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Abstract 38 

Diel vertical migration (DVM), the diurnal exodus of motile phytoplankton between the light- 39 

and nutrient-rich aquatic regions, is governed by endogenous biological clocks. Many species 40 

exhibit irregular DVM patterns wherein out-of-phase gravitactic swimming–relative to that 41 

expected due to the endogenous rhythm–is observed. How cells achieve and control this 42 

irregular swimming behavior, and its impact on biological fitness remain poorly understood. 43 

Combining local environmental monitoring with behavioral and physiological analyses of 44 

motile bloom-forming Heterosigma akashiwo cells, we report that phytoplankton species 45 

modulate their DVM pattern by progressively tuning local pH, yielding physiologically 46 

equivalent yet behaviorally distinct gravitactic sub-populations which remain separated 47 

vertically within a visibly homogeneous cell distribution. Individual and population-scale 48 

tracking of the isolated top and bottom sub-populations revealed similar gravitactic (swimming 49 

speed and stability) and physiological traits (growth rate and maximum photosynthetic yield), 50 

suggesting that the sub-populations emerge due to mutual co-existence. Exposing the top 51 

(bottom) sub-population to the spent media of the bottom (top) counterpart recreates the 52 

emergent vertical distribution, while no such phenomenon was observed when the sub-53 

populations were exposed to their own spent media. A model of swimming mechanics based 54 

on the quantitative analysis of cell morphologies confirms that the emergent sub-populations 55 

represent distinct swimming stabilities, resulting from morphological transformations after the 56 

cells are exposed to the spent media. Together with the corresponding night-time dataset, we 57 

present an integrated picture of the circadian swimming, wherein active chemo-regulation of 58 

the local environment underpins motility variations for potential ecological advantages via 59 

intraspecific division of labor over the day-night cycle. This chemo-regulated migratory trait 60 

offers mechanistic insights into the irregular diel migration, relevant particularly for modelling 61 

phytoplankton transport, fitness and adaptation as globally ocean waters see a persistent drop 62 

in the mean pH.  63 

 64 

Introduction 65 

Driven by the diurnal variation of light cues, phytoplankton show a periodic migratory 66 

behavior whereby they swim up to the photon-rich upper layers of the ocean during the day 67 

and swim down to the nutrient-rich deeper waters at night [1-3]. The ability to execute this 68 

diel vertical migration (DVM) over a 24 h day-night cycle is a fundamental trait of motile 69 

photosynthetic phytoplankton species. In combination with changes in the nutrient and the 70 

hydrodynamic conditions, DVM is critical for the fitness, succession and adaptation of 71 

phytoplankton to fluctuations in their environment, tailoring ecological niches suitable for 72 

microorganisms with diverse phenotypic spectrum [4-7]. Light and its gradient are key 73 

determinants of phytoplankton behavior and physiology, they impact both the swimming 74 

direction (against or toward the gravity vector) and the stability of the swimming motion 75 

under dynamic environmental conditions [8, 9]. Non-uniform distribution of light can further 76 

impact phytoplankton swimming, even drive populations off their regular DVM patterns [6]. 77 

An interplay of the intrinsic circadian rhythm and local environmental factors can engender 78 

asynchronous vertical migration and distribution of motile phytoplankton [10-12]. Recent 79 

studies have shown that phytoplankton actively employ exquisite mechanisms to adapt their 80 

gravitactic swimming across diverse timescales, for instance as a response to turbulent cues 81 

[7, 13] or under long-term nutrient limitation [14]. 82 
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Vertical migration and photophysiology of phytoplankton are intrinsically coupled, mediated 83 

by the internal levels of biochemicals including nitrate, carbon and other secondary 84 

metabolites, which in turn affect the propensity of vertical swimming [10, 12]. Depending on 85 

the species at hand, vertical migration is impacted by factors including photoacclimation [15], 86 

swimming speed [16], and the assimilation and regulation of nutrients by the phytoplankton 87 

species [17]. This characteristic diel migratory behavior of phytoplankton, known to originate 88 

solely due to changes in the light intensity, has also been reported in the deep seas where light 89 

is absent [18]. Thus, phytoplankton DVM is regulated by a combination of external light cues 90 

and endogenous circadian clock, as demonstrated in the case of the model unicellular species, 91 

Chlamydomonas reinhardtii [19]. Endogenous periodicity associated with phototaxis and 92 

nitrogen metabolism [19, 20] were reported, indicating the presence of circadian genes, both 93 

at the level of mRNA [21, 22] as well as DNA [23]. These studies show that periodic 94 

response can occur due to a variety of factors, even in the absence of a light cue. Yamazaki 95 

and Kamykowski’s model [12, 24], based on cross-talks between the internal (chemical) state 96 

and changes in the light environment, suggest emergence of irregular migratory patterns and 97 

their potential adaptive advantages, particularly when nutrient availability (nitrate) changes. 98 

This model successfully explains DVM in the framework of decision-making, providing 99 

insights into the irregularities in phytoplankton migration, observed both in the lab and in 100 

field [2, 25, 26]. 101 

By controlling several internal factors, phytoplankton may ‘decide’ how to respond to a 102 

particular cue [11, 12]. Ideally such active decision-making could assist phytoplankton to 103 

either escape a hostile environment [7], or utilize the resources available optimally [14, 27], 104 

thereby ensuring adequate fitness. Studies investigating the nature, cause and the effects of 105 

such active decision making–leading to out-of-phase DVM patterns–are missing this far. Lab-106 

based experiments [3, 28, 29], and proposed models have attempted to establish the decision-107 

based vertical migration of phytoplankton [12], however the mechanistic underpinnings 108 

remain unknown. While irregular migratory behavior may potentially compromise cellular 109 

photosynthesis, it may still be physiologically beneficial over different timescales and under 110 

different environmental settings [12, 24]. Currently, the cost-to-benefit tradeoffs of irregular 111 

DVM patterns remain to be assessed, thus leaving open a fundamental gap in our 112 

understanding of this long-observed trait, and its potential ecological role as an alternative to 113 

the circadian DVM patterns.   114 

Here, using Heterosigma akashiwo (HA), a harmful algal bloom forming raphidophyte [30-115 

32] as a model organism, we report that phytoplankton species modulate their DVM pattern 116 

by progressively tuning the local pH, generating behaviorally distinct gravitactic sub-117 

populations which localize at the upper (top sub-population) and lower (bottom sub-118 

population) regions of the cell culture. The sub-populations remain vertically separated when 119 

they are co-existing, however, in isolation, the sub-populations possess similar behavioral 120 

(swimming speed and stability) and physiological traits (growth rate and maximum 121 

photosynthetic yield), suggesting that the sub-populations emerge due to mutual co-existence. 122 

We confirm this by exposing each of the sub-populations to the spent media of their 123 

counterpart, recreating the observed vertical distribution; and through single-cell imaging, we 124 

identify morphological transformations of the cells as the cause for the distinct vertical 125 

distributions. A model of swimming mechanics reveals distinct swimming stabilities which 126 

emerge due to the morphological transformations after the cells are exposed to the spent 127 
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media. The night-time data set confirmed that the sub-populations switch their behavioral and 128 

physiological traits (relative to the day-time values), indicating that phytoplankton actively 129 

chemo-regulate their local environment to promote intraspecific division of labor over a 24 h 130 

time window. 131 

 132 

RESULTS 133 

Sub-populations with similar phenotypes yet distinct swimming properties emerge 134 

within phytoplankton cell culture  135 

We grew Heterosigma akashiwo CCMP452 (henceforth referred to as HA452) in culture 136 

tubes under 14:10 day: night cycle and uniform light conditions (Materials and Methods, Fig. 137 

1A inset, top-left). The cell cultures used here originate from a monoclonal culture, which are 138 

propagated for multiple generations as continuous cultures. For the propagation, cells from 139 

the top 0.5 mm of the mother culture are collected and put in a fresh nutrient-rich medium to 140 

grow (Materials and Methods). To check if the cells grow optimally, we extracted the growth 141 

curve by measuring the cell numbers using microscopy and image processing, and compared 142 

it with previously reported growth curves of HA452 [7, 14]. The computed cell concentration 143 

is plotted as a function of time and shown in Fig. 1A, B. From this growth curve, the 144 

doubling time is calculated (Fig. S1), which turns out to be 26 ± 2 h, indicating that the cells 145 

have optimum growing conditions. The bottom-left inset of Fig. 1A shows a typical culture 146 

tube at 96 hours of growth, imaged during daytime (11 h). We observe that, despite optimal 147 

growth conditions and absence of any external stimulus, cells distribute all along the vertical 148 

height of the culture tube rather than confining only at the top, as expected from their diel 149 

migratory behavior [3, 32]. The light field in all our experiments are maintained uniform in 150 

all our experiments. While irregular patterns of DVM are known, they are usually in response 151 

to fluctuations in the environment, mostly in terms of nutrient availability. Naturally, we 152 

wanted to investigate if the distribution of nutrients along the culture tube is uniform or not. 153 

We collected cell suspensions from the top and bottom of the culture tubes at 96 h, filtered 154 

out the cells and computed the nitrate and phosphate concentrations (the two most crucial 155 

nutrients reported in irregular DVM) of the filtrate (Fig. 1C, D). The detailed steps of 156 

generating cell filtrate are shown in Fig. S2 and the same protocol is used for all experiments 157 

mentioned. We noted that there was no major difference between the concentrations of either 158 

nutrient across top and bottom samples (Fig. 1C, D). In case of a pure medium, that formed 159 

our control (Fig. 1C, D, left panel), there was also no difference between top and bottom 160 

samples, and showed comparable growth rates (Fig. 1C) suggesting homogeneous 161 

distribution. Even though there was no notable difference across samples from growing 162 

culture, it is to be noted that the overall nutrient levels went down (as compared to pure 163 

medium). This is due to active consumption by growing and dividing cells and the pattern of 164 

depletion was similar to other H. akashiwo strains [14]. Also, this points to the fact that even 165 

with cells present, distribution of nutrients remains homogeneous. We hypothesized that a 166 

difference in swimming behavior can lead to the emergence of spatial segregation even under 167 

DVM, for example directionally stable cells or cells with higher swimming speeds will be 168 

able to swim up/down and occupy these regions before the others. Towards this, we collected 169 

cells from top and bottom and investigated key static and dynamic motility parameters. First, 170 

we wanted to see the steady-state vertical distribution of top vs bottom cell samples (static 171 
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parameter). We put the cell suspensions in a milli-fluidic chamber, referred to as ‘small 172 

chamber’ henceforth, (10mm x 3.3 mm x 2mm) and let them acclimatize for 20 min., and 173 

captured the distribution from short real time videos (Fig. 1E, F). The image analysis pipeline 174 

to obtain these parameters from raw data is shown in the supplementary Fig. S2. The 175 

individual vertical distribution profile for each replicate of both sub-populations is shown in 176 

Fig. S4 A, B. Ideally, cells collected from the top of the culture tube should mostly be 177 

swimming to the top of the chamber and vice versa. We analyzed the frames to obtain 178 

individual cell centroid coordinates and arranged them to numerically represent the vertical 179 

distribution seen in the frames (Fig. 1G). We then quantified the distribution using a metric 180 

called upward bias index, as described by Sengupta et. al. [7] (Fig. 1G, inset), 𝑟 = (𝑓 ↑ −𝑓 ↓181 

)/(𝑓 ↑ +𝑓 ↓) where 𝑓 ↑ and 𝑓 ↓   are the cell concentration in the top and bottom of an 182 

observation window. In our case, we defined them to be the top and the bottom 1/5th of the 183 

chamber height (660 μm), shown by orange and lavender lines (Fig. 1E-G). For top samples, 184 

the mean r (± standard deviation) value across all replicates is 0.33 ± 0.16 and for bottom 185 

ones, it is 0.33 ± 0.13. Both the distribution pattern and the r values suggest that the behavior 186 

of top and bottom cells in isolation is identical in terms of vertical distribution i.e., under the 187 

same relaxation time, i) majority of cells in both samples swim up (r > 0), ii) bottom cells can 188 

swim up just as well as top cells (comparable r values) and iii) not all cells collected from the 189 

top of the culture tube can make it to the top of the small chamber (r < 1). One possibility is 190 

that the relaxation time is large enough for cells in both the samples to swim to the top even 191 

though they have naturally different swimming speeds. To test this, we quantified the speeds 192 

by flipping the small chamber by 180 degrees after 20 min. of relaxation time. As we saw 193 

from the vertical distribution, most of the cells had swam to the top of the small chamber and 194 

formed their steady-state distributions (Fig. 1G). Cells reaching the top must be strongly 195 

negatively gravitactic and after a 180 degree flip, they are at the bottom of the chamber and 196 

will naturally try to swim to the top, giving us quantitative insights into the swimming 197 

behavior (revealed by the trajectories). Note that this is true for all other cells of a sample as 198 

well, not just negatively gravitactic ones. Less negatively gravitactic cells will be present 199 

towards the bottom of the chamber and vice versa and contribute to the complete steady state 200 

distribution of the sample. We analyzed the trajectories (Materials and Methods) of both 201 

samples to obtain the mean (± standard deviation) absolute speeds for the top (85.6 ± 21.5 202 

μm/s) and bottom (86.7 ± 23 μm/s) as shown in Fig. 1H. The samples show no significant 203 

difference, and speed can be ruled out as a major factor to trigger opposite gravitactic 204 

behavior. We also computed the x- and y- velocity components for both the samples (Fig. 205 

S5). There is no notable difference, indicating that the swimming pattern of both samples are 206 

similar. The preferred direction of swimming of a cell depends on the stability of the cell 207 

towards or away from gravity vector (biophysically speaking) and difference in stability can 208 

govern the physical location of cells along the vertical and hence the final distribution. To test 209 

this, we computed the orientational stability of top and bottom samples, with respect to the 210 

negative gravity vector (Fig. 1I). The individual plots for each replicate of both sub-211 

populations is shown in Fig. S6 A, B. Stability is quantified in terms of reorientation time, τr= 212 

1/2A (A being the stability parameter obtained by plotting the instantaneous rotation rate, ω, 213 

as a function of the instantaneous angular position, θ. which, for the top sub-population is 214 

12.2 ± 4.9 s and 11.48 ± 5.3 s for the bottom counterpart. These findings confirm that under 215 

uniform growth conditions, cells show identical behavior in isolation, however this does not 216 

explain the collective behavior within a cell culture. One factor could be that some cells are 217 
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better at sustained up-swimming (over longer vertical distances) and others not, thus some are 218 

programmed to stay up and vice versa. We test this hypothesis next by studying the 219 

swimming behavior within a taller vertical chamber, described in the following section.  220 

  221 

 222 

Fig. 1. Vertically segregated sub-populations, with similar behavioral traits, emerge at the top 223 
and bottom regions of a homogeneous cell culture. (A) Growth curve of Heterosigma akashiwo (HA) 224 
452 culture (number of replicates, n = 4), grown under a 14 h (light) – 10 h (dark) cycle (inset, top-left) 225 
at 22°C within a vertical culture column is ~70mm. The inset (bottom-right) marks the timepoint at 226 
which the vertically segregated sub-populations emerge, visualized by the uniform hue of the 227 
homogeneous cell culture (upper inset panel of culture at 96 h after inoculation), compared to the 228 
vertical gradient of hue observed for the negatively gravitactic cell population (before 96 h). The darker 229 
hue on the upper part of the culture and lighter below indicate the presence of higher number of cells 230 
near the top. (B) Growth curves of the top (red) and bottom (blue) sub-populations, after they have been 231 
isolated from the mother culture, show similar trends relative to each other, and with that of the original 232 
culture (shown in panel (A)). The error (s.d.) is shown by the shaded portion of the plot. (C, D) 233 
Spectrophotometric analysis of the pure and spent media (96 h after inoculation) reveals comparable 234 
nitrate (C) and phosphate (D) concentrations present in the top (red) and bottom (blue) sub-populations. 235 
Yellow bar indicates nutrient levels of a pure medium. The plots show mean (± s.d.) for 2 biological 236 
replicates per sample. (E) Stationary distribution of the HA452 cells isolated from the top and bottom 237 
(F) sub-populations within a vertical chamber (height ~3.3 mm, bright spots indicate cells, shown after 238 
subtraction of the background intensity) after 20 minutes of equilibration time. The gravity vector is 239 
indicated by g. (G) Stationary vertical distribution obtained from all frames of video micrography, 240 
shown over the chamber height for top (n = 6, average cell count per replicate, N = 1356 ± 283) and 241 
bottom (n = 6, N = 1757 ± 734) sub-populations. Inset shows comparable upward bias index, r = (f↑ − 242 
f↓)/(f↑ + f↓) for each case, where f↑ and f↓ are the concentrations of cells within the first and the last 243 
660 μm of the chamber, indicated by the arrow heads next to the dashed lines up (↑, dark orange) and 244 
down (↓, lavender) in panels (E) and (F). (H) Relative distribution of swimming speeds of the sub-245 
populations, obtained by analyzing swimming trajectories (after flipping the chamber by 180 degrees), 246 
shows similar motility (n = 6, N = 670 ± 122, speed = 85.6 ± 21.5 μm/s) and bottom (n = 6, N = 829 ± 247 
421, speed = 86.7 ± 23 μm/s). (I) Swimming stability measured as the reorientation timescale, τr, 248 
(inversely proportional to swimming stability) of the top (n = 12, N = 586 ± 133) and bottom (n = 12, 249 
N = 742 ± 255) sub-populations are shown respectively as red and blue bar plots. For each cell 250 
undergoing reorientation, trajectory is analyzed to find out instantaneous angular direction of swimming 251 
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(θ) and the instantaneous rotational rate (ω) is plotted against θ to obtain a curve shown by red dots in 252 
the inset. This is then fitted to a sinusoidal curve (green dots), the peak of which is the maximum rotation 253 

rate, A, and τr = 
1

2𝐴
. The mean reorientation timescales for the top and the bottom sub-populations are 254 

12.8 ± 5 s and 11.5 ± 5 s respectively. 255 

Swimming behavior of sub-populations remains consistent over longer vertical distance 256 

In oceans, diverse phytoplankton species can grow up to depths of tens up to hundred meters 257 

below the sea surface [33-35]. Swimming over large distances can be energetically costly, 258 

thus it is imperative to observe if phytoplankton alter their swimming behavior over longer 259 

vertical distances. Specifically, it would be relevant for us to check if, and how the swimming 260 

speeds of cells from the top and bottom sub-populations emerge over time, as they swim over 261 

larger vertical distances (over shorter distances, no difference was observed as reported in 262 

Fig. 1). We use a ‘tall chamber’ with a vertical height of 60 mm (Fig. 2A, see Materials and 263 

Methods section), comparable to the entire vertical depth that the cells experience within the 264 

culture tubes (the height of the culture is ~70 mm), and measure the vertical distribution of 265 

sub-populations over time. Cells collected from the top and the bottom 0.5 mm of a culture 266 

tube were introduced to the tall chamber and allowed ~20 min. to acclimatize within it, 267 

forming a steady distribution. Considering an average swimming speed of 85 μm/s for either 268 

sub-population, a cell with an average swimming speed would ideally reach from one end to 269 

the other (distance of 60 mm) in roughly 12 min. So, the waiting time of 20 min. should be 270 

sufficient for the strongly negative gravitactic cells to reach the top of the chamber. 271 

Thereafter, the chamber was flipped instantaneously, allowing cells to reorient and swim up 272 

against the gravity. After the flip, the entire chamber was imaged immediately (time, t = 0 273 

min.) with a custom-built series-connected translation stage allowing long distance 274 

movements (Materials and Methods). Then, another 20 min. were allowed before imaging the 275 

chamber again (t = 20 min.). The imaging was done without the first and last 4 mm as these 276 

regions were too close to the inlet ports, where cell counting was technically challenging. 277 

Cell distribution was considered within the remaining 52 mm (dotted line, Fig. 2A). Figure 278 

2A, B show the distributions at 0 and 20 min. post-flip, for the top and the bottom sub-279 

populations respectively. Once again, we found that the vertical distributions of the sub-280 

populations in the tall chamber appear statistically comparable, indicating that the bottom 281 

sub-population, in isolation, have similar swimming characteristics as their top counterparts, 282 

even over long distances. 283 

The similarity of swimming traits is also confirmed by the upward bias values as plotted in 284 

the insets of Fig. 2A, B (r = 0.17 ± 0.1 for top, and 0.18 ± 0.15 for the bottom sub-285 

populations). Taken together, the results indicate that, when isolated, cells from the bottom 286 

sub-population can effectively swim up like the top ones, even over longer distances. Since 287 

we do not see this occur in the culture tubes, we infer that either (i) the fluxes of the top and 288 

bottom sub-populations maintain a dynamic equilibrium, shuttling continuously across the 289 

entire culture tube; or (ii) when the top and the bottom sub-populations co-exist, difference in 290 

the swimming properties emerge, relative to those in isolation. Continuous swimming to 291 

maintain a dynamic equilibrium within the cell culture is an energetically expensive option, 292 

particularly under the uniform light and nutrient conditions present in our experiments. Thus, 293 

we focus on the second possibility that distinct swimming properties emerge when the sub-294 

populations co-exist. In the following sections, we delineate how the top and bottom 295 
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swimmers emerge, and provide a mechanistic understanding of this behavior, commensurate 296 

with other physiological markers including photophysiology over both day and night-times. 297 

 298 

Fig. 2. Distinct gravitactic sub-populations emerge also in longer vertical columns. (A) Mean ± s.d. 299 
of the vertical distribution of the top subpopulation within a 60 mm tall chamber, imaged 20 min after 300 
the chamber is filled (pre flip, n = 2, N= 35503 ± 383, red line). The chamber is then rotated by 180 301 
degrees along the vertical plane, the distribution is recorded immediately thereafter (post flip, 0 minutes, 302 
n = 3, N = 27666 ± 3091, orange line); and after 20 minutes (post flip, 20 minutes, n = 3, N = 32563 ± 303 
1070, brown line). The inset compares the upward bias, r, from the corresponding distributions (mean 304 
± s.d.). At t = 20 min, pre flip, r = 0.157 ± 0.01; at t = 0 min post flip, r = -0.265 ± 0.17; and 20 min 305 
after flip, r = 0.17 ± 0.1. (B) Mean ± s.d. of the vertical distribution of the bottom subpopulation within 306 
the 60 mm tall chamber, imaged 20 min after the chamber is filled (pre flip, n = 2, N = 35552 ± 922, 307 
blue line). The chamber is then rotated by 180 degrees along the vertical plane, the distribution is 308 
recorded immediately thereafter (post flip, 0 minutes, n = 4, N = 31234 ± 5560, purple line); and after 309 
20 minutes (post flip, n = 3, N = 31483 ± 5785, magenta line). The inset compares the upward bias, r, 310 
obtained from the corresponding distributions (mean ± s.d.). At t = 20 min, pre flip, r = 0.126 ± 0.03; 311 
at t = 0 min post flip, r = -0.3 ± 0.18; and 20 min after flip, r = 0.18 ± 0.15. 312 

 313 

Co-existence alters swimming behavior of sub-populations via morphological changes 314 

We observe the vertical distribution of each sub-population over a long time (120 min.), and 315 

compare this distribution of a mixed population (50:50) over the same time span. A timescale 316 

of 120 min. should be sufficient to observe any behavioral change that can alter changes in 317 

the vertical distribution (reorientation timescale ~10 s, with swimming speed of average 85 318 

μm/s, cells take ~40 s to cover the vertical span of the short chamber (3.3 mm), adaptive 319 
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response to external stimuli ~10 s of seconds [7, 13, 36]. Fig. 3 A, C and E plot the vertical 320 

distribution over time for the isolated (top and bottom) sub-populations and their 50:50 321 

mixture. Our results confirm that the top (Fig. 1A) and bottom (Fig. 1B) sub-populations 322 

show similar vertical distributions over time, for the entire observation window (Fig. 3 B, D). 323 

Starting with a uniform distribution at t = 0 min., cells occupy the upper parts of the 324 

chambers at t = 20 min., confirming the behavior reported in Figs. 1 and 2. Over longer 325 

durations, cells start to swim downward, reaching r ~0 (or < 0, upward bias values) at t =120 326 

min. While the trends we observe for the top and bottom sub-populations are similar, the rate 327 

of change of the upward bias, r, are different, with the bottom sub-populations showing a 328 

relatively lower rate of change compared to the top sub-population. When both sub-329 

populations are mixed, mimicking the co-existence case, the vertical distribution pattern 330 

emerges slowly, with r remaining positive during the entire duration of observation (Fig. 3F). 331 

This indicates that cells from a sub-population, in presence of its complementary counterpart, 332 

tend to maintain the vertical segregation (indicated by the positive r values). In contrast, the 333 

isolated sub-populations switched their equilibrium swimming direction downward (Fig. 3B, 334 

D). Overall, we conclude that, in isolation, cells from both the sub-populations show similar 335 

swimming behavior, equilibrating to low r values over long time; whereas under co-336 

existence, the mixed population maintains a significant positive r value over long times.  337 

 338 

 339 

Fig. 3. Coexistence of sub-populations triggers spontaneous alteration of cell morphology and 340 
swimming stability. Vertical distribution over time spanning 0 min., 20 min., 60 min., and 120 min., 341 
for the (A) top; n = 4, N = 1146 ± 205, (C) bottom; n = 4, N = 947 ± 306, and (E) 50:50 mixed; n = 4, 342 
N = 1079 ± 246 populations of cells. t = 0 min corresponds to start of the imaging immediately after the 343 
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chamber was filled. The corresponding upward bias values (r) over time is shown in panels (B), (D), 344 
(F). (G) Morphological analysis of single cells reveal change in the fore-aft shape asymmetry over time 345 
(indicated by the value of c/a) for the three cases; bar plots show mean ± s.d. (H). Single cells were 346 
imaged in each case (N = 10), from which the cell contours were extracted and fitted to a mathematical 347 
curve (Materials and Methods) to obtain cell size parameter, b/a and the fore-aft asymmetry parameter, 348 
c/a, where a, b and c are the major, minor axes and degree of fore-aft asymmetry respectively.  A cell 349 
mechanical model captures the emerging variation of swimming stability (orientational stability) over 350 
time, as LH/a and and LW/a values change. LH  is the distance between the centre of buoyancy and the 351 
centre of hydrodynamic stress, while LW is that between the centre of buoyancy and the centre of mass 352 
(see Materials and Methods). Varying one with respect to the other alters the orientational stability of 353 
the swimming cell, which is captured by the rotation rate, ω: ω > 0 (< 0) indicates cells which are stable 354 
against (toward) the gravity direction; ω = 0 indicates neutrally stable cells with no preferred direction 355 
of orientation (dotted black line). When isolated, the orientational stability of the top and the bottom 356 
sub-populations reduces over time (arrow indicates leftward as time increases, top and middle panels), 357 
whereas for the mixed sample, orientational stability increases over time, while remaining positive 358 
throughout (bottom panel). The insets at the top of each panel show representative single cell images 359 
for each case, obtained using phase contrast microscopy.  360 

 361 

To find the mechanistic underpinnings of the difference in the swimming trends, we 362 

quantified the morphology of the cells from each of the experimental samples. Morphology is 363 

a key parameter that determine the swimming stability and any difference therein, that could 364 

alter the swimming direction. At t = 0 min. (reflecting the native morphological state of the 365 

cells, similar to those in the culture tube), cells from top sub-population show a high degree 366 

of fore-aft asymmetry (c/a) compared to the bottom or mixed cases (Fig. 3G, H). Higher c/a 367 

indicate high degree of fore-aft asymmetry, resulting in strongly negative gravitactic 368 

swimming properties, and vice versa. As time elapsed, the c/a value increased for both the 369 

top and bottom sub-populations (Fig. 3H, top and middle panels), reaching 0.19 ± 0.3 for the 370 

top cells, and 0.14 ± 0.5 for the bottom cells. This indicates that cells–over short time scales 371 

following the transfer to the millifluidic device–increased negative gravitactic ability, a 372 

signature of the reduction of the physiological stress [7, 13]. At 60 min., both the bottom and 373 

the top cells start to get symmetric in morphology (c/a lowers to 0.14 ± 0.02 and 0.08 ± 0.03 374 

respectively), with the trend continuing during the entire course of our experiments (120 375 

min.). At 120 min, cells from both sub-populations attain similar c/a values (0.07 ± 0.06 and 376 

0.04 ± 0.02), confirming that, in isolation, the top and bottom sub-populations have 377 

comparable morphotypes (Fig. S7, S8). While the top and bottom sub-populations exhibit 378 

similar variation of fore-aft asymmetry with time, the top cells, relatively, are more elliptical 379 

than the bottom ones, as captured by the b/a values (Fig. S10). Consequently, this results in 380 

an overall decrease in the swimming stability over time, as shown in the phase plots (Fig. 3H, 381 

upper and middle panels). 382 

In the mixed population scenario (a 50:50 mixture of top and bottom sub-populations), the 383 

initial fore-aft asymmetry (c/a = 0.10 ± 0.04) was lower than that in each of the individual 384 

sub-populations. The cells show a slight increase in the c/a value (0.12 ± 0.04 at t = 20 min.), 385 

reaching up to 0.15 ± 0.04 by 120 min. With respect to the individual sub-populations, the 386 

observed trend – an overall increase of the fore-aft asymmetry – is opposite, as also 387 

corroborated by the vertical distribution, and the swimming stability captured by our 388 

computational fluid dynamical model (Fig. 3H, lower panel). Statistically, the overall change 389 
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in the population fore-aft asymmetry could arise due to the increase of c/a values in some 390 

cells, and lowering in others, effectively retaining a uniform value (Fig. S9). Furthermore, 391 

this indicates an emergent stability, supported by the data obtained at 20 min: the c/a of 392 

mixed population is lower than that of the average value of the top and bottom sub-393 

populations, thus showing that the stability of the mixed population is not simply a 394 

superposition of the swimming stabilities of the individual components. From this we can 395 

conclude that under co-existence, the mixed population shows a distinct swimming stability 396 

and vertical distribution, otherwise not observed under isolated conditions.  397 

 398 

Phytoplankton chemo-regulate local pH to diversify the circadian swimming behavior  399 

The distinct alteration of the cell morphology in the 50:50 mixture, relative to the isolated 400 

sub-populations, indicates that cells in the mixture experience physiological stress that trigger 401 

morphological changes, ultimately impacting the swimming behavior [7, 13]. We identify the 402 

local pH, and the relative difference between the pH of the spent media associated with the 403 

top and the bottom sub-populations, as the driver of the reported observations (Fig. 4 A). As 404 

the population grows, the pH of the cell culture increased from 8.72 ± 0.03 (top, 8.82 ± 0.04 405 

for bottom) ~48 h after inoculation, to 9.01 ± 0.02 (9.09 ± 0.06 for bottom) at ~96 h. 406 

Thereafter, the pH attains a steady value of ~9.1, reaching a maximum of 9.16 (for both the 407 

top and bottom spent media) at 480 h, before finally dropping back to ~8.3 at ~720 h. This 408 

implies that as cells grow, they actively modulate the pH of their environment. Across all 409 

measurements, the pH associated with the bottom sub-population was found to be higher than 410 

that of the top sub-population (Fig. 4B), indicating the difference in local chemo-environment 411 

experienced by the cells. Comparable changes in local pH have been reported previously for 412 

native algal cultures [37, 38], while small variations in exogenous stressor concentrations, 413 

e.g., via H2O2 or altering the carbonate chemistry (which also induce change of local pH) 414 

could be sufficient to impact the swimming characteristics of H. akashiwo [13, 39]. 415 

 416 

 417 
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Fig. 4. Variation of the local pH tunes gravitatic swimming. (A) Variation of the pH values (mean 418 
± s.d.) over time, for the spent media obtained from the top and bottom sub-populations. t = 0 h 419 
corresponds to the measurement done immediately after inoculation. The pH of the pure medium is 420 
indicated by the arrow. Measurements are done on two biological replicates (n = 2), with multiple 421 
technical replicates in each case. (B) Difference of pH of the spent media (bottom minus top), 422 
corresponding to the above time points. (C)-(F) To capture the effect of the filtrate pH on cell 423 
populations: four different combinations of cells and spent media were designed. Corresponding effects 424 
of the spent media on the cell morphology were measured, as described previously (N = 10, 425 
representative single cell images are shown in panels (C)-(F) insets). (C) Represents top filtrate mixed 426 
with top subpopulation [filtrate, cell] = [T, T]. The bottom right inset shows c/a values, which change 427 
from 0.11 ± 0.06 at t = 0 min to 0.03 at t = 120 min (at t = 20 min and 60 min, the values are 0.12 ± 428 
0.02 and 0.05 ± 0.02 respectively). (D) [B, B]: Bottom filtrate mixed with bottom subpopulation results; 429 
the c/a value changes from 0.08 ± 0.04 at t = 0 min to 0.01 ± 0.02 at t = 120 min (at t = 20 min and 60 430 
min, the values are 0.11 ± 0.05 and 0.05 ± 0.04 respectively). (E) [B, T]: Bottom filtrate mixed with the 431 
top subpopulation; The c/a value remains nearly constant between 0.07 – 0.08 (c/a = 0.08 ± 0.04; 0.07 432 
± 0.05; 0.08 ± 0.04 and 0.07 ± 0.02 at t = 0, 20, 60 and 120 min). (F) [T, B]: Top filtrate mixed with 433 
bottom cells; c/a values are 0.08 ± 0.02, 0.06 ± 0.02, 0.12 ± 0.02 and 0.02 ± 0.03 at t = 0, 20, 60 and 434 
120 min. The swimming stability shifts over time, from negative to positive gravitaxis, indicated by the 435 
arrow heads, for [B, B], [T, T] and [T, B] combinations (equivalent to the isolated top and bottom sub-436 
populations, Fig. 3), while for the mixed case, [B, T], presence of the bottom filtrate enables the cells 437 
from the top subpopulation to maintain their morphology, thereby hindering any shift in the swimming 438 
stability.  439 

 440 

To confirm the role of the local pH in driving the observed changes in cell morphology, and 441 

consequently, the swimming behavior, we exposed cells from each sub-population to their 442 

own (control) and to the complementary (test) spent media, thereby analyzing 4 different 443 

combinations: [spent media, cells] = [T, T], [B, B], [B, T] and [T, B], where T and B 444 

respectively denote Top and Bottom (Fig. 4C-F). The morphological data corresponding to 445 

the combinatorial experiments are presented in Figures S11-S15. 446 

When cells from the top (bottom) sub-population were introduced with their own spent 447 

media, the fore-aft asymmetry, c/a, changed from 0.12 ± 0.06 (0.08 ± 0.05 for bottom) at t = 448 

0 min. to 0.04 ± 0.01 (0.04 ± 0.03) at t = 120 min (inset, Fig. 4C, D), resulting in comparable 449 

shifts in the swimming stability of each of the sub-populations as shown in Fig. 4 C, D  for 450 

the [T, T] and [B, B] combinations respectively (for both cases, the swimming stability 451 

reduces, as also observed in Fig. 3H for the isolated sub-populations). Over similar 452 

timescales, the [T, B] combination showed similar response (Fig. 4 F and inset): the c/a 453 

changed from 0.08 ± 0.03 at t = 0 min. to 0.03 ± 0.03 at t = 120 min; with an overall 454 

reduction of the swimming stability.  455 

Exceptionally, the morphological alteration and the resulting changes in the swimming 456 

stability differs for the [B, T] combination, wherein cells from the top sub-population are 457 

introduced to the spent media from the bottom sub-population. In this case, no perceptible 458 

change in the cell asymmetry was observed over time (Fig. 4E and inset) with the c/a 459 

maintaining a steady mean value between 0.07 and 0.08. Alongside, the swimming stability 460 

remains positive throughout, indicating that the cells maintain an up-swimming behavior 461 

(against gravity) over the entire observation window, in contrast to the other three 462 

combinations. We attribute this distinct tendency of the top sub-population to remain further 463 
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away from the bottom filtrate to the relatively higher pH of the spent media associated with 464 

the bottom sub-population; thus rendering the bottom filtrate relatively more potent in 465 

triggering the vertical separation of the sub-populations in the cell culture, than the other way 466 

round. Overall, the combinatorial experiments suggest that the top and bottom sub-467 

populations emerge due to the differential response of the H. akashiwo population, at 468 

individual scale, to the local pH. Despite difference between the absolute c/a values of the top 469 

and bottom sub-populations, cells show similar swimming behavior and temporal trend under 470 

isolated conditions, which however was altered by the introduction of the spent media. The 471 

alteration of the morphological and motility traits indicates that in presence of the 472 

complementary spent media, cells–with otherwise similar traits–can elicit distinct responses 473 

which highlight the role of chemo-regulation of the local environment in tuning the 474 

phenotypic traits actively, ultimately resulting in emergent spatial distribution of sub-475 

populations within a growing cell culture.  476 

 477 

Diel variation of the local pH, photophysiology and night-time swimming behavior 478 

In order to obtain insights throughout a 24 h cycle, we carry out night-time pH measurements 479 

on the spent media associated with the top and the bottom sub-populations of a 96 h culture 480 
(Materials and Methods). As shown in Fig. 5A (right most bars), the night-time difference in 481 

pH, ~0.02 (8.96 ± 0.04 vs 8.94 ± 0.03), is much lower than the day-time difference of the pH 482 
~0.37 (9.09 ± 0.06 vs 8.72 ± 0.03). While the pH of the top filtrate remains nearly constant, 483 
the pH of the bottom filtrate shows a considerable drop between the day and night-times. 484 

Alongside, at night-time, the bottom sub-population shows a significantly higher upward bias 485 
(Fig. 5B). The drop in the pH promotes downward swimming of the top sub-population, 486 

thereby aiding DVM following the circadian rhythm (Fig. 5B, upper inset). In contrast, the 487 
reduction of the reorientation timescale of the bottom sub-population (Fig. 5B lower inset, 488 

and Fig. S16), indicates that these cells are now primed to swim against gravity, thus 489 
confirming that the bottom sub-population possesses an out-of-phase circadian swimming 490 

behavior.  491 
 492 

Under optimal conditions, DVM patterns–mediated by the internal circadian rhythm–allows 493 
phytoplankton species access to sunlight and nutrients while avoiding detrimental factors 494 
including predators. As such, an out-of-phase pattern would emerge when the fitness benefits 495 

are limited under evolutionarily established DVM. In our case, 96 h after the inoculation, the 496 
nutrient levels are considerably reduced, and will be fully depleted within ~200 h. Thus, it 497 

could be advantageous for a population to expand its vertical distribution to enhance the 498 
search radius for resources, as well as spread over a larger space to grow and divide without 499 
crowding. This may be achieved through turning a part of the population to swim downwards 500 
(forming the bottom sub-population), as against all the cells competing for limited resources 501 
and space by swimming up (top cells). Such an active diversification of the swimming 502 

strategy could be further rationalized if, additionally, the emergent sub-populations possessed 503 
differential photophysiology and ability to alleviate light stress (top swimmers will be, on 504 

average exposed to higher doses of light that those at the bottom). By carrying out pulse-505 
amplitude modulated chlorophyll fluorometry (PAM) assays on each of the sub-populations, 506 
we estimate their photophysiology during the day and night-times (Fig. 5C). While there is no 507 
statistically significant difference between the maximum photosynthetic quantum yield, fv/fm, 508 
and the maximum electron transfer rate, ETRmax (Fig. S17) either during day or night, the 509 
NPQ values show a significant difference during the day-time and no difference at night time. 510 
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This indicates that the cells from the bottom sub-populations are at a higher oxidative stress 511 

level than top ones (in agreement with observations from natural systems). This may explain 512 
why the bottom cells are rounder (lower c/a), and can also result in production of excess 513 
extracellular ROS (e-ROS) by the bottom cells, thus rendering the bottom environment more 514 

potent as an effective info-chemical as seen in Fig. 4. When either sample was isolated and 515 
dark-adapted for 20 min., there was no notable difference in any of the photophysiological 516 
parameters, indicating that, in absence of the complementary sub-population, the 517 
photophysiological parameters are comparable as also seen for the other traits. Thus, we can 518 
conclude that even though cell samples at top and bottom have similar photosynthetic 519 

efficiency, the capacity of stress handling is different. So, it would be beneficial for some 520 
cells to stay at top and others at bottom. One key feature of vertical sub-populations is the 521 
fact that in isolation, they show effectively comparable behavior and physiology, and thus 522 
present functionally equivalent states. In natural marine settings, this may be critical for 523 
species survival especially if a portion of the population gets eliminated by deleterious 524 

stimuli like turbulence, the other sub-population can effectively function and maintain the 525 

biological fitness of the species.   526 

 527 
 528 

 529 
 530 
 531 
Fig. 5. Diel variation of local pH underpins night-time swimming behaviour of gravitactic sub-532 
populations. (A) Night-time pH of the spent media obtained from the top and the bottom sub-533 
populations (20:00 h CEST, rightmost bars) 96 h after inoculation, as compared to the daytime values 534 
(11:00 h CEST, n = 3 in each case). The night-time difference in pH, ~0.02 (8.96 ± 0.04 vs 8.94 ± 0.03), 535 
is much lower than the day-time difference of the pH ~0.37 (9.09 ± 0.06 vs 8.72 ± 0.03). The pH of the 536 
bottom filtrate shows considerably higher drop (from day to night), while the pH of the top filtrate 537 
remains nearly constant. (B) Vertical distribution of the top (red line and shaded region show 538 
respectively the mean and s.d, n = 6, N = 1614 ± 395) and the bottom (blue line and shaded region, n = 539 
6, N=1112 ± 418) sub-populations at night-time, around the midnight (00:00 h, indicated by a crescent 540 
moon). The upper bar plot in the inset shows corresponding upward bias index (r): 0.26 ± 0.14 for top 541 
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and 0.66 ± 0.17 for bottom, reveal significantly higher up-swimming stability of the bottom 542 
subpopulation at night-time (p < 0.05, two asterisks, 2 tailed t-test). The lower inset plotting the 543 
swimming stability in terms of the reorientation timescale, τr (mean ± s.d.): 2.6 ± 6 s for the top (n =12, 544 
N = 733 ± 174) and 6.3 ± 3 s for the bottom (n =12, N = 545 ± 207) sub-populations. The timescales 545 
are significantly different, p < 0.05 (two asterisks), verified using a 2 tailed t-test. (C) Top panel presents 546 
the daytime (marked with a sun) maximum photosynthetic quantum yield, fv/fm for the top (red, n = 4) 547 
and the bottom (blue, n = 3) sub-populations after two minutes of dark adaptation. No statistically 548 
significant difference was noted (p = 0.63, 2 tailed t-test). However, the non-photochemical quenching 549 
(NPQ) values show significant differencet (p < 0.1, indicated by the asterisk on the bar plot on the right). 550 
In the bottom panel (night-time), the bar plots in the left show maximum photosynthetic quantum yield, 551 
fv/fm for top (red, n = 2) and bottom (blue, n = 2) samples after two minutes of dark adaptation. No 552 
statistically significant difference is noted (2 tailed t-test, p = 0.94), also for the corresponding NPQ 553 
values (p = 0.96).  554 
 555 

Discussion 556 

Recent studies suggest that the production of info-chemicals (signaling molecules) by 557 

phytoplankton can regulate population-scale behavior, offering potential biological functions 558 

like avoiding predators [40-42]. Studies show that change in the exogenous pH can trigger 559 

change in swimming behavior and potentially alter the DVM pattern of phytoplankton [39]. 560 

Decrease in pH values from 8.26 to 8.13 was sufficient to induce increased downward 561 

swimming in H. akashiwo. In natural settings, pH variations occur due to the direct addition 562 

and removal of dissolved inorganic carbon (DIC) owing to photosynthesis and cellular 563 

respiration [43]. Over the course of a 24 h period, metabolic processes [44, 45], in 564 

combination with hydrodynamic factors [46, 47], can engender considerable changes in the 565 

local pH. Our results agree with reported observations on the impact of pH on the motility, a 566 

key difference that we note here is that the cells, as they grow, modulate their local pH to 567 

generate distinct sub-populations. The pH associated with the top and bottom sub-populations 568 

represent considerable difference in the local alkalinity experienced by the cells, resulting in 569 

distinct behavioral responses when cells are introduced to their complementary spent media 570 

(as revealed by the combinatorial experiments). This ultimately leads to the vertical 571 

separation of the sub-populations within a growing culture, with the relative difference in the 572 

local pH acting as an effective info-chemical. 573 

An alternative relevant mode of cell-to-cell chemical communication is the quorum sensing, 574 

wherein signalling molecules called autoinducers are released when local population density 575 

reaches a critical value, particularly under confinements [48, 49]. So as to ascertain if the 576 

phytoplankton traits observed here emerges due to quorum sensing, we studied cells from 577 

continuous cultures at 48 h and 96 h of after inoculation (Fig. S18). At 48 h, the upward bias 578 

(mean ± s.d.) is 0.52 ± 0.27 for the top cells, and 0.48 ± 0.21 for the bottom cells. We note 579 

that in isolation, the top and the bottom cells showed similar upward bias values as for the 580 

cells which were in the 96 h culture (data shown in Fig.1). The 48 h culture had a higher 581 

upward bias than the 96 h population, indicating that younger cell cultures comprised higher 582 

proportion of up-swimming cells, in agreement with the DVM trends generally observed. As 583 

shown in Fig. 1A, B, the emergent sub-populations are observed around 96 h, when the 584 

population density is ~3-fold relative to that at 48 h. If a quorum-like behavior triggered the 585 

emergence of sub-populations in cultures older than 48 h, diluting 96 h culture (to match the 586 

cell concentration at 48 h) should drive the upward bias values higher. However, no such 587 

enhancement of the upward bias values in the diluted 96 h cell cultures were observed (Fig. 588 
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S18), confirming that the sub-populations emerge due to co-existence, and not by a high 589 

population density of the cells. The lack of a quorum-like behavior is further confirmed when 590 

we expose the sub-populations to their corresponding (or complementary) spent media as 591 

discussed in Fig. 4. This conclusively indicates that it is cue for the emergent behavior lies in 592 

the spent media, effectively acting as an info-chemical that diversifies the circadian 593 

swimming behavior.  594 

Finally, we tested an additional mode of communication commonly found in phytoplankton 595 

communities: extracellular vesicles (EVs). EVs have been shown to mediate cell-cell 596 

communications over large distances [50]. While we detected low concentrations (~10-597 

100/ml) in our experiments, careful investigation of our samples did not however yield any 598 

observable differences in the circadian swimming behavior when we compared swimming 599 

behavior in the presence or the absence of the EVs in the local environment.  600 

In conclusion, we have shown that a monoclonal phytoplankton population can engender 601 

behaviorally distinct phenotypes over time, due to in situ variation of the local pH. The 602 

emergent phenotypes are behaviorally plastic, and can play interchangeable functional roles 603 

depending on the time of the day (light vs dark periods). Although both subpopulations were 604 

found to be negatively gravitactic during daytime, one performed better than the other under 605 

co-existing conditions, thus leading to a vertical segregation of the population into strong and 606 

weak up-swimmers. Evolutionarily, cells are programmed to be up-swimmers during daytime 607 

(to get light for photosynthesis), so, those which do not show strong up-swimming behavior 608 

may compromise fitness. To circumvent this potential drop in fitness, the sub-populations 609 

develop complementary circadian swimming patterns, additionally enabling the population, 610 

as a whole, to expand their vertical niche which is advantageous for accessing resources as 611 

well as increasing the survival probability. While at a population scale, circadian swimming 612 

is harnessed to make the system robust and dynamic, at a single cell level, cells leverage 613 

environmental pH as a intra-population communication cue to trigger their vertical 614 

segregation. As the overall pH of the medium becomes basic, cells which are strong up-615 

swimmers, are capable of reducing the pH of local environment (acidic) during day and vice 616 

versa. This in turn, reduces (pH) stress, making them more fore-aft asymmetric and better up-617 

swimmers. Change in morphology due to stress may be associated with the production of 618 

reactive oxygen species (ROS) in H. akashiwo [7, 13]. Phytoplankton are major producers of 619 

ROS in marine environments and many species are known to produce e-ROS even under 620 

optimal growth conditions [51]. Production of extracellular ROS can be a possible 621 

mechanism to get rid of excess endogenous or surface ROS [52, 53]. While e-ROS has been 622 

attributed to functions like predator avoidance, resistance to viral infection, and toxicity in 623 

case of HABs, they have also been associated to allelopathic interactions and communication 624 

with other species [40]. Thus, ROS, alongside reactive nitrogen species [42], can potentially 625 

act as cues for conspecific cell-cell communication and signaling. Based on their chemical 626 

forms, reactive species have the potential to alter the pH of the local media, and therefore, 627 

may be at play in mediating the emergent phytoplankton behavior we have reported here. In 628 

marine ecosystems, changes in the pH depend on the buffer capacity of the seawater, which, 629 

due to ongoing anthropogenic stresses is expected to decline in the future. This may have 630 

profound implications for food webs: not only photosynthesis of phytoplankton, but also 631 

swimming and hence photosynthetic efficiency of motile species will be directly impacted. 632 

Globally, as the ocean waters see a rapid change in the pH [54], our results will provide a 633 
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mechanistic basis for assessing the impacts of ocean acidification on phytoplankton 634 

migratory patterns, and shed light on the transport, fitness and adaptation of phytoplankton 635 

inhabiting oceans of the future. 636 

 637 

 638 

MATERIALS AND METHODS 639 

Cell Culture 640 

Cells were cultured in 50-ml sterile glass tubes with 14:10 hours of light and darkness (to 641 

simulate a diel cycle) in f/2-Si (minus silica) medium at 22°C and constant light intensity (of 642 

1.35mW, during light phase). They were propagated every 1 to 2 weeks, by inoculating 2 ml 643 

of cell suspension collected from ~0.5 mm of the top of a parent culture (mother culture), into 644 

25 ml of fresh medium, in a laminar flow chamber. White light (wavelength, λ= 535 nm, 645 

power =1.35 mW) illuminates the incubator between 4 hours to the end of 17 hours (yellow 646 

line) and mimics daytime. It is switched off automatically at the start of 18th hour till the 4th 647 

hour of the next day (gray line), to represent night. Experiments are usually performed 648 

between 11 to 15 hours, indicated by the green line region. For all experiments reported in 649 

this paper, we used cultures that were 96 hours old (early exponential phase of growth). All 650 

daytime experiments were conducted between 10 hours to 16 hours to rule out any DVM 651 

related impact. Nighttime experiments were conducted between 20 hours to 22 hours. We 652 

started 24-hour experiments at 11 hours of one day and concluded at the same time of the 653 

next day.  For each study, unless mentioned otherwise, we used at least four replicates, the 654 

details of which are provided in their corresponding sections. All experiments reported here 655 

can be broadly classified into a) population scale and b) single-cell level. The experimental 656 

setup and protocol for both categories are outlined below. Unless otherwise mentioned, all 657 

experiments reported in this article uses cells that are about 96 h old. For all experiments 658 

reported in this article, cells are collected from ± 5 mm of the 2 different regions shown on 659 

the culture tube. Cells collected from the red box indicated region of the culture tube are 660 

‘Top’ samples and the blue box corresponds to ‘Bottom’ samples. 661 

 662 

Quantification of growth curve 663 

To quantify growth curve, fresh cultures were prepared from parent cultures. Cells were 664 

allowed to grow for 24 hours from whence, measurements were taken. For the 0-hour time 665 

point reading, cells were collected from the parents separately and counted. The count was 666 

then normalized assuming dilution in a 25 ml culture and from this the final count was taken. 667 

From 24 hours, cells in the cultures were counted in a 3.5 μl chamber and observed under a 668 

stereo microscope (Nikon ® SMZ1270). Readings were taken for 24, 48, 72, 96, 192, 264, 669 

336, 384, 432, 552 and 672 hours (28 days). The counts were converted to the appropriate 670 

units and growth curve was plotted (count as a function of time). To calculate doubling time 671 

from this data, cell count was replotted in log scale against time. The time points showing 672 

linear curve (indicative of exponential growth/ doubling growth) i.e., 0 to 96 h were selected. 673 

From this, growth curve was calculated as  674 
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𝑟 = (ln
𝐶𝑓

𝐶𝑖
)/(𝑡𝑓 − 𝑡𝑖) 675 

where r is the growth rate, Cf and Ci are cell concentrations between consecutive time points tf 676 

and ti (e.g. 24 and 0 h, 48 and 24 h, and so on). From this, doubling time was calculated as  677 

𝑑𝑡𝑚 =
log 2

𝑟
 678 

where dtm is the doubling time. The dtm of each pair of timepoints were averaged to obtain 679 

the mean (± s.d.), which is reported.  680 

 681 

Cell harvesting and preparing cell filtrate 682 

For each experiment reported, unless otherwise mentioned, two types of samples were used: 683 

top samples: which are cells collected from the approximately the first 0.5 mm of the culture 684 

using 1ml pipette (+tips) and bottom samples, which are cells collected from around 0.7 mm 685 

above the base of the culture tube. To collect this, Sterican® disposable long needles (120 mm 686 

x 0.8 m) were used with Injekt® disposable syringes.  This harvesting involves collection of 687 

cells plus their surrounding fluid medium. In experiments where just the medium was needed, 688 

cells were filtered out using 1µm (pore size) Whatman® Puradisc 25 syringe filter. The 689 

detailed steps are shown visually in supplementary Fig. S2. 690 

 691 

Population scale experiment 692 

i) Quantification of vertical distribution from an equilibrium state 693 

All vertical distributions were observed in either a ‘small’ (10 mm x 3.3 mm x 2 mm) or a 694 

‘tall’ (60 mm x 3.3 mm x 2 mm) chamber made of polymethyl methacrylate. For small 695 

chamber experiments, a chamber was mounted on a custom cage for visualization and imaged 696 

using a lens-camera setup. The cage is equipped with xz translation screws, with a maximum 697 

displacement of 25 mm. The entire setup, as well the calculation methodology is detailed in 698 

[14]. Cells were filled into it and visualized at ~1.7 x zoom, using a Grasshopper3 (model: 699 

GS3-U3-41C6C-C) camera with an 1″ sensor. At this zoom, the entire chamber was captured 700 

in one go. The chamber was illuminated with a red LED (630 nm wavelength). Imaging was 701 

done in the middle region (horizontal) of the chamber to stay away from the inlets and 702 

boundary walls. After filling, cells were allowed 20 minutes to reach their steady distribution 703 

which was then imaged. 704 
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 705 

For the tall chamber experiments, a chamber of height 60 mm (shown below) was mounted 706 

on a stage which was made by coupling two xz translation stages in a series, allowing an 707 

increased displacement span of at least 55 mm along the vertical. Cells were filled and 708 

allowed 20 minutes to reach a steady distribution (called pre-flip distribution). At ~ 1.4 x 709 

zoom, our camera could capture ~ 4mm per frame, so we had to move our chamber about 14 710 

times for the camera to capture the entire 56 mm. We excluded the top and bottom 4 mm of 711 

our chamber as these regions are close to the inlet and outlet ports and i) imaging is not clear 712 

due to projection of stopper (used for sealing the ports) on the imaging plane and ii) avoid 713 

any bias arising due to any potential air-medium interface at the ports. For the remaining 56 714 

mm, we stitched the regions together and obtained the complete distribution of the chamber 715 

and used for downstream calculations. Scanning the entire chamber (14 regions) took ~2 716 

minutes, which is less than time taken by cells to cover a region. 717 

 718 

ii) Computing upward bias index 719 

To quantify the upward bias, we used the equation r = (f↑ − f↓)/(f↑ + f↓), where f↑ and f↓ are 720 

the concentration of cells in the top and bottom 660 μm of the chamber, respectively. The r 721 
value lies between -1 to 1. An upward bias value of ~ -1 means all cells are present in the 722 
bottom portion of the chamber, while a value of ~ +1 means all cells at top. An upward bias 723 

value of 0 means a 50:50 distribution of cells between the top and bottom regions. 724 
 725 

iii) Computation of motility parameters from single cell tracking 726 

Cells were put in the small chamber as described above and allowed 20 min. to reach a steady 727 

distribution as mentioned above. Then the chamber was rotated by 180 degrees (in 3 seconds) 728 

via an Arduino controlled automatic stepper motor (programmed in-house). As the cells 729 

started to swim back to their steady state, short videos of about 160 frames @ 16fps (frames 730 

per second) were captured. Starting from the first second of swimming (16th frame), 120 731 

frames were chosen, corresponding to 7.5 seconds of swimming. Individual cell coordinates 732 

were determined via binarizing and thresholding using the OpenCV2 module in python. Cell 733 

coordinates were linked for subsequent frames via the Trackpy module, to obtain a list of all 734 

trajectories. From this, speed, horizontal component, and vertical component of swimming 735 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 21, 2023. ; https://doi.org/10.1101/2023.07.24.550407doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.24.550407
http://creativecommons.org/licenses/by/4.0/


20 
 

velocity was computed. To ensure selection of the best trajectories, a) all tracks shorter than 736 

45 frames and b) tracks with displacement less than ~ 2 µm (1/10th of a cell body length) and 737 

c) speeds < 10 µm /sec or > 200 µm/sec were rejected. 738 

 739 

iv) Computing cell stability from reorientation 740 

Cell steady distribution was reached, and the small chamber was rotated as described above. 741 

As the cells reached the middle of the chamber, 3 180-degree flips were applied (with waiting 742 

times of 15, 12, and 12 seconds). Out of this, data from the 1st and 2nd flips were used for 743 

analysis. Each of these data is termed a ‘sub-replicate (SR)’. Videos were acquired at 16 fps 744 

and cells were tracked as described above. 160 corresponding to 10 sec of swimming were 745 

sufficient to capture multiple cell reorientation events in each flip. Trajectories less than 45 746 

frames or a net displacement < 20 µm were filtered out. The remaining trajectories were 747 

interpolated quadratically (smoothing). For the single trajectory, angular velocity (ω) was 748 

obtained for each consecutive frame as a function of the instantaneous angular position (θ). 749 

Angular velocities were averaged for a given θ value (ranging from −180° to 180°, binned at 750 

intervals of 30°). Any ω value greater than 0.5 rads/sec or less than −0.5 rads/sec was 751 

eliminated. Obtained ω values were fitted to a sinusoidal curve of the form A × sin(x), and the 752 

reorientation time scale (τr) was then obtained as τr = 
1

2𝐴
.  753 

 754 

v) Measuring the nutrient concentrations  755 

Concentration of two primary nutrients pertaining to phytoplankton growth, nitrate (NO3
−) 756 

and phosphate (PO4
3-), were measured through photometry using Prove600 Spectroquant 757 

(Merck) spectrophotometer. For this, cell filtrate was collected from top and bottom of the 758 

culture. NO3
− concentration was analyzed with Nitrate Cell Test in Seawater (method: 759 

photometric 0.4 to 13.3 mg/liter NO3
− Spectroquant) with a minimum detection limit of 6.45 760 

μM. PO4
3- concentration was analyzed with phosphate cellt est (method: photometric 0.2 to 761 

15.3 mg/liter PO4
3- Spectroquant) with a minimum detection limit of 2 μM). Below this limit, 762 

values below the respective detection limits are taken as zero.  763 

 764 

vi) Measuring photophysiology using Pulse-amplitude modulated (PAM) chlorophyll 765 

fluorometry  766 

A Multiple Excitation Wavelength Chlorophyll Fluorometer (Multi-Color-PAM; Heinz Walz 767 

GmbH, Effeltrich, Germany) was used to quantify the maximum photosynthetic quantum 715 768 

yield (Fv/Fm), the maximum electron transport rate (ETRmax), and non-photochemical 769 

quenching (NPQ) of a cell suspension. For measurements, 1.2 ml cell suspensions were 770 

placed into a quartz-silica cuvette (Hellma absorption cuvettes; spectral range, 200-2500 nm; 771 

pathlength, 10 mm). PAMWin software saturation pulse (SP) and light curve methods were 772 

used to quantify Fv/Fm, ETRmax and NPQ per experiment. The samples were dark adapted 773 

(DA) for < 1 min. before measurement. Literature suggests that PAM samples should have a 774 

DA time of at least 15 min to remove any pre-stress/ difference in samples due to different 775 

light/growth conditions present in samples that can bias the measurements. However, i) our 776 
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samples are all grown and maintained under same conditions  and if there is any difference in 777 

stress levels, it is possibly due to difference in physiology or other factors between the 778 

subpopulations and ii) in our case we are interested to measure the ‘native states’ of the 779 

samples i.e. how they are in the culture itself and the longer waiting time, the more identical 780 

they start to become. This is also seen in our experiments with DA of 20 min. (data not 781 

shown), which indicates that in coexistence, the stress levels (NPQ) are different than in 782 

isolation, similar to swimming behaviors of isolated vs mixed samples. 783 

 784 

vii) Measuring pH of the spent media 785 

For measuring pH of medium/samples, ~3ml pure medium (kept in incubator under same 786 

condition as cells)/ spent media were collected into a 15ml plastic falcon tube. Into this, the 787 

electrode of a Mettler Toledo FiveEasy Plus (FP20) Benchtop pH/mV Meter (post-calibration 788 

with buffers of pH 4.01, 7.0 and 9.21) was inserted and pH values were obtained.  789 

Table 1. pH of the samples measured in experiments. 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

Single cell experiment 800 

i) Computing fore-aft asymmetry parameters from cellular morphology 801 

To observe morphology as a function of time, 500 µl cells were pipetted out from a culture 802 

tube and put into 1.5 ml glass vials. This was covered with a parafilm and perforated with a 803 

single needle and stored in the same incubator as the culture tube (22° C). 10 µl cells were 804 

pipetted out at 0 (immediately after cells were collected from the culture tube), 20, 60 and 805 

120 min. These were put on a glass slide and covered with a coverslip and put under a 806 

microscope (Olympus CKX53 inverted) and viewed in phase contrast mode using a camera 807 

(same as above). Short videos of cells were captured at 82 fps and at least 10 cells were 808 

imaged per time point.  809 

To analyze morphology, a single frame showing a cell in maximum focus was chosen from a 810 

video manually. This was then cropped around the cell and using OpenCv2 module, points 811 

were drawn along the cell’s external contour and the xy coordinates per point were generated. 812 
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These were converted to polar co-ordinates and fit to a three-parameter 3D spheroid surface 813 

[55] which, in 2D, translates to: 814 

 815 

i.e., an ellipsoid with a and b as major, minor semi-axis [7]. This ellipsoid is fore-aft 816 

asymmetric i.e., in the direction of the major axis and this asymmetry is captured by the 817 

parameter c.  818 

 819 

ii) Computing fore-aft (a)symmetry parameters from cellular morphology in presence 820 

of the spent media  821 

1.4 ml cell suspension of one type (top or bottom) was collected and 800 µl of this 822 

suspension were put into two 1.5 ml glass vials (400 µl each). The rest was filtered using a 1 823 

µm Whatman® Puradisc 25 syringe filter, to form the filtrate (as described previously) of the 824 

same type. Next, 1ml of the other cell type was collected immediately and passed through the 825 

filter to form the opposite supernatant. 150 µl of both supernatants were collected 826 

individually and put into one of the vials to form a total of two experimental cases per sample 827 

type. For each experiment, 10 cells were imaged under the same microscope as above, at least 828 

at 50 fps and analyzed using the same protocol as described above.  829 

 830 

iii) Cell mechanics model and calculation of the stability diagrams 831 

To determine the propensity of the cells to maintain their swimming stability (and their inherent 832 

cell reorientation timescale) under diverse condition, we employ a cell-level mechanistic 833 
formulation. The model takes into account the various forces and torques a phytoplankton cell 834 

experiences by virtue of its motion and cytoplasmic organelle (nucleus) position. Our primary 835 
aim is to identify the dominant forces and torques a motile cell encounter and establish the 836 

factors that determine their up-swimming stability. A cell generates a propulsive force, P 837 
(because of its flagellar dynamics) to maintain its active motion. The weight of the cell (due to 838 

combined influence of the nucleus, lipids and cytoplasm) and the upthrust (attributed to the 839 
finite cellular volume) on the cell are inherent forces owing to its physiological configuration. 840 
In addition, the cell motion induces a drag force attributed to the cell geometry and viscous 841 

effects. Torques on the cell structure is estimated about its centroid (or center of buoyancy, CB, 842 
see Fig. 6 below). The torque contributions on the cell mechanics are the following: torque due 843 

to nucleus and lipids (when their center of residence is not on CB), torque originating from 844 
viscous drag (in case of asymmetric cellular geometry), and resistive (viscous) torque due to 845 
cell rotation (with rotation speed ω).  With the above physical considerations, we balance the 846 
forces and torques in each component to formulate the reduced-order model that reads (see Fig. 847 
6): 848 
 849 
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 850 
Fig. 6. Schematic of the cell geometry showing the forces and torques (about the center of buoyancy, 851 

CB) acting on a phytoplankton cell. 852 

 853 

 854 

 855 

The symbols ρ, V, W, η and L denotes the density, volume, weight, medium viscosity, and 856 
distance from cell centroid respectively. Some of the symbols carry the subscripts cyt, fluid, C, 857 

H, and N which, respectively, refers to the cytoplasm, background medium (within which the 858 

cell remains submerged), the hydrodynamic center of the cell, and the cell nucleus.   is the 859 

angle between the line of action of the propulsive force, P (attributed to the resultant flagellar 860 
motion) and the line of action of gravity. Here   and P are unknowns, which needs to be 861 

determined as part of the solution. In reality, the motion of the cell does not follow the line of 862 

action of P, hence an angular offset θ (an experimentally observable parameter) with the 863 

vertical is assumed along which the cell moves. N  is the angle between the direction of 864 

gravity (vertical line) and the line joining CN and CB (note N = , since we assume the center 865 

of gravity of the nucleus to lie on the major axis). D denotes the drag force whose knowledge 866 
requires the detail of the cellular geometry and its interaction to the surrounding fluid, the 867 
details of which are provided below. 868 

 869 

We describe the axisymmetric cell geometry with the generic equation 870 

( )2 2 2 2 2 2 2 2
sin

cos sin cos sin

ab
r c

b a b


    
= +

+ +
 where the symbols a, b (a>b), ψ 871 

( )2 2  −   , and γ ( )0 2    represents the major axis length, minor axis length 872 

(equal to the semi-major axis length), polar angle, and azimuth angle, respectively. Here c 873 

implies the deviation from the symmetric shape along the major axis (fore–aft direction) and r 874 
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denotes the position vector of the points on the cell surface (from the origin) as a function of 875 

the polar and azimuth angles.  876 

The fore-aft asymmetry (value of c) is quantified using the phase-contrast microscopy images 877 

of the cells whose contours are fitted with Equation 1 and 0 = , resulting in the form 878 

2 2 2 2
sin

cos sin

ab
r c

b


  
= +

+
. Note that for a symmetric cell geometry (c = 0), the 879 

hydrodynamic center (CH) falls on the cell centroid (CB), and LH vanishes. With the 880 

consideration that the cell shape may be assumed as a prolate spheroid, the drag of a symmetric 881 

prolate ellipsoid is expressed as 
, ,6 eqD r UK⊥ ⊥=P P

 where U and K are the translational velocity 882 

and the shape factor, respectively, while ( )⊥P  denotes the parallel (perpendicular) direction 883 

with respect to the major axis. The shape factors have the form 884 

( )

( ) ( ) ( ) 

3 2
2

1 2 1 2
1 3 2 2 2

4 1

3 2 1 ln 1 1

t
K

t t t t t t

−
=

 − + − − −
  

P
 and ( )

( ) ( ) ( ) 

3 2
2

1 2 1 2
1 3 2 2 2

8 1

3 2 3 ln 1 1

t
K

t t t t t t
⊥

−
=

 − + − + −
  

 

for 885 

prolate spheroids [56, 57] where t=a/b. The net drag on the cell is dictated by its orientation 886 

and is given by ( ) ( )cos sinD D D ⊥= +P
 ( DP

 and D⊥  are the drag forces parallel and 887 

perpendicular to the major axis of the cell shape, respectively, and   = − ). 888 

R represent the coefficient of hydrodynamic rotational resistance and has the form 889 

( )( )

( ) ( ) ( ) 

3 2
2 2

1 2 1 2
2 2 2

2 1 1

3 2 1 ln 1 1
R

t t
R C

t t t t t t

+ −
=

 − + − − −
  

  [56] where 
38R eqC r= . With R defined, the 890 

viscous torque on a prolate spheroid is estimated using R =  where ω is the angular rotation 891 

rate (rad/s). Our aim is to obtain the angular rotation rate ω from the above set of three coupled 892 

equations (Equation 1). Using the experimentally known values (Table 2) we draw a stability 893 

phase-plot that presents the value of the angular rotation rate as a function of shape asymmetry 894 
and cell geometry (estimated by varying LH/a and LW/a). The stability phase plots demarcate 895 
the regions of stable up-swimmers from stable down-swimmers, thereby encompassing the 896 
various stability conditions of cell motility as a function of various environmental factors. Here 897 

we note that since the nucleus resides above the cell centroid, the effects of the lipids on the 898 
cell stability may be safely ignored.  899 

 900 

Table 2. Parameters used to draw the phase-plot diagram for the cell stability. 901 

Paameter Name (Symbol) Value Unit 

Major radius (a) 7.5 μm 

Minor radius (b) 4.9 μm 

Fore-aft asymmetry 1.04 μm 

Velocity (U) 150 μm/s 

Velocity angle (θ) π/6 rad 

Medium viscosity (η) 10-3 Pa-s 

Density of nucleus (ρN) 1.3 g/cc 

Density of cytoplasm (ρcyto) 1.05 g/cc 

Density of medium (ρfluid) 1.036 g/cc 

Nucleus radius (rN) 1.94 μm 

Nucleus offset along major axis (LN) 0.37 μm 
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Supplementary Figures 1082 

 1083 

 1084 

Fig. S1. Quantification of doubling time from HA 452 growth curve. In order to compute 1085 

the doubling time, the growth curve shown in Fig.1 A (main text), was plotted in a logarithmic 1086 

scale, shown in purple. The exponential phase of growth is fitted to an exponential function 1087 

(shown in black lines). The coefficient of the exponent gives us the growth rate from which 1088 

doubling time is calculated (Materials and Methods). Doubling time, TD ranges from 24 to 28 1089 

hours which matches well with ranges of other phytoplankton mentioned in literature (see main 1090 

text). 1091 

 1092 

 1093 
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 1094 

 1095 

Fig. S2. Generation of filtrate from a cell culture. To generate filtrates, cell samples are 1096 

collected from a growing culture (left most panel) from either the top (red box) or bottom 1097 

(blue box) region. Collection is done using a needle and syringe (Materials and Methods). 1098 

The red or blue dotted lines indicate the depth of needle for collection of top or bottom 1099 

sample. Once samples are collected (middle panel), they are passed through a 1 μm pore 1100 

sized syringe filter (right panel, top) and collected into a glass vial (right panel, bottom). 1101 

These are then used for measuring pH, nutrients, and response of cells in presence or absence 1102 

of same or opposite filtrates. 1103 

 1104 

 1105 

Fig. S3. Image analysis pipeline. This figure shows a general pipeline used for analyzing raw 1106 

data (panel (A)) and extract parameters like upward bias, motility and stability. These 1107 

parameters have been mentioned and used multiple times throughout the paper and uses the 1108 

same approach as shown here. First one takes the raw data and then binarizes it for downstream 1109 

analyses. (B) shows one such binarized image of cells in a millifluidic chamber, after 20 1110 

minutes from the point of insertion. (C) shows how the binarized input is used to compute 1111 
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vertical distribution, shown in green line (for details, see Materials and methods). From this, 1112 

upward bias value is calculated by considering the cell concentration in the top and bottom 1113 

1/5th of the chamber, indicated by the dark orange and lavender dotted lines. (D) To calculate 1114 

motility and orientational stability, after an equilibriation time (here 20 minutes), the chamber 1115 

is flipped by 180 degrees. Cells at the top pre-flip are now at the bottom and start to swim up. 1116 

(E) As cells swim up, a short video is captured which is analysed to obtain swimming 1117 

trajectories from which motility parameter like speed and swimming direction can be obtained 1118 

for individual cells. (F) Flipping the chamber also changes cellular orientation from their stable 1119 

configuration and they start to reorient, as shown by the arc-like trajectories. 1120 

 1121 

 1122 

Fig. S4. Vertical distribution of cells in a multifluidic chamber. To observe the vertical 1123 

distribution of cells, samples were collected from top (red) and bottom (blue) and placed into 1124 

a multifluidic chamber of vertical height 3.3 mm. After 20 minutes, the entire height was 1125 

imaged for subsequent cell count. (A) shows the distribution of top cells with each panel 1126 

corresponding to one replicate (of 6 replicates, 3 biological replicates each having 2 technical 1127 

replicates). (B) shows the same but for bottom cells. First two panels show technical replicates 1128 

of the first biological replicate and the rest follows that order. 1129 

 1130 

 1131 

 1132 
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 1133 

Fig. S5. Motility parameters of cells. While Fig. 1 H of main text shows that the mean 1134 

absolute swimming speed of top and bottom cells are similar, we also wanted to see if their 1135 

directionality remains similar identical as well (reason in main text). (A) shows the relative 1136 

distribution of mean horizontal swimming speed of all 6 replicates for top and bottom cells (red 1137 

and blue respectively). Horizontal velocity is divided into two sections about 0. Cells 1138 

swimming towards their right from their initial position is assigned positive velocity and those 1139 

swimming left are assigned negative velocities. Results indicate that the majority population 1140 

of both samples have a mean horizontal speed of 0 μm/s, meaning that on a population scale, 1141 

cells do not show much displacement in the horizontal direction. (B) shows the relative 1142 

distribution of mean vertical swimming speed of the same. Vertical velocity is divided into two 1143 

sections about 0. Cells swimming against gravity from their initial position is assigned positive 1144 

velocity and those swimming towards, are assigned negative velocities. (Direction of gravity, 1145 

g, is shown by the black arrows to the right of both panels) Mean vertical velocity of both 1146 

samples peak at around 35 μm/s, meaning that the population as a whole move actively against 1147 

gravity, precisely in the negative vertical direction.  1148 

 1149 

 1150 
 

A 
Top sample 
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 1151 

Fig. S6. Quantification of the orientational stability of cell samples. To compute the stability of 1152 
top and bottom samples, rotation rate (ω) of cells were plotted as a function of the instantaneous 1153 

angular direction (θ). The time of experiment was day (11 hours). (A) shows the stability of top 1154 
cells with each panel corresponding to one replicate. Red dots correspond to experimental data 1155 
and green dots to the sinusoidal curve obtained by fitting a sinusoid to the experimental data. 1156 

(B) shows the same but for bottom cells. The amplitude, A of the fitted curve was used to obtain 1157 

the reorientation timescale, B as 𝐵 =  
1

2𝐴
 . Note that there are 12 replicates: 3 biological replicates 1158 

x 2 technical replicates x 2 subreplicates, where 1 subreplicate is obtained by imaging 1 1159 
technical replicate for two consecutive flips, as detailed in the Materials and methods section. 1160 

Here the subreplicates per technical replicate has been combined together, thus showing a total 1161 
of 3x2x1= 6 plots. 1162 
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 1167 

 1168 

Fig. S7. Quantification of morphological parameters of top cells. The top row of each panel 1169 

shows phase contrast images of top cells (N = 10). The external contour of each cell was 1170 

marked, and co-ordinates were extracted. These were then fed into an image analysis pipeline 1171 

to fit each contour with a fore-aft asymmetric ellipse. The c/a parameter is a quantification of 1172 

this asymmetry. Panels A to D represents distinct time points of 0, 20, 60 and 120 min. 1173 

 1174 

D 
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 1175 

 1176 

Fig. S8. Quantification of morphological parameters of bottom cells. The top row of each 1177 

panel shows phase contrast images of bottom cells (N = 10). The external contour of each cell 1178 

was marked, and co-ordinates were extracted. These were then fed into an image analysis 1179 

pipeline to fit each contour with a fore-aft asymmetric ellipse. The c/a parameter is a 1180 

quantification of this asymmetry. Panels A to D represents distinct time points of 0, 20, 60 and 1181 

120 min. 1182 

 1183 
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 1184 

 1185 

Fig. S9. Quantification of morphological parameters of mixed cells. The top row of each 1186 

panel shows phase contrast images of 50:50 mixed cells (N = 10). The external contour of each 1187 

cell was marked, and co-ordinates were extracted. These were then fed into an image analysis 1188 

pipeline to fit each contour with a fore-aft asymmetric ellipse. The c/a parameter is a 1189 

quantification of this asymmetry. Panels A to D represents distinct time points of 0, 20, 60 and 1190 

120 min. 1191 
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 1192 
Fig. S10. b/a values of cells over time. Complementing the c/a values shown in main text, this 1193 
figure shows the b/a values, the ratio of the minor to major semi axis, that gives an idea of the 1194 
shape of cells. A value of 0 means cells are highly asymmetric, while that of 1 means highly 1195 

rounded cells. For top cells (red bar), the mean (± s.d.) values over 0, 20, 60 and 120 minutes 1196 
are 0.65 ± 0.04, 0.66 ± 0.05, 0.7 ± 0.06 and 0.62 ± 0.05. For bottom cells (blue bar), they are 1197 
0.68 ± 0.05, 0.66 ± 0.05, 0.67 ± 0.07 and 0.7 ± 0.04. For mixed cells (green bar), they are 0.66 1198 

± 0.04, 0.69 ± 0.09, 0.7 ± 0.1 and 0.65 ± 0.06. 1199 
 1200 
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 1203 

Fig. S11. Quantification of morphological parameters of top cells in top filtrate [T, T]. The 1204 

top row of each panel shows phase contrast images of top cells in presence of top filtrate (N = 1205 

10). The external contour of each cell was marked, and co-ordinates were extracted. These 1206 

were then fed into an image analysis pipeline to fit each contour with a fore-aft asymmetric 1207 

ellipse. The c/a parameter is a quantification of this asymmetry. Panels A to D represents 1208 

distinct time points of 0, 20, 60 and 120 min. 1209 
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 1213 

Fig. S12. Quantification of morphological parameters of bottom cells in bottom filtrate 1214 

[B, B]. The top row of each panel shows phase contrast images of top cells in presence of top 1215 

filtrate (N = 10). The external contour of each cell was marked, and co-ordinates were 1216 

extracted. These were then fed into an image analysis pipeline to fit each contour with a fore-1217 

aft asymmetric ellipse. The c/a parameter is a quantification of this asymmetry. Panels A to D 1218 

represents distinct time points of 0, 20, 60 and 120 min. 1219 
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 1223 

Fig. S13. Quantification of morphological parameters of top cells in bottom filtrate [B, 1224 

T]. The top row of each panel shows phase contrast images of top cells in presence of top 1225 

filtrate (N = 10). The external contour of each cell was marked, and co-ordinates were 1226 

extracted. These were then fed into an image analysis pipeline to fit each contour with a fore-1227 

aft asymmetric ellipse. The c/a parameter is a quantification of this asymmetry. Panels A to D 1228 

represents distinct time points of 0, 20, 60 and 120 min. 1229 
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 1232 

 1233 

Fig. S14. Quantification of morphological parameters of bottom cells in top filtrate [T, B]. 1234 

The top row of each panel shows phase contrast images of top cells in presence of top filtrate 1235 

(N = 10). The external contour of each cell was marked, and co-ordinates were extracted. These 1236 

were then fed into an image analysis pipeline to fit each contour with a fore-aft asymmetric 1237 

ellipse. The c/a parameter is a quantification of this asymmetry. Panels A to D represents 1238 

distinct time points of 0, 20, 60 and 120 min. 1239 

 1240 

 1241 
 1242 

Fig. S15. b/a values of cells over time in presence of filtrates. (A) For top cells in presence 1243 
of top filtrate [T, T], the mean (± s.d.) values of b/a over 0, 20, 60 and 120 minutes are 0.65 ± 1244 

0.06, 0.64 ± 0.06, 0.63 ± 0.05 and 0.61 ± 0.06. (B) For bottom cells in presence of bottom 1245 
filtrate [B, B], the mean (± s.d.) values are 0.62 ± 0.06, 0.62 ± 0.06, 0.61 ± 0.05 and 0.64 ± 0.1. 1246 

(C) For top cells in presence of bottom filtrate [B, T], the mean (± s.d.) values are 0.66 ± 0.05, 1247 
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0.62 ± 0.06, 0.67 ± 0.07 and 0.63 ± 0.04. (D) For bottom cells in presence of top filtrate [T, B], 1248 

the mean (± s.d.) values are 0.6 ± 0.04, 0.64 ± 0.07, 0.63 ± 0.05 and 0.68 ± 0.04. 1249 
 1250 
 1251 

 1252 
 1253 

 1254 

 1255 

 1256 

 1257 

Fig. S16. Quantification of the orientational stability of cell samples during night. To compute 1258 
the stability of top and bottom samples, rotation rate (ω) of cells were plotted as a function of the 1259 
instantaneous angular direction (θ).  The time of experiment was 00:00 h. (A) shows the stability 1260 
of top cells with each panel corresponding to one replicate (of 6 replicates, as mentioned in 1261 

Fig. S3). Red dots correspond to experimental data and green dots to the sinusoidal curve 1262 
obtained by fitting a sinusoid to the experimental data. (B) shows the same but for bottom cells. 1263 

The amplitude, A of the fitted curve was used to obtain the reorientation timescale, B as 𝐵 =  
1

2𝐴
 .  1264 
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 1266 
Fig. S17. Estimation of the electron transport rate (ETRmax) using the PAM device. 1267 

Complementing the maximum photosynthetic yield and non-photochemical quenching, two 1268 
key processes during light harvesting, this figure shows the maximum ETR, ETRmax, during the 1269 
same. During daytime, the difference between top and bottom for this value is not statistically 1270 
significant (p = 0.69). At night as well, there is no significant difference (p = 0.94).  1271 

 1272 
 1273 

 1274 
 1275 

 1276 

Fig. S18. Effect of cell concentration on swimming behavior. To study the effect of 1277 
concentration on population behavior, two points in growth phase: 48 h and 96 h were chosen 1278 

for which the upward bias (r) values were measured (cell counts are shown in the inset). At 1279 
48 h, both top (red bar) and bottom (blue bar) have higher mean (± s.d.) r than at 96 h. Same 1280 
cells from 96-hour culture were taken and diluted (dil.) ~3 times with corresponding filtrate, 1281 
to achieve a concentration comparable to that at 48 h (third data point, inset). The r value of 1282 

this diluted sample was calculated and compared to the other two datasets. 4 replicates were 1283 
used for 48 h and 96 h (diluted), and 6 at the 96 h timepoint.  1284 
  1285 
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