodal 983 

distribution at equilibrium, corresponding to the population split induced by overturning. The 984 

population split is then maintained for at least 7 h (black). The upward bias shown in Figs. 1, 985 

2, Extended Data Figs. 1, 8 is always computed 30 min after the overturning ceases. 986 
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Supplementary Information 987 

 988 

Gravity sensing in HA452. The mechanism by which HA452 perceives its reorientation 989 

relative to gravity remains unclear. The large (> 75 µm) unicellular protists Paramecium and 990 

Tetrahymena sense gravity by an active physiological mechanism through mechanosensitive 991 

ion-channelsS1,S2 (MSCs, e.g., calcium, potassium), which are activated by to the 992 

gravitational pressure of the cytoplasm on the lower membrane. In the flagellate Euglena 993 

gracilis (35–50 µm), break-down of an existing calcium gradient by means of the ionophore 994 

calcimycin (A23187), and gadolinium, as well as manipulating the membrane potential with 995 

the lipophilic cation triphenylmethylphosphonium (Ph3MeP +) resulted in a loss of 996 

gravitaxisS3,S4, confirming that changes in the membrane potential are involved in 997 

graviperception in that species. For cells in the size range of HA452 (10–15 µm) the work on 998 

the lower membrane is of the order of the thermal noise, under the assumption that the whole 999 

cytoplasmic material functions as a buoy. Specifically, the work due to the gravitational force 1000 

on the lower membrane of HA452, assuming 1 nm gating distance of the mechanosensitive 1001 

ion channelsS1,S5, an average cell length of 15 μm and cell diameter of 10 μm, and a cell 1002 

density of 1050 kg m-3, is 410-22 J. The thermal noise at room temperature (293K) is kT/2= 1003 

210-21 J, where k is the Boltzmann constant.  1004 

 1005 

The effects of turbulence on motile phytoplankton.  There is ample evidence that 1006 

dinoflagellates and raphidophytes are often negatively impacted by small-scale turbulence, 1007 

compared for example to diatoms8, with the main body of literature focusing on 1008 

dinoflagellates1. For instance, a review of the effects of turbulence on phytoplanktonS6 found 1009 

a negative effect on the growth rates of 70% of the dinoflagellate species assayed.  1010 

 1011 

Negative effects can occur based on at least three mechanisms: physiological impairment, 1012 

physical damage, and behavioural modification. Turbulence can reduce growth rates and, if 1013 

sustained, lead to mortalityS7,S8, and large shear rates can induce cellular disintegrationS9. 1014 

Turbulence can also negatively affect cells by disrupting various elements of their complex 1015 

life cycle, such as the cellular clock, mitotic cycle, and nucleic acid concentrationsS8,S9. It has 1016 

been hypothesized that the blockage of dinoflagellate division by shaking is caused by 1017 

physical disturbance of the microtubule assemblage and/or the mechanisms responsible for 1018 

chromosome separationS10,S11 and genes involved in cell division, including microtubuli 1019 

synthesis, are down-regulated upon exposure to turbulence (Elisa Berdalet, pers. comm.). 1020 

Other negative effects of turbulence include significant (50%) reductions in swimming 1021 

velocity (Alexandrium minutumS12), loss of flagella and swimming ability (Gonyaulax 1022 

polyedra8), and disruption of vertical migration by trapping18.  1023 

 1024 

Nitric Oxide (NO) as a stress marker.  Nitric oxide (NO) is a highly reactive, free radical 1025 

that belongs to the family of reactive nitrogen species (RNS) (S13-S15). NO accumulation, 1026 

which under low level mediates cell signallingS16,S17 and cross-talk with ion-channels26, in 1027 

higher level induces cytotoxicityS18 and cell stress S13,S19. Cells produce NO under diverse 1028 

conditions involving oxidative stressS13, which suggest a co-regulation of RNS and its 1029 
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oxidative counterparts – reactive oxygen species (ROS) (S13). For instance, nitric oxide 1030 

synthase produces NO, which is known to react with O2
− to form the peroxynitrite anion 1031 

(ONOO−), a potent oxidantS20. RNS and ROS can regulate plant and algal responses, both 1032 

under normal physiological conditions and in response to biotic and abiotic stress (variations 1033 

in temperature, salinity, pH, light, and physical wounding) through cross-talk between 1034 

oxidative and nitrosative signalling26,S21.  1035 

In algae and plants, prolonged stress conditions result in nitrosative stress with an 1036 

overproduction of NO and other RNS (41,S14,S15). RNS bursts are commonly observed in 1037 

marine eukaryotesS22-S25, including raphidophytesS26. While production of low concentrations 1038 

of NO has been observed in marine phytoplankton under normal growth conditions, 1039 

variations in the nutrient levels, trace elements, light conditions, temperature, or salinity, can 1040 

induce changes in the level of NO productionS19,S22-S26. In particular, significant variations in 1041 

an environmental stimulus can enhance NO production, potentially as a stress response, as 1042 

reported for the dinoflagellate Gymnodinium sp.S23 and the raphidophytes Chattonella marina 1043 

and Heterosigma akashiwoS26. Further examples of enhanced NO production include the 1044 

response to heat stress of dinoflagellates SymbiodiniumS24,S25 and of spongesS22. 1045 

Bet-hedging in HA452. Here we briefly address our interpretation of the observed switch in 1046 

the direction of migration as a potential bet-hedging strategy. In a strict definition, 1047 

evolutionary bet-hedging involves a trade-off between the mean fitness and the temporal 1048 

variance of fitness, such that phenotypes with reduced arithmetic mean fitness may be at a 1049 

selective advantage under fluctuating environmental conditionsS27. The diversification of 1050 

migration strategies observed in HA452 appears to qualitatively meet the two formal 1051 

requirements of a bet-hedging strategyS27,S28: (i) the observed diversification of migration 1052 

behaviour (Figs. 1,2), together with the initial heterogeneity in orientational stability within a 1053 

population (Extended Data Fig. 7), will decrease the temporal variance of fitness across 1054 

multiple generations when the turbulence level fluctuates over time7; and (ii) the split of the 1055 

population will have a cost that reduces fitness, since the downward-swimming 1056 

subpopulation will give up reaching the well-lit surface waters and thus performing 1057 

photosynthesis. These considerations support the thesis that the population split observed in 1058 

HA452 is a bet-hedging strategy, if bet-hedging is interpreted sensu Bulmer27,S29, where the 1059 

focus is on the risk-avoidance component of this strategy.  1060 

 1061 

Turbulence is frequently localized within relatively thin layers7,15,S30. In view of the often 1062 

deleterious effect of strong turbulence, the ability to escape these localized regions of high 1063 

turbulence will provide a benefit to a phytoplankton population. Specifically, as they swim 1064 

into a layer of high turbulence, cells will experience progressively increasing levels of 1065 

turbulence (because the turbulent intensity necessarily tapers off below and above the layer): 1066 

an evasion response would thus prevent the entire population from ending up in the high-1067 

turbulence core of the layer and potentially being wiped out. In this context, the behavioural 1068 

response to moderate levels of turbulence found in our experiments (ε = 310-8 W/kg) can 1069 

provide a direct benefit to a population. This benefit results from the ability of a fraction of 1070 

the population to avoid the most damaging turbulence (at the cost of temporarily halting 1071 
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growth), while a fraction of the population ‘attempts the crossing’ of the turbulent region (at 1072 

the risk of suffering damage), a strategy justified by the lack of information on the actual 1073 

intensity of turbulence and the benefit of reaching shallower depths optimal for 1074 

photosynthesis. 1075 

 1076 

We highlight, however, that in the interpretation of bet-hedging according to which a 1077 

population must have lower arithmetic mean fitness and a reduced temporal variance of 1078 

fitnessS27,S29, we cannot make quantitative conclusions, because in the current setup it is 1079 

difficult to devise a meaningful definition of fitness appropriate for the environmental 1080 

conditions that cells face in the ocean for two main reasons: 1081 

 1082 

i) Our observational approach is representative of the time/region when plankton 1083 

encounter turbulence, and does not capture the dynamics over the entire water 1084 

column. It is very reasonable to expect that benefits occur in fact at the water 1085 

column scale, by allowing some cells to attempt swimming through a layer of 1086 

turbulence and others to seek refuge at depth. Assessing the benefit would thus 1087 

entail determining the overall growth of the population in the presence of this 1088 

vertical heterogeneity in turbulence conditions, which demands an entirely 1089 

different experimental setup, likely one in which turbulent patches or layers 1090 

lasting for given amounts of time are created.  1091 

 1092 

ii) All experiments were conducted under diffuse room light settings with no vertical 1093 

gradient, to avoid possible photo-responses32,37.  1094 

 1095 

For these reasons, we cannot conclusively establish whether this strategy is bet-hedging 1096 

according to the most stringent definition of the term, yet our evidence corroborates the 1097 

possibility of this being the case.  1098 

 1099 
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