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Supplementary Text

ST1. Cell fore-aft asymmetry: During the estimation of the active torque, we have excluded the estimation
of the torque induced due to the fore-aft asymmetry of the cellular morphology. This torque is quantified using
the expression Dsin(9-¢)L,, as given in equation 1 (Methods) where D is the drag on the cell and L4 is the

distance between the cell’s centre of buoyancy and centre of hydrodynamic stress. The value of Ly can be
estimated from hydrodynamic simulations as performed previously and depends on the fore-aft asymmetry

parameter dr in the relation _ ab +d, cosy (70). Here we discuss how the fore-aft
\/bzcoszx//ﬂxzsinzyx :

asymmetry affect the dynamics and does it reinforce or alters our prediction from the mechanistic point of
view.
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Fig. S1. Phase plots in consideration of fore-aft asymmetry morphology. We observe that accounting for fore-
aft asymmetry in S-1 reinforce the findings we have in Figure 4. The exponential cells become highly stable
implying a stong balistic motion while stationary cells are high unstable, showcasing their reduced balisticity.

For S-1, we observe that there occurs a slight fore-aft asymmetry at their exponential stage. We find the value
of 4, /a close to 0.12 as also observed previously (36). In sharp contrast, we observe that (Figure S4) that the

cells either lose their fore-aft asymmetry becoming eliptical in morphology or gain a slight reverse fore-aft
asymmetry. In both these cases, the cell therefore, tend to become more unstable. Considering a value d, /a

half of its exponential value as ~ — 0.055 (minus sign signifying the reverse fore-aft asymmetry), we find from
the phase diagram (Figure S1) that the cells have a default re-orientation towards gravity. Therefore,
consideration of fore-aft asymmetry conforms to and reinforces the predictions made by the biomechanics
model.

For S-2, we observe that d,_/a close to 0.13 at their exponential stage. This lends to some stability of

exponential cells against their top heavy nature of the nucleus; nevertheless the cell would remain unstable. At
stationary stage, however, these cells maintain their fore-aft asymmetry, unlike S-1. Furthermore, these cells
exhibit a higher linear velocity but a flat morphology, overall keeping the drag and thereby the torque due to
fore-aft asymmetry similar to that of its exponential stage cells. Overall, fore-aft asymmetry does not play a
major role across the growth stage for S-2 in altering the predictions made by our biomechanics model.

ST2. Flagellar dynamics in viscoelastic fluids and how it can affect to further reduce the cells viscous
behavior: (a) Mechanical Energy Budget and Flagella Beating. One primary message that was highlighted
from the experimental observation was the definitive strategy of the phytoplankton cell to decrease their overall
energy consumption. Here we attempt to build upon this aspect with somewhat quantitative manner through a
mechanical energy expense budget of a maotile cell in its strive towards moving in their favorable direction, i.e.
up-swimming. As a follow up, a qualitative discussion will follow in context of flagella beating of a cell
discussing the energy expense at the source. The main aim in this short discussion is to present the idea that



the cell attempts a conscious reduction in its mechanical energy expense as it goes from exponential growth
stage into its stationary growth stage. While a congruent argument will be postulated to unite all the emerging
characteristics, this study has reported. It is, however, important to acknowledge that all the involved energies
in cellular dynamics, broadly mechanical, biochemical, photosynthetic and associated energy losses, are not
accurately measurable and hence our analysis target the cell’s ability to reduce the mechanical energy expense
and maneuver their motility characteristics to their advantage. Towards this, we identify the collective
mechanical energy that is spent on a cell body to maintain its basic motile behavior. These energies include
the potential energy due to rise, the viscous dissipation energy loss due to translation and due to rotation. The
power expense for potential energy rise, translation and rotational viscous loss has, respectively, the form
mgUy, DU and Ryw? (72), where Uy is the y-component of the velocity field, m is the resultant cell mass
(considering nucleus, lipids and cytoplasm) and all other symbols carry the same meaning as described in the
cell mechanics model, D is the translation drag force and R is the rotational drag torque (note for solving the

energy budget in case of strain S-2, R is replaced by R ). The expression for drag and torque for the ellipsoids
are detailed in the cell mechanics model section. From the above value, we see that U, Uy and w are variables
that depend on motile characteristics of the cell while the drag and torque coefficients depend on the cell
morphology. Both motility and morphology vary across the growth stages and thus, we have considered these
variations from experimental observations. Plugging in the actual experimental values at the corresponding
time points, we obtain the mechanical power loss for S-1 in early exponential stage (60 h) is ~3.75fW while
that in the stationary stage (700 h) is ~1.18 fW. Therefore, a clear situation arises where the cell attempts to
save on its mechanical energy expenditure, which has intriguing consequences on its survival strategy, as has
been discussed in the main text. Note that, theoretically the rate at which energy is expended per period of
generic flagellum motion (detailed in next section) comes in order of 10"*W while a conversion efficiency to
swimming remains less than 8% (74). Interestingly these values come close to the overall mechanical power
in orders of fW exhibited by the phytoplankton motion, as described in this section. For S-2, we employ a
similar analysis, we observe their energy dissipation decreases from 4.12 fW to 2.15 fW attributed to cell
morphological as well as migration characteristics variations.

(b) Computational perspective of flagellar dynamics. The above discussion related to the mechanical energy
expenditure to maintain the cell motility. However, the source of the motility comes from the motion of the
flagella. A look into the rate of work variation of the flagella across growth stage therefore strongly puts the
above discussion into perspective. For the estimation of the rate of work in a flagella beating, we attempt an
experimental procedure detailed in Figure S22. We extract the wavelength, frequency, and amplitude of the
flagella from our experiments as shown previously. In this context, we discuss the deliberate reduction in
mechanical work input from the cell flagella at late stationary stages. It has been observed that at stationary
stage (nutrient depleted cultures), the fluid rheology tends to be more viscoelastic in nature (75, 76). Such
environmental changes have great ramifications in the context of flagella movement. This, in turn, relates to
the focus of the study that a behavioral strategy emerges wherein a cell consciously attempts to save energy
during the nutrient depleted environments. To proceed with the discussion, we assume Jeffrey fluid
characteristics of the medium which is a linearized viscoelastic model having the constitutive mode that reads
(1+M0/0t) o =1 (1+ h20/0t) v We also assume that the properties of flagella do not drastically vary across the
growth stage. With these considerations, we employ the result of the viscoelastic resistive force theory to
compare the rate of work of the waving slender filament around different rheological environments. For a
filament waving (beating) at single mode, the ratio of the rate of work in a Jeffrey fluid to the same in a
Newtonian fluid is given as W, /I, =(1+De]De2)/(1+De,2) (74) where De is the Deborah number defined as
Aw. The subscripts 1 and 2 denote the two relaxation time scales in Jeffrey fluid. Since for Jeffrey fluid 11>/,
we have De;>De; and thus the ratio W, /W, <1 . In other words, a viscoelastic environment incurs a reduced
rate of work for the same flagellar motion. However, linear viscoelastic fluids are known to violate the frame
independence in their constitutive model and thus a nonlinear viscoelastic model reflects a realistic scenario.



For nonlinear viscoelasticity, a regular perturbation is used to obtain the ratio of the rate of work for viscoelastic
and Newtonian fluids for a waving sheet (two-dimensional flow).

Considering Oldroyd-B as a model nonlinear viscoelastic model (74), we again observe that the ratio of
viscoelastic to Newtonian rate of work is given by W, /W, =(1+ De,De, )/(1+De12) . Furthermore, the ratio of
the swimming speeds for a flexible waving sheet in viscoelastic fluid to the same in a Newtonian fluid is given
as U, /Uy =(1+De,De,)(1+48p°)/(1+ Def +45p* 1+ Del )+ 45p* (De, — De,)) (74) where Sp=ra/BK*is known
as the Sperm number. Here B is the bending rigidity (<10 N/m*,(77)), n is the medium viscosity and k is the
wavenumber. Thus, for a highly flexible flagella, Sp<1, the ratio becomes U, /U, =(1+De,Dez)/(1+De§) (74).
Since De;>De;, the swimming velocity for a given flagellar motion is higher. In favor of approximate
analytical results, such enhancement in swimming speeds and efficiencies are also reported in numerical
simulations (78). Therefore, the overall message is clear; a cell needs to spend much less work to keep up the
same swimming speed. In our experiments we observe that the swimming speed reduces nearly 50% from
exponential stage to stationary stage. We also observe that the flagellar motion reduces when going into the
stationary stage (Figure S22). Thus, a cell thereby consciously saves on mechanical flagellar energy rendering
their environments viscoelastic. This, in turn, helps the cell to swim for longer times as a bet-hedging strategy
in order to find new sources of nutrients.

ST3. Co-existence of strains under nutrient depleted environments. LD-based energy storage and strain-
specific migratory shifts act concertedly as coupled traits to enhance fitness of nutrient-limited phytoplankton
populations. Naturally co-existing strains of motile phototrophic H. akashiwo, S-1 and S-2, execute diel
vertical migration under nutrient replete conditions. The phytoplankton population carry out photosynthesis,
shuttling between light-rich photic zone during the day time and nutrient-rich depths at night. While S-1
exhibits stronger motility (high ballisticity and low reorientation time), and higher photosynthetic efficiency
(higher Fu/Fn and ETRmax values) relative to S-2, it is less adapted under high light conditions indicated by the
lower non-photochemical quenching (NPQ) parameter. As nutrient limitation sets off, both strains generate
cytoplasmic LDs, while distinct behavioral and physiological shifts co-emerge, indicating that the LD-based
energy storage and emergent migratory behavior adapt differentially. In nutrient limited settings, generation
of intracellular LDs and their directional translocation drive suppression of vertical migration in S-1, while for
S-2, significant enhancement is measured. Enhancement of the vertical motility in S-2 is facilitated by the
concomitant morphological change, specifically due to the loss of the rotational symmetry as cells turn flatter
in shape (platelets), thereby reducing the viscous losses during swimming. The morphological shift allows S-
2 cells to conserve energy while maintaining motility in the upper light-rich surface waters, while for S-1 cells,
the loss of ballisticity and orientational stability drive them toward diffusive regime in deeper waters.
Alongside, the increased NPQ and reduced F./Fr values of S-1 conform with our observation their trophic
switch from photo- to phagotrophic mode of resource acquisition. S-2, on the other hand, increases their
ballisticity and motility, thus increasing the residence time in shallow light-rich waters. A relatively lower
NPQ shows their enhanced ability to use the incident light toward photochemical processes. Finally, the
reduction of the cell size in S-1, and an increase in the overall cell size of S-2 indicate that the two strains
diversify their strategies for resource acquisition under limited settings. Under limited concentration of
nutrients, small, low motile cells with high surface area to cell volume ratios will have competitive advantage
(a strategy potentially adopted by S-1). In contrast, for stable cell nutrient quota, increased size is advantageous
(2), which may allow S-2 to acquire just enough nutrients, e.g., upon chanced molecular encounters, for growth
and division thus enhancing fitness during nutrient limited conditions (inset, Figure 41). These differential
strain-specific responses suggest that motile phytoplankton possess concerted decision-making mechanisms
that allow contrasting adaptive strategies for acquiring a limited pool of nutrients, while maximization
population-scale fitness. In doing so, phytoplankton redistribute along the vertical column, thus cumulatively
covering larger physical space, while minimizing the overlap and potential inter-strain competion for limited
resources.
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Fig. S2. Consumption of nitrate and phosphate nutrients in S-1 and S-2. (A) Time series of available
nitrate NOs™ [nmol] per cell for S-1 cultures grown in nutrient replete (Co) f/2(-Si) medium, 22°C. Inset:
zoomed-in view of the time series consumption of NOs [[nmol] per cell] in batch experiment. Nitrate is
completely depleted in batch culture after 300 hours of incubation. (B) Time-series of available nitrate PO, *
[nmol] per cell for S-1 cultures growing in nutrient replete (Co) f/2(-Si) medium, 22°C. Inset: zoomed-in view
of the time-series of PO, * [nmol] per cell consumption in batch experiment. (C) Denotes the corresponding
values of NO3™ concentration for S-2 population; and (D) denotes the PO4* concentration for S-2. The sharp
reduction quantified for both NOs™ and PO,* (nmol cell™) during first 60-70 hours is the consequence of
exponential cell propagations. The complete depletion observed for nitrate in batch culture after 300 hours
corresponds to late exponential growth phase and consequent entry into stationary phase.
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Fig. S3. Cell area during growth phase. Time series of the cell area as observed using bright-field microscopy
imaging for strain S-1 (blue) and strain S-2 (orange). Comparison of S-1 and S-2 cell area variation in function
of time in /2 (-Si) replete nutrient concentration (Co) at 22°C. Line and shaded area denote mean + SD.
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Fig. S4. Quantification of shape and lipid droplets position of S-1 cells based on single-cell microscopy,
for time interval at 60 hours, 300 hours, 700 hours. (A-C) The top row in each panel shows micrographs
obtained by epifluorescence microscopy (Methods), of S-1 cells collected at 60 hours (early exponential, n =
20) (A), at 300 hours (late exponential, n = 24) (B) and 700 hours (stationary, n = 21) (C). The cell itself was
visualized using an inverted microscope (Olympus CKX53) in phase contrast, equipped with a 40x objective
and an Imaging Source DFK33UX265 Camera. Prior to imaging, cells were stained with Nile Red (Methods)
to visualize the intracellular neutral lipid droplets through fluorescence microscopy. Image analysis was used

to extract the contour of each cell and the position of single lipid droplet in the cell (bottom row). Scale bar is
5 pum.
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Fig. S5. Nutrient limitation accelerates lipid droplets accumulation in H. akashiwo. (A) Comparison of S-
1 total lipid volume accumulation in function of time in f/2 (-Si) replete nutrient concentration (Co) and in /2
(-Si) with nutrients diluted 100 times (nutrient depleted, 1% C,), 22°C. (B) At the same time (t = 132 hours),
S-1in nutrient replete (Co) and nutrient deplete (1% Co) show statistically significant difference in tot. lipid
area. Mean + 1SD; asterisks indicate statistical significance between the two samples (t-test for p < 0.001). (C)
S-1 swimming speeds spanning the growth stages, for control (Co, black), 10% Co, (red), and 1% Co (blue)
starting nutrient concentrations. For each starting concentration, the swimming speed peaked during early
exponential stage, reducing thereafter. Inset (left to right): Joint velocity distributions (t = 200 h) for Co, 10%
Co, and 1% C, reveal emergence of sub-populations with reduced vertical motility. (D) Nutrient-replete young
S-1 population exhibits stronger swimming anisotropy along the vertical direction (against the gravity, g, t =
100 h, purple), relative to the older nutrient-limited population (t = 700 h, green). The zoomed-in view of the
windrose center captures the angular distribution of the older population.
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Fig. S6. Consequences of nutrient limitation on carrying capacity and motility. The temporal variation in
cell concentration with different initial nutrient condition of Co and 1% Co where Co is the f/2(-Si) medium
with initial NaNOs concentration being 0.882 mM and NaH,PO, concentration being 0.0362 mM. Thus,

carrying capacity at Co # carrying capacity at 1% Co. The corresponding cell count for S-2 may be found in
Ref. (36).
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Fig. S7. Fitting: total lipid volume per cell does not change from 396 to 1000 hours. Total lipid volume
guantified as the sum of each single LD volume in a cell (calculated using effective radius and assuming
spherical shape of LDs). Number of analyzed S-1 and S-2 cells are more than 20 for each time point.
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Fig. S8. Variation of LD volume and droplet distribution. (A) Time series quantification of single LD for
S-1 volume [um?®] shows opposite trend described for LD absolute number. Single LD volume increases over
time and shows statistically significant difference between exponential and stationary phases. Bar represents
mean * s.d (asterisk show statistically significant difference, one-way ANOVA, p < 0.001, post-hoc Tukey’s
honest significant difference). The reduction in LDs absolute number and the increase in single LD volume
point to an active coalescence phase-separation process that specifically mobilize LD organelle toward the
bottom-half of S-1 cells. (B) Lipid droplets distribution for S-1: Number of analyzed S-1 cells: ngo = 20; niz2 =
20 ; n1go=21; N2 =21 ; N300 =25 ; Naas = 30 ; N3ge = 21 ; N70s = 22 ; Nggs = 27. Each dot represents variance at
a given time point. Inset: bar plot mean variance + s.d. at exponential and stationary phase. (C) Number of
analyzed S-1 cells: Neo = 20; Nz = 20 , Nigo = 21 ; Noog = 21 ; N300 = 25 ; N3ag = 30 , N3gg = 21 ; N708 = 22 , Nogg =
27. One Way ANOVA,; significance level 0.001; Tukey’s significant difference. (D) Relative frequency of
number (#) of lipid droplets in one cell for different growth stages of S-2. (E) Total lipid volume Vot in One
cell in dependence of the distance r from the geometrical center of the cell to C. for different growth stages.
The number of analysed cells is n = 25 for 36 h, n = 21 for 96 h, n = 24 for 192 h, n = 24 for 288 h, n = 20 for
696 h and n = 15 for 1080 h.
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Fig.S9. Quantification of nucleus position of S-1 cells based on single-cell microscopy, for time interval
at 60 hours, 300 hours, 700 hours. (A-C) The top row in each panel shows micrographs obtained by
epifluorescence microscopy (Methods), of S-1 cells collected at 60 hours (early exponential, n = 15) (A), at
300 hours (late exponential, n = 18) (B) and 700 hours (stationary, n = 15) (C). The cell itself was visualized
using an inverted microscope (Olympus CKX53) in phase contrast, equipped with a 40x objective and an
Imaging Source DFK33UX265 Camera. Prior to imaging, cells were stained with Syto9 (Materials and
Methods) to visualize the nucleus through fluorescence microscopy. Image analysis was used to extract the
contour of each cell and the position of its nucleus. Scale bar is 5 um. The nucleus radius for A, B, C is,
respectively, 1.9 £ 0.18 pm, 1.9 + 0.21 um, 1.86 + 0.15 um. The distance from cell geometric center for A, B,
C is, respectively, 0.40 £ 0.20 um, 0.49 + 0.21 um, 0.56 + 0.27 um. Due to its proximity to cell geometric
center the nucleus contribution to cell rotational stability is negligible compared to contribution of lipid
droplets.



Propulsion

Fig. S10. Schematics of the geometry of the single cell of the phytoplankton along with the free body diagram
of all forces and torques. Please refer to the Materials and Methods section (main text), and the Supplementary
Text (ST1) for detailed equations.
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Fig. S11. Quantification of shape and lipid droplets position of S-2 cells based on single-cell microscopy,
for time interval at 96 hours, 288 hours, 696 hours. (A-C) The top row in each panel shows micrographs
obtained by epifluorescence microscopy (Materials and Methods), of S-2 cells collected at 96 hours (early
exponential, n = 20) (A), at 288 hours (late exponential, n = 20) (B) and 696 hours (stationary, n = 20) (C).
The cell itself was visualized using an inverted microscope (Olympus CKX53) in phase contrast, equipped
with a 40x objective and an Imaging Source DFK33UX265 Camera. Prior to imaging, cells were stained with
Nile Red (Methods) to visualize the intracellular neutral lipid droplets through fluorescence microscopy. Image
analysis was used to extract the contour of each cell and the position of single lipid droplet in the cell (bottom
row). Scale bar is 5 um. The number of analysed cells is n = 25 for the time pointt =36 h, n =21 for t = 96 h,
n=24fort=192h,n=24 fort=288h, n =20 fort =696 h and n = 15 for t = 1080 h. Error bars represent
standard deviation over the analyzed samples.
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Fig. S12. Determination of lipid droplets in nutrient starved single cell S-1 24 hours after supplement of
different concentration of fresh nutrients. Upon introduction of limited concentration of fresh nutrients,
corresponding to 90x (10% C, addition) and 9x (Co, addition) lower than optimal growth concentration), S-1
reduces its total intracellular lipid droplet volume. Corresponding to Figure S5, we observe that even during
the recovery process, optimum concentration of nutrient re-supplementation drives recovery efficiently. Scale

bar is 5 um.

Fig. S13. Determination of lipid droplets in nutrient starved single cell S-1 and S-2 hours after
supplement of fresh nutrients. Effect of introduction of fresh nutrients (Methods), the epifluorescence
microscopy images of the lipid droplets distribution for (A) 10 h (S-1), (B) 34 h (S-1), (C) 12 h (S-2) and (D)
36 h (S-2). Upon introduction of limited concentration of fresh nutrients, both the strains reduce its total
intracellular lipid droplet volume with time.
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Fig. S14. Motility variation and its attributes across age for S-1 and S-2. (A) Trajectories of H. akashiwo
cells in f/2(-Si) Co at 200 hours. (B) Joint velocity distribution at 44 h at Co (left), 430 h (middle) for S-2 and
a comparison of 100 hours and 700 hours for S-1. Congruent with MSD (panel C) variation observed in panel
D, the vertical velocity component (Yv) increases with nutrient-depletion. Nutrient depletion alters motility
for both phenotype albeit in a contrasting manner. (C) MSD under nutrient replete condition (Cop) for S-1 at
five time intervals representative for exponential (100 h, 200 h), late exponential (250 h) and stationary (400
h, 700 h) phases. MSD plot shows the variation in motility behavior occurring in phytoplankton population
shifting from ballistic (during exponential) toward diffusive (during stationary) regimes. (D) MSD under
nutrient replete condition (Co) for S-2 at five time points representative for exponential (44, 96 and 168 h), late
exponential (240 h) and stationary (430 h) phases. MSD plot shows the variation in motility behavior occurring
in phytoplankton population shifting from ballistic (during exponential) toward diffusive (during stationary)
regimes. (E) S-1 Recovery velocity correlation (top) mean square displacement and MSD (bottom) after re-
supplementation of f/2(-Si) C, for 6h, 18h, 24h and 31h. Re-supplementation shows strong revival towards
optimum velocity characteristics.
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Fig. S15. Schematics of the microscopic imaging system that is used to find the reorientation time scale of the
phytoplankton population.
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Fig. S16. Relative frequency of speed, vertical velocity and horizontal velocity components for S-1 at (A)
exponential and (B) stationary phases. H. akashiwo 3107 grown in Cy f/2(-Si), 22°C. At the exponential
growth phase, the vertical velocity component (Y.e) is the major contributor in phytoplankton speed. On the
other side, the highest relative frequency for the horizontal velocity component (Xve) to O um sec™ indicates
no net displacement in the horizontal direction. Congruent with ballistic to diffusive motion transition between
exponential to stationary growth phases presented in Figure 3, phytoplankton speed reduces at the stationary
phase together with the reduction of vertical velocity component. In addition, a reduction in velocity anisotropy
is also observed here. Anisotropy in velocity magnitude (ratio of y-directional velocity to x-directional velocity
for upswimmers) of S-1 reduces with time. This supplements the velocity correlation plots delineating a
reduction in the ballisticity. Overall, the population has a lower speed with diffusive motion. Using this
distribution, we can deduce that the coefficient of anisotropy reduces, suggesting a shift from ballistic to
diffusive migration.
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Fig. S17. Relative frequency of speed, vertical velocity and horizontal velocity components for S-2 at (A)
exponential and (B) stationary phases. H. akashiwo 452 grown in Cy f/2(-Si), 22°C. At the exponential
growth phase, the vertical velocity component (Y.e) is, in contrast to S-1, not the major contributor in
phytoplankton speed. The highest relative frequency for the horizontal velocity component (Xve) to 0 pm/sec
indicates no net displacement in the horizontal direction. Congruent with diffusive to ballistic motion transition
between exponential to stationary growth phases presented in Figure 3, phytoplankton speed increases at the
stationary phase together with the increase of vertical velocity component. As a consequence, an increase in
velocity anisotropy is also observed here, in contrast to S-1.
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Fig. S18. Intracellular Reactive Oxygen Species (ROS) increases during the progressing growth phase.
(A) Fluorescence intensity measuring production of ROS for S-1 at exponential (180 h) and early stationary
(396 h). 5 uM CellROX Orange (Thermo Fisher), 30 min dark incubation. Excitation 545nm (green), 1/5
Exposure, 100% Intensity. (B) Time series of stress accumulation quantified as ROS production for cells after
180 h (blue) and after 396 h (red). Solid line represents arithmetic mean of analyzed cells and shaded regions
represents mean + s.d. Time represents the acquisition time under microscope. (C) From exponential to
stationary: Rate of stress accumulation [sec™]. Asterisks at t = 396 h and t = 996 h indicate statistically
significant difference relative to t =180 h (Mean + SD. One Way ANOVA; significance level 0.001; Tukey’s
significant difference). Stress accumulation rate integrated over first 10 seconds of acquisition. Number of
analyzed S-1 cells: Nz = 20 , N1go = 23 ; Noog = 23 , N300 = 23 , N3ag = 16 , N3gg = 22 , N708 = 25 , Noge = 27. (D-E)
Stress accumulation rate (quantified as reactive oxygen species, ROS) enhances due to nutrient limitation.
After 100 hours (D) stress accumulation rate for S-1 in 1% Co shows statistically significant difference to Co;
(E) after 240 hours both experiments under nutrient depleted conditions (10% Co, 1% Co) have higher stress
accumulation rate than Co. This result is congruent with the reduction in photosynthetic efficiency for 10% Co
and 1% C, observed after 200 hours. (Bar represents mean + s.d, and asterisks show statistically significant
difference, one-way ANOVA, p < 0.001, post-hoc Tukey’s honest significant difference).
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Fig. S19. Orientational stability of S-1 reduces in the stationary growth phase. Rotation rate (o) as a
function of the direction and angle (0) of S-1 is shown for the exponential (72 hours, (A)) and the stationary
(700 hours, (B)) growth phases. Plots show single replicate with experimental data (red) and the relative
sinusoidal fit to the experimental data (green) used to obtain the reorientation timescale, B. The mean
reorientation timescale obtained from these data are B=2.5+0.5sand B = 4.7 + 1.3 s for S-1 at, respectively,
exponential, and stationary growth phases. The longer reorientation time occurring in phytoplankton at the
stationary phase underpins the reduction in orientational stability due to intracellular LD accumulation and
consequent generation of passive torque.
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Fig. S20. Photosynthetic properties across growth phase for S-1 and S-2. (A-B) Statistically significant
difference in F/Fn of (A) S-1 and (B) in f/2(-Si) Co is observed between exponential to stationary transition.
Bar represents mean * s.d (3 replicates); asterisks indicate statistically significant difference from F./Fn at the
corresponding exponential growth stage (one-way ANOVA, p < 0.001, post-hoc Tukey’s honest significant
difference). Our experiments indicate that downregulation of S-1 photosynthetic efficiency is an active strategy
that enable phytoplankton to save energy during LD-induced instability and emergent diffusive motion. (C-D)
Time series of maximum electron transport rate of (C) S-1 and (D) S-2 in f/2(-Si) Co. Bar represents mean +
s.d; asterisks indicate statistically significant difference from ETRmax at the corresponding exponential growth
stage (one-way ANOVA, p < 0.001, post-hoc Tukey’s honest significant difference). In general, both F./Fn,
and ETRmax decreases over the growth phase.
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Fig. S21. Time series of non-photochemical quenching (NPQ) in response to gradual increase of
photosynthetic active radiation (PAR, pmol photons/m? sec) in (A) S-1 and (B) S-2 under nutrient replete
(Co) conditions. Following the transition to stationary growth phase (> 324 hours) and reduction in
photosynthetic efficiency described previously, S-1 and S-2 enhances NPQ at low PAR (< 500 pmol
photons/m? sec), as a protective mechanism used to dissipate in the PSII system the excess of absorbed energy
as heat. At 500 pmol photons/m? sec, (C) S-1 and (D) S-2 shows statistically significant difference in NPQ
between exponential and stationary phase. This observation is congruent with the reduction in maximum
photosynthetic quantum yield reported at the same time point, demonstrating that at stationary growth stage
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Fig. S22. Flagellar motion of S-1 and associated energy. S-1 flagellar beating at the exponential (A) and
stationary phase (B). 5 cells were chosen for each growth phase and their flagellar beating was studied under
phase contrast microscope. To visualize cells under microscope, miniature ’swimming pools’ were prepared
as follows: On a glass slide, two (rectangular) pieces of scotch-tape were affixed about Imm apart. A
rectangular cover slip was placed on top of these and sealed on three sides. On the fourth side, cell culture was
injected, and the samples was then observed under phase contrast mode (40x magnification). Videos were
acquired at various frame rates (ranging between 200 to 350 fps), which were sufficiently high to cover
successive flagellar strokes. (C) S-1 flagellar energy for the exponential and stationary phases are plotted using
bar graphs showing the mean + s.d (cells n=5), and asterisk indicates statistical difference between 72 hours
(early exponential phase) and 700 hours (stationary phase). Two sample t-test, p < 0.001. Inset: energy scatter
plot of single analyzed cell. (D) Trajectories of preys (beads and non-motile bacteria) reveal feeding currents
generated by S-1 cells after prolonged nutrient limitation. No such feeding current was produced by nutrient -
limited S-2 population.
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Fig. S23. Recovery of photosynthetic parameters and growth as an ecological strategy. (A) (TOP)
Maximum photosynthetic quantum yield [F./Fn] after 24 hours of incubation. S-1 supplemented with Co f/2(-
Si) shows statistically significant difference in F./Fm with both the control (no nutrients) and 10% Co /2(-Si)
(one-way ANOVA, p = 0.05, post-hoc Tukey’s honest significant difference). After 24 hours, S-1
supplemented with Co f/2(-Si) has a 28% of recovery efficiency to optimal condition (Fv/Fn = 0.6, exponential
phase). (BOTTOM) Maximum photosynthetic quantum yield [F./Fm] after 24 and 48 hours of incubation. S-
2 supplemented with Co f/2(-Si) show strong increase with time. (B) (TOP) ETRmax rate after 24 hours of
incubation. S-1 supplemented with Co f/2(-Si) shows statistically significant difference in ETRmax with both
the control (no nutrient) and 10% C, /2(-Si) (one-way ANOVA, p = 0.05, post-hoc Tukey’s honest significant
difference). (BOTTOM) ETRma rate after 24 hours and 48 hours of incubation for S-2 cells again shows a
strong recovery with time. (C) In accordance with the quantified increase in photophysiology, endogenous
cellular stress rate (quantified as ROS) decreases after addition of fresh nutrients as compared to control
populations which were not exposed to fresh nutrients after 24 hours of incubation (statistically significant
difference was observed in presence of Co f/2(-Si) medium). Bar plots represent mean + s.d (n = 13) and
asterisk indicate statistically significant difference (one-way ANOVA, p = 0.05, post-hoc Tukey’s honest
significant difference). (D) Time series of the cell counts of the two strains at late stationary stage without
addition of any nutrients (control conditions for 72 h cell count experiments).
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Fig. S24. Orientational stability of S-2 reduces in the stationary growth phase. Rotation rate (®) as a
function of the direction and angle (0) of S-2 is shown for the exponential (96 hours, (A)) and the stationary
(700 hours, (B)) growth phases. Plots show single replicate with experimental data (red) and the sinusoidal fit
to the experimental data (green) used to obtain the reorientation timescale, B. The mean reorientation timescale
obtained from these data are B=12.5+5sand B=5.11 + 2.16 s for S-2 at exponential, and stationary growth
phases respectively. The shorter reorientation time occurring in S-2 strain during the stationary phase reveals
that an increase in swimming stability (negative gravitaxis) due to the variation in the cell morphology,
specially, the loss of rotational symmetry of the cell shape (see Figure 4).
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