PLO&. Biology

L)

Check for
updates

E OPEN ACCESS

Citation: Wu Y, Kouadio VK, Usherwood TR,
Li J, Bisher M, Aurora R, et al. (2025) Diverse
biophysical and molecular mechanisms

drive phytoplankton sinking in response to
starvation. PLoS Biol 23(11): e3003508.
https://doi.org/10.1371/journal.phio.3003508

Academic Editor: Holly M Bik, University of
Georgia, UNITED STATES OF AMERICA

Received: August 29, 2025
Accepted: November 6, 2025
Published: November 19, 2025

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication
of all of the content of peer review and
author responses alongside final, published
articles. The editorial history of this article is

available here: https://doi.org/10.1371/journal.

pbio.3003508

Copyright: © 2025 Wu et al. This is an open
access article distributed under the terms of
the Creative Commons Attribution License,

which permits unrestricted use, distribution,

RESEARCH ARTICLE

Diverse biophysical and molecular mechanisms
drive phytoplankton sinking in response to
starvation

Yangi Wu', Vieyiti K. Kouadio'®, Thomas R. Usherwood'?®, Justin Li', Margaret Bisher',
Reshum Aurora’, Aaron Z. Lam', Alice R. Lam', Abigail K. R. Lytton-Jean’,
Scott R. Manalis®?**, Teemu P. Miettinen®'*

1 Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, Cambridge,
Massachusetts, United States of America, 2 Harvard-MIT Department of Health Sciences and Technology,
Institute for Medical Engineering and Science, Massachusetts Institute of Technology, Cambridge,
Massachusetts, United States of America, 3 Department of Biological Engineering, Massachusetts
Institute of Technology, Cambridge, Massachusetts, United States of America, 4 Department of
Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, United States
of America

® These authors contributed equally to this work

* teemu@mit.edu

Abstract

Marine phytoplankton face eco-evolutionary pressure to regulate their vertical posi-
tion in the ocean to access light, which is abundant towards the surface, and nutri-
ents, which are found deeper down the water column. All phytoplankton experience
gravitational sinking, which can contribute to their vertical migration. However, the
biophysical and molecular mechanisms that impact gravitational sinking have not
been systematically characterized across taxa and environmental conditions. Here,
we combine simulations with measurements of cell mass, volume, and composition
to investigate the effects of nutrient availability on gravitational sinking in nine rep-
resentative unicellular pico- and nanoplankton species. We find that gravitational
sinking becomes faster in most species when starved, but the biophysical changes
responsible for this vary across species and starvation conditions. For example, the
faster sinking of Chaetoceros calcitrans is nearly exclusively driven by cell density
whereas that of Emiliania huxleyi is due to cell volume. On the molecular level, the
altered sinking is predominantly attributed to changes in cellular dry contents, rather
than water. For example, starch accumulation increases sinking in three green algae
species, and lipid accumulation decreases sinking in Phaeodactylum tricornutum.
Overall, our work reveals that phytoplankton physiology has evolved multiple mecha-
nisms that impact gravitational sinking in response to starvation, possibly to support
the vertical migration of the cell.
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Introduction

Phytoplankton are key primary producers in the oceans that support marine
food webs and drive carbon fixation [1,2]. Their growth and fitness depend on
photosynthesis-derived energy and seawater nutrients—resources that are unevenly
distributed in the ocean: light is more abundant towards the surface, while nutri-
ents are more concentrated deeper in the water column [3,4]. This generates eco-
evolutionary pressure for phytoplankton to migrate vertically in the water column to
meet their energy and nutrient requirements [5]. Nutrient-limited phytoplankton may
sink deeper in the water column in search of nutrients, simultaneously contributing to
the downward flux of organic carbon. Although it is unclear if phytoplankton regu-
late their sinking to reach more nutrients, thus achieving a fithess advantage, or if
changes in cell sinking are simply byproducts of other metabolic changes, the vertical
movement of cells in the ocean has ecological consequences. The vertical move-
ment of phytoplankton is predicted to have a significant impact on primary production
and nutrient cycles in the oceans [2,6—-8], and field observations have confirmed the
sinking of single cells and small particles (<100 pym cell aggregates) as contributors
to ocean carbon fluxes [9—12]. Yet, the degree to which phytoplankton sinking is
impacted by nutrient limitations, as well as the mechanisms responsible for such phe-
notypic response, have not been systematically characterized across taxa (Fig 1A).
Here, we focus on gravitational sinking as a potential mechanism for vertical
migration. While motile plankton can achieve faster migration with phototaxis than
with gravitational sinking, gravitational sinking is experienced by all species and may
act as an energy-efficient migration mechanism. The gravitational sinking velocity
(vsink, from here on referred to simply as sinking) of a cell can be derived from Stokes’
law [13-15],

2 (poell — phuid) 9r* P
o (1)

Vsink =

where pcell is the density of the cell, paud is the density of the surrounding fluid, g is
the gravitational acceleration, ris the equivalent spherical radius of the cell, u is the
dynamic viscosity of the fluid, and & is the correction factor for non-spherical shape
[14,16]. Biophysical properties of a cell, namely cell volume, density, and shape,
define sinking (Fig 1B), and could determine the sinking of cell aggregates similarly.
At the molecular level, we model a cell as the collection of all its intracellular mol-
ecules, where the cell volume is the sum volume of individual molecules, and the
cell density is the weighted average of the densities of those molecules (Fig 1B).
These molecules can be separated into water and dry contents of the cell. For most
phytoplankton, especially those without large silica and calcium carbonate shells/
walls, most cellular dry contents fall into three groups—proteins, lipids, and carbo-
hydrates, each with distinct densities (proteins—1.35g/mL, lipids—0.92 g/mL, carbo-
hydrates—1.5g/mL, S1 Table) [17,18]. Previous works have used similar models of
cell composition [19], and here it provides a framework that relates cell’s molecular
content to its biophysical properties and sinking (Fig 1B).
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Fig 1. Gravitational sinking velocity can be simulated using a simple model of cell composition. (A) Schematic of the study question. (B) A
simple physical model linking cell composition to cell sinking. Gravitational sinking velocity is determined by Stokes’ law (top). On biophysical level, cell
sinking is dependent of cell volume, density, and shape (middle). On molecular level (bottom), cell volume and density are primarily dependent on cel-
lular water, protein, lipid, and carbohydrate content. (C) Simulations of cell sinking velocity in a representative diatom (Phaeodactylum tricornutum) as a
function of cell composition. Sinking velocity changes due to cell volume and cell density are separated in blue and orange, respectively. Changes in dry
content refer to corresponding changes in all other contents except water. The simulation data can be found in the S1 Data file.

https://doi.org/10.1371/journal.pbio.3003508.9001

Studies of cell sinking using sedimentation columns or timelapse imaging have shown that many species alter their
sinking in response to environmental conditions, such as starvation [20—25]. However, the mechanisms responsible for
these sinking changes are, in most cases, unknown. Many phytoplankton have also been shown to change their molecu-
lar composition in response to starvation [26—30]. Such compositional changes could alter cell sinking, as also suggested
by modeling studies [19], but there is limited experimental evidence that quantitatively links changes in cell size and com-
position to cell sinking. Notable exceptions to this are the species Pyrocystis noctiluca, which can undergo long vertical
migration due to water content regulation [31], and Tetraselmis sp. which can sink faster when starved due to decreased
cellular water content and increased carbohydrate content [32].

Here, we study how gravitational sinking responds to different nutrient limitations across a range of motile and non-
motile unicellular eukaryotic marine phytoplankton. Using simulations and experiments, we connect cell sinking to the
regulation of cell’'s biophysical properties and molecular composition. Our work reveals multiple mechanisms responsible
for starvation-induced sinking in different phytoplankton species, suggesting that phytoplankton may have evolved several
solutions to support their vertical migration.

Results
Simulation of phytoplankton sinking velocity

To understand how cell sinking could be impacted by molecular composition, we simulated sinking for cells with different
compositions (Fig 1B). Our simulations relied on the previously reported macromolecular composition and size of a typical
green algae (Dunaliella tertiolecta, S1A Fig, S2 Table) or a typical diatom (Chaetoceros calcitrans, S1B Fig, and Phae-
odactylum tricornutum, Fig 1C). We then systematically varied the amount of each major intracellular component (lipid,
carbohydrate, protein, and water) while keeping other components constant. In addition, we varied all components except
water simultaneously in order to examine the effect of dry contents on cell sinking. For each simulated variation, we deter-
mined the fraction of the sinking change caused by cell volume and cell density using a first-order Taylor linear approxi-
mation. The results revealed that: (i) faster sinking is more readily achieved by gaining cellular dry contents, specifically
carbohydrates and proteins, rather than by decreasing water or lipid content, (ii) change in any single cellular component
will alter sinking more due to changes in cell density than changes in cell volume, and (iii) the reversal of cell buoyancy
(decreasing cell density below that of seawater) requires dramatic molecular changes such as large accumulation of water
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(>4-fold) or lipids (>10-fold) without additional protein or carbohydrate accumulation. These conclusions were not sensitive
to the cell composition differences observed between species (S1 Fig). We note that our model groups the rest of cellu-
lar contents as “other” and, due to the complex nature of this “other” group, we assume it to be constant in density and
volume.

Phytoplankton increase sinking velocity in response to starvation

We have previously established an approach for determining the sinking of pico- and nanoplankton species by apply-

ing Stokes’ law to single-cell measurements of cell mass and volume [32—34]. In this approach, we measure single-cell
volumes using Coulter counter, single-cell buoyant masses using a suspended microchannel resonator (SMR), and cell
shapes using microscopy. To examine starvation-induced changes in cell sinking across the tree of life, we selected nine
phototrophic unicellular eukaryotic marine pico- and nanoplankton species and we cultured the cells under photoautotro-
phic conditions in both high and low nutrient (i.e., starvation) media (Fig 2A, S3 Table). Following a 5-day culture, sinking
velocities of a cell population were inferred from population averages of hundreds of single cell volume and buoyant mass
measurements (S2A and S2B Fig). We also confirmed that low nutrient condition resulted in starvation (S3A Fig), and that
cell shapes did not change between conditions (S3B Fig). Overall, our analysis focused on species which did not display
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Fig 2. Cell sinking increases in response to starvation across many genetically distinct, unicellular marine phytoplankton. (A) Schematic

of experimental setup. (B) Gravitational sinking velocity in indicated species following 5-day culture under indicated nutrient conditions. N depicts the
number of independent cultures (dots), bar and whiskers depict mean+ SD. (C) Phylogenetic tree of the studied species and the relative sinking velocity
change between low (starving) and high (proliferating) nutrient conditions in each species. Land plants and fungi are show for reference. Same data as
in (B), dots depict separate cultures, bar and whiskers depict mean + SEM, p-value obtained by t test comparison to the value of 1. (D) Péclet numbers
for high (gray dots) and low nutrient (orange dots) conditions, as calculated for the diffusion of nitrate (red x-axis) or a virus particle (black x-axis). Spe-
cies are in the same order as in (C) separated by dotted horizontal lines. Note that paired high and low nutrient condition replicates are connected by a
solid line. Péclet number> 1 indicates that the encounter rate of the cell and the particle (nitrate or virus) is dominated by cell sinking rather than particle
diffusion. All data can be found in the S1 Data file.

https://doi.org/10.1371/journal.pbio.3003508.9002
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extensive aggregation, and our data reflects single cells that are either proliferating (high nutrient condition) or starving
(low nutrient condition).

Most tested phytoplankton species (7 out of 9) displayed increased sinking when starved for nutrients (Fig 2B and 2C).
For example, in the diatom C. calcitrans, the toxic raphidophyte Heterosigma akashiwo, and the green alga Chlamydo-
monas sp., sinking increased approximately 3-fold under low nutrient conditions compared to high nutrient conditions. In
H. akashiwo, the largest species studied, sinking reached up to ~25 ym/s when starved. We also observed one diatom
species, P. tricornutum, that displayed decreased sinking upon starvation. Only the haptophyte Isochrysis galbana did not
change sinking significantly following starvation (Fig 2C), and this species was excluded from future analyses. Overall,
our results indicate that most marine phytoplankton alter their sinking in response to a general nutrient starvation, but the
effect magnitude is species-specific even within phylogenetic clades.

Starvation increases phytoplankton Péclet numbers, promoting small particle encounters

In environments where nutrients are sparse, nutrient uptake is limited by the rate of diffusion. However, cells can promote
their nutrient acquisition by movement. To evaluate if the observed sinking changes are sufficient to promote nutrient
acquisition, we calculated the Péclet number (Pe) for a representative small nutrient (nitrate). Pe represents the relative
contribution of diffusion and cell sinking to mass transport, with Pe <<1 indicating that diffusion-dominated transport, and
Pe>>1 indicating sinking-dominated transport. Although Pe increased up to 4-fold under low nutrient conditions, the Pe
for nitrate remained very small (Fig 2D), indicating that cell sinking does not meaningfully increase nutrient acquisition

in the species studied here. We note that this only reflects short timescales when the local nutrient environment remains
constant, and over long timescales cells can sink into deeper, nutrient-richer waters. On the other hand, particles, such as
viruses or other cells, diffuse significantly more slowly than nutrients, leading to Pe , =1, for many species when starved
(Fig 2D). For example, the toxic haptophyte Prymnesium parvum shifted from a diffusion-dominated regime of viral
encounters (Pe, .=0.53+0.03, mean +SEM) to convection-dominated regime of viral interactions (Pe , =1.50+0.04,
mean = SEM) when starved. Thus, the sinking we observe may increase cell encounters with particles, such as viruses,
other cells, or marine snow.

Sinking velocity is responsive to multiple nutrients

Next, we examined whether the starvation-induced changes in cell sinking were specific to limitation of a single nutrient.
More specifically, we used high-nutrient media that lacks either nitrogen, phosphorus, or silicon (only for diatoms), and we
verified that these conditions result in decreased proliferation (S3A Fig). For all species, we observed qualitatively similar
results between starvation by overall low nutrient level and by specific nutrients (Fig 2B). However, in some species, the
magnitude of sinking change varied between specific nutrient starvations. For example, the sinking change in C. calci-
trans was greater when starved for nitrogen (p=0.016, paired { test) or silicon (p=0.003, paired t test) than when starved
for phosphorus. In contrast, in Emiliania huxleyi, sinking increased more when starved for phosphorus than nitrogen
(p=0.005, paired t test). Overall, cell sinking is responsive to multiple nutrients, although in some species the effect size
varies between different limiting nutrients.

To examine whether the observed changes in sinking were caused by cell death, which can increase cell density [34],
we resupplied nutrients to the starved cultures in a subset of species studied. The results revealed that sinking could be
rescued with nutrient resupply (S4 Fig). This is consistent with previous work examining cell size and proliferation recov-
ery following starvation in Tetraselmis sp. and E. huxleyi [32,35].

Biophysical mechanisms for sinking velocity changes are species-specific

Cell sinking is defined by cell volume, density, and shape, the last of which did not change between conditions (S3B Fig).
Here, we consider cell volume as an indicator of total cellular contents, cell density as an indicator of cell composition
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(Fig 1B), and we examine how sinking is impacted by cell volume and density. We overlaid the measured cell volume
and density changes with the resultant sinking (Fig 3A). This revealed that cell density increased in nearly all species
upon starvation, except E. huxleyi, which displayed a constant density, and P. tricornutum, which decreased cell density.
Many phytoplankton species also increased their cell volume upon starvation, as has been previously reported for E.
huxleyi [35].

We then sought to decouple cell density and volume from Eq (1) using the first-order Taylor approximation (see Mate-
rials and methods) in order to determine their relative contributions to cell sinking under each starvation condition. This
revealed that green algae, i.e., Tetraselmis sp., Chlamydomonas sp., and D. tertiolecta, as well as H. akashiwo, relied
predominantly on cell density regulation to adjust their sinking (Fig 3B). In contrast, P. tricornutum and P. parvum relied
approximately evenly on cell volume and density regulation to adjust sinking, whereas E. huxleyi relied exclusively on cell
volume regulation to adjust sinking. Thus, both cell volume and density regulation can function as the biophysical basis for
adjusting sinking, depending on the species.

Starvation for different nutrients resulted in different cell volume and density responses. Most notably, in C. calcitrans,
nitrogen starvation increased cell density with little effect on cell volume, whereas silicon starvation increased cell volume
rather than cell density (Fig 3A and 3B). A broader comparison across all species revealed that nitrogen starvation was
more prone to alter cell sinking due to cell density, when compared to phosphorus starvation (Fig 3C).

Increased cell sinking is driven by dry content accumulation

In theory, the observed changes in sinking, as well as biophysical properties, must be attributed to changes in spe-
cific cellular molecules. Our simulations of cell sinking suggested that an overall accumulation of cell dry contents can
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Fig 3. Biophysical changes responsible for starvation-induced cell sinking. (A) Changes in cell density and cell volume when comparing high
nutrient condition (base of each arrow) to indicated starvation conditions (tip of each arrow). Gravitational sinking velocities are indicated in color-coded
background. (B) The relative influence of cell volume (blue) and cell density (orange) changes on cell sinking velocity changes under each starvation
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same species are connected by a line. p-value obtained by Student t test (N=8 species). Low nutrient condition and nitrogen starvation appear similar,
most likely because nitrogen is the limiting nutrient for most species under the low nutrient conditions. All data can be found in the S1 Data file.

https://doi.org/10.1371/journal.pbio.3003508.9003
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increase sinking more effectively than the loss of water or lipids (Fig 1C). Motivated by this, we sought to examine if

the starvation-driven increases in sinking were driven by dry content accumulation or by loss of intracellular water. We
used a previously established approach [32], where cells’ buoyant masses are determined in normal and heavy water to
determine the dry volume of the cells (i.e., dry content), which can then be compared to the total volume of the cells to
determine the water volume (i.e., water content). Most species increased their water and dry content following starvation,
except for low nutrient starved C. calcitrans and Tetraselmis sp., and nitrogen starved Chlamydomonas sp. (S5A Fig).
These results suggest a separate regulation of phytoplankton’s water and dry contents, as observed in other model sys-
tems [36]. We note that H. akashiwo was excluded from this and future experiments due to technical reasons.

We then compared how cellular water and dry content changes influence cell sinking using a Taylor expansion-based
approach (see Materials and methods). This revealed that nearly all starvation-driven sinking increases were caused by
increases in cellular dry contents (Fig 4). In contrast, cellular water content, which increased in most species following
starvation, had a negative influence on sinking (Fig 4). Only in low nutrient starved Tetraselmis sp. did the loss of cel-
lular water contribute positively and significantly to the sinking increase (p=0.024, one-sample t test). Therefore, while
starvation induced species- and condition-specific changes to cellular water content, cellular water content was rarely an
important contributor to sinking. Instead, the increases in sinking were nearly exclusively driven by changes in cellular
dry contents. For a breakdown of cellular dry content into its volume and density, and their separate impact on sinking,

see S5 Fig.

Increased lipid and decreased protein content explain the decreased cell sinking in starving Phaeodactylum
tricornutum

To further understand which macromolecules impact cell sinking following starvation, we examined the cell lipid and
protein compositions. We first focused on explaining sinking changes in P. tricornutum, the only species in our study that
decreased sinking following starvation. We fluorescently labeled neutral lipids, which are the principal form of storage
lipids [37], and cellular proteins in fixed cells and measured the cells using flow cytometry. Lipid accumulation was signifi-
cantly larger in P. tricornutum than in other species tested (S6A Fig). Starved P. tricornutum cells contained ~10-fold more
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Fig 4. Starvation-induced cell sinking is driven by dry content accumulation. The relative influence of cellular water (blue) and dry contents
(orange) changes on cell sinking velocity changes under each starvation condition. Negative values imply that dry and water content changes have
opposite effects on the sinking velocity. Data depicts mean + SEM. All data can be found in the S1 Data file.

https://doi.org/10.1371/journal.pbio.3003508.9004
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lipids than cells under high nutrient condition (Fig 5A), consistent with previous reports establishing this species as a high
lipid producer [37,38]. Fluorescence and transmission electron microscopy (TEM) revealed that the neutral lipids formed
1-2 large lipid droplets under starvation, whereas the lipids were distributed into smaller droplets under the high nutrient
condition (Fig 5B and 5C). We did not observe obvious changes in the frustule thickness (Fig 5C). When analyzing cellular
protein content, we found that P. tricornutum displayed a larger decrease than other species did when starved (S3B and
S6B Figs), with protein content decreasing ~4-fold (Fig 5D). According to our simulations (Fig 1C), the lipid accumulation
and protein loss following starvation in P. tricornutum are both sufficient to explain the decreased sinking (Fig 5E). How-
ever, as the combined effect exceeds the experimentally derived sinking, additional compositional changes must also exist
(Fig 5E).

We then examined if we could rescue the sinking decrease in P. tricornutum by preventing lipid accumulation. We
treated cells with two fatty acid synthase inhibitors, cerulenin and C75, for the duration of the low nutrient starvation. We
then imaged the cells for neutral lipids (Fig 5B), and quantified neutral lipid content, cell density, volume, and sinking (Fig
5F). Cerulenin partly reversed the lipid accumulation and lipid droplet morphology observed under low nutrient starvation,

A 14 N=7 6 4 4 2 C D N=7 5 4 4 2 E>,‘,\ [ Lipid
= = 2 || @ Protein
= = E= :
@ 25 /| & Prof
2512] o D\ § torek N g 2150 ;
T = ) £ S 3 =5 ° :
€510 i £ 5308 S 2 2 < =5
gc — . \ [} £ £ T 9 9 S 2 100
< 8 5 e = a a a £ 5
=) s = £ [ 5 8§06 £5
8c ¢4 ° 3 & o { 3 c< ‘EF £©
52 s g TI_ s S\ 5 B * g 204 o co 50
£2 4 g 2 % % 4 24 £ So il §9
oF 2 L L 8 = 5 z 9 @202 %ﬁ Q2
z 8 S D5 o = o ° c®© 01
[ SR - - -] 0 I — 2 [ [ol) :
~ 0 € € c [] c \ g 1 B3 =00 € € c 2} c % % € c 2} c
g 8 & 35 8 S g 8 & 35 8 == g 5 5 8
zZ 2 o 23 Z 2 o S Z g o
= z o 2= 8 o] 2 o = 2 ]
=) 3 o < 3 =) 3 o < 3 o < z
£ 3 z o — z £ 3 z o 3 z
o o o
P4 z 4
B Low nutrient Low nutrient F 0=0.98 G
High nutrient Low nutrient + cerulenin + C75 —~ p=0.003 $=0.006 10
3 U0 1 —~1.
S 10 oo 5113 £ e
- o £ ol o =
3 c L~ 1.12 © =
8 g o 2 =08
2 S 8 o > C
= 3 % 5111 o S
4 kel c: ° [
£ S 4] —— 3 1.10 o 5 06
3 = p<0.001 = 2 R?=0.69
8 e 8 1.00 2 £ p<0.001
3 0 ® 0.4!
z p<0.001 2 g0 Neutral id content (8.,
= — 45 3 o008 £ 1.0 =006 eutral lipid content (a.u.)
5 O e = =T
3 o 08 = ©High nutrient
22 £ 401 © S 0.8 o © g
& 5 S % ° @Low nutrient
E>‘> P g 35 ‘%‘ ; 06 OLow nutrient + cerulenin
= @ 0.6 :
o % S o % = = OLow nutrient + C75
o £
% t € tE ERQ @ o4 E £ EEEP
c N~ c N~
sy iy
> 3 S o+ > > S o+
[=4 s £ 8 =4 = c C 8 =]
= £
5 8 8+ 8 5 8 8+ 3
I — 4 | I [ - |

Fig 5. Extensive lipid accumulation and proteins loss explains the decreased sinking velocity in starving Phaeodactylum tricornutum. (A) Rel-
ative changes in cellular neutral lipid content following 5-day culture under indicated starvation conditions. N depicts the number of independent cultures
(dots), bar and whiskers depict mean+ SD. (B) Fluorescence imaging of neutral lipids (red to yellow), DNA (blue), and chlorophyl (gray) following 5-day
culture under indicated conditions. Scalebars depict 5 ym. n>40 cells per condition. (C) TEM images following 5-day culture under indicated starvation
conditions. Scalebars depict 2 um. Letter L indicates lipid droplets. n>25 cells per condition. (D) Same as (A), but data is for cellular protein content. (E)
Simulated influence of lipid and protein content changes on cell sinking velocity. Data is normalized to the actual sinking velocity changes observed. (F)
Neutral lipid content, cell density, volume, and sinking velocity of cells under indicated conditions. Dots depict separate cultures (N=4), bar and whiskers
depict mean + SD, p-value obtained by Student ¢ test. (G) Correlation between cell neutral lipid content and sinking velocity in the data in (F). Data in all
panels is from the species P. tricornutum. All data can be found in the S1 Data file.

https://doi.org/10.1371/journal.pbio.3003508.9005
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as was cell sinking velocity (Fig 5B, 5C, and 5F). Cerulenin fully rescued the cell density decrease observed under low
nutrient state, but it did not rescue the cell volume decrease. C75 treatment yielded more modest rescues of lipid content
and cell sinking than the cerulenin treatment. Overall, the neutral lipid content and sinking of the cells treated with and
without fatty acid synthase inhibitors were correlated (p<0.001, ANOVA, R? =0.69) (Fig 5G), indicating that a majority of
the low nutrient starvation-driven sinking can be attributed to lipid accumulation.

Other species, including P. parvum and Chlamydomonas sp., also increased cellular lipid content when starved (S6A
Fig), despite increased cell density (Figs 3A and S3A). The lipid accumulation in Chlamydomonas sp. was localized exclu-
sively to the cell periphery, where lipid droplets protruded against the plasma membrane (S7A and S7B Fig). This cellular
organization is different from the widely studied freshwater counterpart Chlamydomonas reinhardtii [39]. These lipid drop-
lets increased 2-fold in diameter, but not in number, upon starvation (S7C and S7D Fig). In addition, Chlamydomonas sp.
decreased its protein content by ~2-fold when starved. These lipid and protein content changes are expected to decrease
Chlamydomonas sp. sinking. As we did not observe this experimentally, we expect additional compositional changes to
counteract the lipid increase and protein loss in Chlamydomonas sp.

Increased starch reservoirs can explain the increased cell sinking in starving green algae

Green algae are capable of accumulating both starch and lipid reservoirs under starvation, as carbon fluxes are directed
from biosynthesis to storage molecules [28,29]. However, the accumulation of starch and lipids would have opposing
effects on cell sinking (Fig 1C). This motivated us to examine starch accumulation in green algae. We carried out TEM
imaging of the Tetraselmis sp., Chlamydomonas sp., and D. tertiolecta (Figs 6A and S8A). We observed extensive starch
granule accumulation in all three species when starved, with up to ~40% of the cell area being occupied by starch in D.
tertiolecta (Fig 6B). This starvation-induced increase in starch content was due to both the number and size of the starch
granules increasing (S8B and S8C Fig). In addition, we observed that phosphorus-starved Chlamydomonas sp. cells
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Fig 6. Extensive starch accumulation can explain sinking velocity increases in starving green algae. (A) TEM imaging of green algae species
following 5-day culture under indicated starvation conditions. Scalebars depict 1 ym. (B) Quantifications of cellular starch granule content from TEM
images. Dots depict separate cells, bar and whiskers depict mean+SD, n depicts the number of cells measured, and p-values were obtained using
ANOVA followed by Tukey’s posthoc test. (C) Simulated influence of starch accumulation on cell sinking velocity in Dunaliella tertiolecta. Data is normal-
ized to the actual sinking velocity changes observed. All data can be found in the S1 Data file.

https://doi.org/10.1371/journal.pbio.3003508.9006
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accumulated less starch than nitrogen-starved cells, although this difference was not observed in Tetraselmis sp. (Fig 6B).
Instead, in Chlamydomonas sp., phosphorus starvation resulted in the appearance of acidocalcisome-like organelles [40],
which may also contribute to sinking (S8A and S8D Fig).

We used D. tertiolecta as a model system for simulations of the influence of starch accumulation on sinking. We chose
this species because it displayed little lipid or fractional water content changes when starved (S5 and S6 Figs), suggest-
ing that sinking may rely more exclusively on carbohydrate accumulation. According to our simulations, the accumulation
of starch alone explains approximately all the sinking increase observed in low nutrient starved and nitrogen starved D.
tertiolecta (115% and 85%, respectively) (Fig 6C). More broadly, across all three green algae species, the starch accu-
mulation had a larger simulated impact on sinking than changes in cell lipid, protein, or water content (S8E Fig). Thus,
our results indicate starch accumulation as an important molecular mechanism responsible for green algae sinking under
nutrient starvation.

Discussion

Our study revealed that 8 out of 9 tested phytoplankton species alter their sinking when starved for nutrients. In most
tested species, this can be explained by the accumulation (or loss) of dry contents, and we have exemplified how the
accumulation of lipids and carbohydrates, and the loss of proteins, can function as mechanisms to alter cell sinking. How-
ever, it is important to recognize that additional mechanisms that influence sinking can also exist. Some phytoplankton can
accumulate large amounts of pigment molecules [30], polyphosphate storages [40], or inorganic components, such as sil-
ica and calcium carbonate, all of which may increase cell sinking. Curiously, our experiments did not reveal any conditions
where phytoplankton become buoyant in seawater. As shown by our simulations, this would require a large accumulation
of water in the absence of other dry content accumulation, or a very large accumulation of lipids. Both mechanisms are
likely to require extraordinary changes to intracellular organization, as shown in Pyrocystis noctiluca [31], and may there-
fore be rare. Alternatively, phytoplankton would have to lose >70% of their dry contents, which would likely compromise
many cellular functions, or accumulate extremely low-density contents, such as gas vesicles, which are currently only
reported to exist in prokaryotes [41,42]. Thus, while our work illustrates several mechanisms used to increase eukaryotic
phytoplankton sinking, mechanisms that achieve buoyancy are still largely unknown. More broadly, it is important to note
that the in situ vertical migration of phytoplankton is under significant influence by turbulence and ocean currents, and the
importance of gravitational sinking of single cells to the movement of phytoplankton remains an open question.

An unexpected discovery in our study is that many phytoplankton grow larger when starved. While the increased cell
size is easily explained by decreased proliferation rates [43], it is in a stark contrast to most model systems, where cell
size decreases with nutrient starvation [34,44,45]. Why would phytoplankton have evolved to increase their size upon star-
vation? Increased cell sinking is one possible explanation, but not the only one, especially as sinking was predominantly
driven by density rather than volume changes. If phytoplankton sink significantly deeper in the water column, increased
cell size can store more energy (lipids and carbohydrates), which may support cell viability and motility in the light-limited
deeper waters. A better understanding of the size-dependence of metabolic processes within a species will help elucidate
this [46].

We also find that most phytoplankton are denser when starved than when proliferating. This finding resembles obser-
vations in several other model systems from bacteria to humans [34,47—49]. This suggests that there may exist a more
fundamental “starvation state” where cellular properties are adjusted to cope with starvation, possibly to conserve energy
[48]. We did not observe systematic cell size increases under starvation, suggesting that this starvation state is distinct
from that observed upon genome dilution, where cells enter starvation-like state due to excessive cell size increases in
the absence of DNA replication [50,51]. Importantly, we also identified a few exemptions to this behavior, such as the star-
vation of E. huxleyi, where density did not increase. Future studies comparing these differential starvation responses may
elucidate the physiological consequences of the high-density starvation state.
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It is possible that the changes in cell sinking that we observe following starvation do not necessarily reflect regulation
of cell sinking, but rather byproducts of starvation-induced metabolic effects. The gravitational sinking velocity of most
species studied here is under 1 m/day, which makes long-distance (e.g., 50 m) vertical migration very slow and unlikely,
especially for small cells. However, in a competitive environment, a fitness advantage might be gained by much more
modest changes in depth. This is especially true for cells that inhabit depths close to the nutricline. In addition, gravita-
tional sinking could be augmented by motility and cell aggregation, which were not studied here, but could also change in
response to starvation. Our results also suggest that the increased cell sinking velocity following starvation could promote
cell-to-cell encounters, possibly promoting cell aggregation and thus sinking.

Finally, our results could support the modeling of ocean ecosystems and nutrient cycles. Our study has connected the
macromolecular content of cells to their sinking, and the macromolecular content is also indicative of the C:N:P ratio of
cells [30,52]. It seems therefore likely that cells, as well as cell aggregates, with different elemental ratios sink at different
rates, which could contribute to marine carbon and nutrient cycles. Linking elemental stoichiometry and macromolecular
content to the vertical movement of cells and cell aggregates is an important area of future modeling efforts.

Materials and methods
Simulations of cell sinking velocity

The gravitational sinking velocity of a cell is a function of cell size, density, and shape, as described in Eq (1). All phy-
toplankton species in this study can be modeled as spheroid or ellipsoid (S3 Fig), with a multiplicative shape correction
factor less than 10% compared to a sphere [53]. Thus, cell shape was not considered in the simulation, and all cells were
assumed to be spherical.

We modeled a cell as the collection of all its intracellular molecules and categorized these molecules into five groups:
proteins, lipids, carbohydrates, water, and others. Hence, the cell volume is the sum volume of individual molecules,

V = 3"V, and the cell density is the weighted average of the densities of those molecules (S1 Table), p = > w; - p;, where
the subscript j refers to each molecule group and w; refers to their volume fraction. Once the cell volume and density are
defined by the molecular composition, the sinking velocity can be calculated using Eq (1) for any given cell state.

Using our model, we simulated sinking velocities of P. tricornutum, D. tertiolecta, C. calcitrans, and a hypothetical aver-
age species. We first determined their molecular compositions under high nutrient conditions from literature values (S2
Table). For each species, we then varied the volume of one molecule group at a time or, in the case of “dry contents,” all
non-water molecule groups together, while the other parameters remained constant.

Influence of biophysical properties and intracellular molecules on sinking velocity

To determine the influence of biophysical properties (i.e., cell volume and density) on cell sinking, we used a first-order
Taylor expansion near the baseline condition (pg, rp) that represents high nutrient condition of the cell.

9f(po, o)
dp

9f(po, o)

o -(r=n)

Vsink = f(p, ) = f(po, o) + (p=po) +

Hence, the influence of cell density and volume, sensity @nd houme, respectively, can be defined as the fractions of the
two derivative terms.
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Similarly, the influence of molecular composition on sinking velocity was decoupled into those of water and dry content
(proteins, lipids, carbohydrates, and others). In this case, the sinking velocity was rewritten as a function of water volume,
dry volume, and dry density (taking water density as a constant).

Vsink = f(vwatery Vdry, Pdry)

The first-order Taylor expansion near the high-nutrient condition (Vevater, Vgry, pgry> indicates the influences of water vol-
ume, dry volume, and dry density. The influence of each variable, hyater, lary volume: OF ldry density: iS the ratio of each deriva-

tive term to the total of all three terms. For example, /yater Can be rewritten as:

8f( VevaterY ng vpgry)

hvater = WVnater A Vuater
af(veva‘ef'vgry’pgry) . AV + af(\/fl\)later’Vgry‘pgry) . AV + af(\/f/\)/ater’Vgry'pgry) . Ap
OViater water 2] Vdry dry 8Pdry dry

The influence of dry content can be further calculated as the sum of dry volume and dry density as:

Idry = Idry volume + Idry density

Phytoplankton species, culture conditions, and drug treatments

All phytoplankton species were obtained from Provasoli—Guillard National Center for Marine Algae and Microbiota and the
species belong to the Culture Collection of Marine Phytoplankton (CCMP). All species identifications were verified using
light microscopy, as well as TEM for a subset of species. A list of species, their CCMP identifiers, and their maintenance
growth media are shown in S3 Table.

All algae were cultured as previously [32]. High nutrient condition corresponds to L1 (or L1-Si) media, low nutrient con-
dition corresponds to the high nutrient conditions with the nutrients being diluted 100-fold, and specific nutrient starvations
correspond to the high nutrient condition in the absence of the indicated nutrient. For experiments, maintenance cultures
were split 1:4 for 2 days to achieve exponentially growing cultures. These cultures were then split to each indicated
nutrient condition and culture for 5 days prior to measurements of cell sinking. The lighting was available from a nearby
window at approximately 50 umol/s/m? of PAR and day length varying between 9 and 14 h. All cultures were grown at 22
°C+1.5 °C. Key experiments were repeated using a controlled lighting setup with 100 pmol/s/m? of PAR with day length
set at 12h and temperature at 22 °C.

Lipid synthesis was inhibited with cerulenin (Cayman Chemical, Cat#10005647) and C75 (Cayman Chemical,
Cat#10005270). Lipid synthesis inhibitors were used at 10 yM concentration and the treatment duration corresponded to
the low nutrient starvation (5 days).

Cell buoyant mass and volume measurements

Cell buoyant mass and volume measurements were carried out identically to previous report [32]. In short, buoyant
masses were measured using the SMR [54], where a vibrating cantilever with a microfluidic channel detects changes

in resonant frequency due to the presence of a cell, which correlates to its buoyant mass. Two SMRs were used: one
with an 8 x8 uym cross-section for smaller phytoplankton cells and one with a 15x% 20 uym cross-section for larger cells.
Cell volumes were measured using a Coulter counter (Multisizer 4), based on electric impedance changes as cells
passed through an orifice. Two aperture sizes (20 and 100 um) were used depending on cell size. Both SMR and Coulter
counter provide measurements of single cells within 1-100ms per cell, and the measurements were carried out at room
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temperature in L1-Si/100 media. The measurements were calibrated using NIST-certified polystyrene beads (2—10 pm,
Duke Standards, Thermo Scientific). All measurements were carried out between 9:30AM and 3:30 pm, and paired sam-
ples (e.g., high nutrient and corresponding low nutrient sample) were measured within 1 hour of each other.

Determining cell sinking velocities and Péclet numbers

Phytoplankton gravitational sinking velocities, vsink, Were calculated according to Eq (1). The following values were used
for environmental constants: the dynamic viscosity of seawater of 1.07 x 107 Pa-s, and density of seawater of 1.026 g/ml.
Population average cell radius was calculated from the cell volume measurements, and population average cell density
was calculated by comparing the volume and buoyant mass measurements. All phytoplankton species in this study were
estimated to have low Reynolds numbers (<107¢). We note that the exact gravitational sinking velocities would be influ-
enced by changes in seawater viscosity and density, which could occur if, for example, seawater temperature changed
significantly.

Péclet numbers were calculated according to Pe = UL/D, where U is the sinking velocity, L is the cell length, and D
is the external particle’s diffusivity [55]. We used the diffusivity value of 1,700 uym2/s for nitrate and 10 um?/s for a small
particle (e.g., viral particle).

Cell proliferation rate measurements

Cell proliferation rates were derived from Coulter counter-based cell count measurements. Cell counts were measured
on three consecutive days, where the middle day corresponded to the cell mass and volume measurements. Proliferation
rates were calculated assuming exponential growth.

Fluorescent labeling of proteins, lipids, and DNA

For all fluorescent labeling approaches, the cells were fixed for 10 min in L1-Si media (or corresponding nutrient-limited
media) containing 4% formaldehyde, after which the cells were washed twice with phosphate-buffered saline (PBS). Neu-
tral lipids were stained using 2 uM Bodiby 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene,
ThermoFisher, Cat#D3922) in PBS for 20 min. After staining, the cells were washed two times with PBS. Cellular proteins
were stained using the amine-reactive LIVE/DEAD Fixable Red Dead Cell Stain (ThermoFisher, Cat#L.34972) using 2x
supplier-recommended concentration in PBS for 15min [56]. After staining, the cells were washed with PBS solution con-
taining 5% Bovine Serum Albumin, and again with PBS. DNA was stained using 10 pg/ml Hoechst 33342 (ThermoFisher,
Cat#H3570) in PBS for 20 min. After staining, the cells were washed two times with PBS.

Fluorescence and brightfield microscopy

Fluorescence and brightfield microscopy samples were plated on poly-L-lysine (Sigma-Aldrich, Cat#P8920) coated
glass-bottom CELLVIEW plates (Greiner Bio-One) for >30min prior to imaging. The samples were imaged at RT using
DeltaVision wide-field deconvolution microscope with standard DAPI, FITC, TRICT, Cy5, and POL filters, and a 100x%
oil-immersion objective. z-layers were typically collected with 0.3 ym spacing covering >8 um in height. Fluorescence
image deconvolution was carried out using DeltaVision software.

Flow cytometry

The flow cytometry samples were identical in preparation to those used for fluorescence microscopy. Instead of plating on
imaging plates, the samples were cleaned from aggregates using a 100 um filter. The samples were then analyzed using
BD Biosciences FACS Celesta with 405, 488, and 561 nm excitation lasers and 450/40 nm, 515/20 nm, 610/20nm, and
710/50 nm emission filters. Samples were gated on FSC and SSC to exclude too small particles, and a typical analysis
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measured 10,000 cells within the FSC/SSC gate. Chlorophyl autofluorescence was used to ensure that all measured
particles were phytoplankton cells.

Water and dry content measurements

Cellular water and dry content, including the density and volume of cell’'s dry contents, were determined as detailed before
[32]. In short, the average buoyant mass of cells in a given population was measured with the SMR, as detailed above.
These measurements were then repeated after moving the cells to L1-Si/100 media where 90% of the water was deuter-
ated (D,0). D,O mixes freely with the water inside the cell and D,O has a higher density than H,O, resulting in a different
population average buoyant mass. By comparing these two buoyant mass averages, along with the measurement solution
densities (L1-Si,,, and L1-Si_,,), we can solve for the average dry volume and the density of the dry volume in the cell
population [57,58]. These measurements were then compared to the Coulter counter-based total cell volume measure-
ments to derive the volume of water inside the cells.

Electron microscopy

For TEM sample preparation, the cells were fixed for 60 min in L1-Si media (or corresponding nutrient-limited media) con-
taining glutaraldehyde and paraformaldehyde at final concentrations of 2.5% and 2%, respectively. After fixation, the cells
were washed two times with 100 mM sodium cacodylate (pH 7.2). After washing, samples were fixed for 60 min on ice with
1% osmium tetroxide in a solution containing 1.25% potassium ferrocyanide and 100 mM sodium cacodylate. Next, the
samples were washed multiple times with 100 mM sodium cacodylate and with 50 mM sodium maleate. The samples were
then stained with 2% uranyl acetate in sodium maleate buffer at RT o/n. The samples were rinsed with DI water and dehy-
drated using a series of 10 min ethanol incubations. The ethanol concentrations varied in ascending order, from 30% to
100%. The samples were then washed twice in propylene oxide for 30 min, and moved to propylene oxide—resin mixture
(1:1) for o/n. The samples were moved to a new propylene oxide—resin mixture (1:2) for 6 hours and then into pure resin
o/n. The samples were then moved to molds and polymerized at 60 °C for 48 hours to form blocks suitable for sectioning.
Thin sections of 60 nm were obtained using a Leica UC7 ultramicrotome. The sections were collected on carbon-coated
nitrocellulose film copper grids.

TEM imaging was carried out using FEI Tecnai T12 transmission electron microscope and an AMT XR16 CCD camera.
Typical imaging was carried out with 120kV voltage. Imaging magnification varied between experiments. All TEM images
shown in the manuscript are representative examples.

For SEM sample preparation, the cells were plated on poly-L-lysine-coated cover slides for 40 min prior to fixation. The
fixatives, 2.5% glutaraldehyde and 2% paraformaldehyde, were added to the cells on the cover slides for 60 min. The
samples were then washed two times with 100 mM sodium cacodylate (pH 7.2) and post-fixed for 30 min at +4 °C using
1% osmium tetroxide in sodium cacodylate buffer. The samples were rinsed with DI water and dehydrated using a series
of 10min ethanol incubations. The ethanol concentrations varied in ascending order from 35% to 100%. Next, the samples
were incubated with ethanol/tetramethyl silane mixtures (50/50 mixture, and 20/80 mixture, respectively) for 15min each.
Then, the samples were washed twice with 100% tetramethyl silane. The wash solution was removed, and the samples
were left to dry o/n. The dried samples were sputter-coated with gold.

SEM imaging was carried out using Zeiss Crossbeam 540 scanning electron microscope. Typical imaging was carried
out with 4kV accelerating voltage, 600 pA probe current, a working distance of 8mm, and a magnification of 4,000x. All
SEM images shown in the manuscript are representative examples.

Image analysis

Lipid droplets, starch granules, and acidocalcisomes were visually identified from TEM images based on existing literature
[37,59,60]. For quantifications, cells, along with intracellular components of interest, were segmented and quantified using
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MATLAB (R2023a). For each cell, the cell boundary, lipid droplets, starch granules, and acidocalcisomes were manually
defined by a freehand line profile drawn using MATLAB’s Image Processing and Computer Vision toolbox. Intracellular
composition was then estimated using the area of a component of interest relative to the total cell area. The script can be
found at https://github.com/alicerlam/algae and at https://doi.org/10.5281/zenodo.17478443.

Statistics

In all figures, N refers to the number of independent cultures, n refers to the number of separate cells measured. Parti-
cles too small to be viable cells were removed from all final analyses. Statistical tests are detailed in figure legends. All
p-values were calculated using OriginPro (2025) software.

Supporting information

S$1 Fig. Simulations of cell sinking are largely independent of starting cell composition. (A-C) Simulations of cell
sinking velocity in a typical green alga (A, Dunaliella tertiolecta), diatom (B, Chaetoceros calcitrans), and a hypothetical
average species (C) as a function of changing cell composition. Sinking velocity changes due to cell volume and cell den-
sity changes are separated in blue and orange, respectively, and the total cell sinking change is depicted by a red dotted
line. Changes in dry content refer to corresponding changes in all other contents except water. For large water content
increases, separation of volume and density contributions are excluded. See S1 and S2 Tables for more details. Simula-
tion data can be found in the S1 Data file.

(TIF)

S2 Fig. Single-cell mass and volume responses to starvation. (A) Schematic of workflow for measuring single-
cell buoyant masses and volumes, which were then used to determine population average density, volume, and
gravitational sinking velocity. SMR is a microfluidic device, where a cell is flown through a channel embedded in a
vibrating cantilever. The change in the cantilever’s vibration frequency is proportional to the buoyant mass of the
cell. Coulter counter is a fluidic device, where a cell is flown through a small aperture, displacing the measurement
solution (artificial seawater). This changes the electrical resistance across the aperture in a manner proportional to
cell volume. (B) Representative single-cell buoyant mass (top) and volume (bottom) histograms following a 5-day
culture under high (gray) and low (orange) nutrient conditions in indicated species. All data can be found in the S1°
Data file.

(TIF)

S3 Fig. Phytoplankton cell volumes and densities change when starved, but cell shapes do not. (A) Cell volume
(top row), density (middle row), and proliferation rate (bottom row) under indicated nutrient conditions in indicated spe-
cies. Proliferation rates reflect the number of cell doublings/day, and these were calculated from cell counts measured on
days 4, 5, and 6, following starvation start (cell mass and volume measurements were carried out on day 5). Dots depict
independent cultures, bars and whiskers depict mean +SD, N depicts the number of independent cultures. Note that the
Emiliania huxleyi strain is non-calcifying. (B) Representative fluorescence microscopy images of indicated species fol-
lowing a 5-day culture under indicated nutrient conditions. The cells were labeled for total protein content (red-to-yellow)
and DNA content (blue-to-white). Cell outlines are highlighted with a dotted line for one cell in each fluorescence image.
Brightfield images were used instead of fluorescence imaging for Heterosigma akashiwo and Isochrysis galbana. All
scalebars denote 5 ym. Note that H. akashiwo is zoomed out 2x in comparison to other images. n>20 cells per condi-
tion. Phaeodactylum tricornutum cells were near-exclusively in the fusiform morphotype. All data can be found in the S1°
Data file.

(TIF)
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S4 Fig. Starvation-induced cell sinking velocities are reversible. Gravitational sinking velocities were measured
following 5-day starvation under low nutrient condition after which nutrients were resupplied and sinking velocities were
measured again 2 days later (rescue). All data are normalized to high nutrient condition on day 5. p-values depict Welch’s
t test between low nutrient and rescue conditions. All data can be found in the S1 Data file.

(TIF)

S5 Fig. Cellular dry and water content following starvation. (A) Volume of water (top row) and dry contents (middle
row), and the density of the dry contents (bottom row) in an average cell in indicated species following a 5-day culture
under indicated starvation conditions. N depicts the number of independent cultures (dots), bar and whiskers depict
mean £ SD. (B) The relative influence of cellular water volume (blue), dry volume (green), and the density of dry content
(orange) changes on cell sinking velocity changes under low nutrient starvation condition. Data depicts mean+ SEM. All
data can be found in the S1 Data file.

(TIF)

S6 Fig. Lipid and protein content changes following starvation. (A) Relative changes in cellular neutral lipid con-
tent following 5-day culture under indicated starvation conditions. Data normalized to high nutrient condition within each
species. N depicts the number of independent cultures (dots), bar and whiskers depict mean+SD. (B) Same as (A), but
data is for cellular protein content. Data for Phaeodactylum tricornutum is a repeat of the data shown in Fig 5Aand 5D.
See S3B Fig for example fluorescence images of the cellular protein content labeling. All data can be found in the S1°
Data file. Note that the data represent neutral lipid and protein content per cell, but as many species increase their cell
volume following starvation, the concentration of neutral lipids and proteins may differ significantly from the changes
visualized here.

(TIF)

S7 Fig. Chlamydomonas sp. accumulates lipid droplets exclusively at the cell periphery. (A) Fluorescence
microscopy of neutral lipids in Chlamydomonas sp. cells following 5-day culture under high and low nutrient condi-
tions. Both maximum intensity and single z-layer images are shown to highlight the lipid droplet localization at cell
periphery. Scale bars denote 10 um. (B) TEM of Chlamydomonas sp. cells following 5-day culture under high and
low nutrient conditions. Zoom-ins (bottom row) visualize lipid droplets. Key cell compartments are indicated with
letters (C, chloroplast; L, lipid droplet; N, nucleus; S, starch granule). Scale bars denote 1 ym on the top row and
200 nm on the bottom row (zoom-ins). (C, D) Quantifications of lipid droplet diameter (C) and count (D) from TEM
images, p-value depicts Welch’s t test. (E) Scanning electron microscopy (SEM) of Chlamydomonas sp. cells. Cell
dehydration and shrinkage during SEM sample prep reveals “bumps” on the cell surface, which are identical in size
and location to the lipid droplets observed in TEM and fluorescence microscopy. Scalebars denote 1 ym. All data can
be found in the S1 Data file.

(TIF)

S8 Fig. Starving green algae accumulate larger starch granules and, in some cases, acidocalcisome-like organ-
elles. (A) TEM imaging of Chlamydomonas sp. following 5-day culture under nitrogen and phosphorus starvation. Scale-
bars depict 1 um. Key cell compartments are indicated with letters in the zoom in (A, acidocalcisome; C, chloroplast; L,
lipid droplet; M, mitochondria; S, starch granule). (B, C) Quantifications of average starch granule area (B) and number
per cell (C) from TEM images. Dots depict separate cells, n depicts number of cells analyzed, bar and whiskers depict
mean +SD. (D) Quantifications of acidocalcisome number per cell from TEM images. Acidocalcisomes are electron-dense,
round organelles in TEM images, which often store calcium, phosphate, and metals. Analysis was limited to Chlamydomo-
nas sp., as acidocalcisomes were not observed in other green algae. Dots depict separate cells, n depicts number of cells
analyzed, bar and whiskers depict mean +SD. (E) Simulated influence of water, starch, protein, and lipid content changes
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on cell sinking velocity in the green algae species. The analysis was limited to comparing high and low nutrient conditions,
where cellular content changes were determined most comprehensively. Data is normalized so that the components add
up to 100%. Note that for Chlamydomonas sp. the starch accumulation can counteract sinking velocity influence of lipid
accumulation and protein loss, but additional mechanism(s) must be present to fully explain the experimentally determined
cell sinking. In panels B-D, p-values were obtained using ANOVA followed by Tukey’s posthoc test. All data can be found
in the S1 Data file.

(TIF)

S1 Table. Molecular (dry) density values used in simulations.
(PDF)

S2 Table. Cell composition values used in simulations. The fractional (w/w) dry content values are derived from litera-
ture and the fractional water content values are derived from experiments in this paper.
(PDF)

S3 Table. Details of the phytoplankton species studied.
(PDF)

S1 Data. Raw numerical data underlying each figure. See readme on the first datasheet for more details.
(XLSX)

Acknowledgments

We thank the Koch Institute’s Robert A. Swanson (1969) Biotechnology Center, specifically the Peterson (1957) Nan-
otechnology Materials Core Facility (RRID: SCR_018674), the Microscopy Core Facility, and the Flow Cytometry Core
Facility for their support. We also thank Prof A. Babbin for useful feedback.

Author contributions

Conceptualization: Yanqgi Wu, Teemu P. Miettinen.

Data curation: Yangi Wu, Vieyiti K. Kouadio, Teemu P. Miettinen.

Formal analysis: Yanqgi Wu, Thomas R. Usherwood, Reshum Aurora, Aaron Z. Lam, Alice R. Lam, Teemu P. Miettinen.
Funding acquisition: Abigail K. R. Lytton-Jean, Scott R. Manalis.

Investigation: Yanqgi Wu, Vieyiti K. Kouadio, Thomas R. Usherwood, Justin Li, Margaret Bisher, Abigail K. R. Lytton-Jean,
Teemu P. Miettinen.

Methodology: Yangi Wu, Thomas R. Usherwood, Margaret Bisher, Teemu P. Miettinen.
Project administration: Teemu P. Miettinen.

Resources: Abigail K. R. Lytton-Jean, Teemu P. Miettinen.

Supervision: Scott R. Manalis, Teemu P. Miettinen.

Validation: Yanqgi Wu, Teemu P. Miettinen.

Visualization: Yanqi Wu, Teemu P. Miettinen.

Writing — original draft: Yangi Wu, Teemu P. Miettinen.

Writing — review & editing: Yanqgi Wu, Vieyiti K. Kouadio, Thomas R. Usherwood, Justin Li, Scott R. Manalis, Teemu P.
Miettinen.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003508 November 19, 2025 17 /20



http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003508.s009
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003508.s010
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003508.s011
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003508.s012

PLON. Biology

References

1. Field C, Behrenfeld M, Randerson J, Falkowski P. Primary production of the biosphere: integrating terrestrial and oceanic components. Science.
1998;281(5374):237-40. https://doi.org/10.1126/science.281.5374.237 PMID: 9657713

2. Ducklow H, Steinberg D, Buesseler K. Upper ocean carbon export and the biological pump. oceanog. 2001;14(4):50-8. https://doi.org/10.5670/
oceanoq.2001.06
3. Moore CM. Processes and patterns of oceanic nutrient limitation. Nat Geosci 2013;6:701-10.

Omand MM, Mahadevan A. The shape of the oceanic nitracline. Biogeosciences. 2015;12(11):3273-87. https://doi.org/10.5194/bg-12-3273-2015

5. Zheng B, Lucas AJ, Franks PJS, Schlosser TL, Anderson CR, Send U, et al. Dinoflagellate vertical migration fuels an intense red tide. Proc Natl
Acad Sci U S A. 2023;120(36):€2304590120. https://doi.org/10.1073/pnas.2304590120 PMID: 37639597

6. Wirtz K, Smith SL. Vertical migration by bulk phytoplankton sustains biodiversity and nutrient input to the surface ocean. Sci Rep. 2020;10(1):1142.
https://doi.org/10.1038/s41598-020-57890-2 PMID: 31980670

Wirtz K, Smith SL, Mathis M, Taucher J. Vertically migrating phytoplankton fuel high oceanic primary production. Nat Clim Chang. 2022;12:750—6.

8. Palmer JR, Totterdell IJ. Production and export in a global ocean ecosystem model. Deep Sea Res Part | Oceanogr Res Pap. 2001;48(5):1169-98.
https://doi.org/10.1016/s0967-0637(00)00080-7

9. Durkin CA, Estapa ML, Buesseler KO. Observations of carbon export by small sinking particles in the upper mesopelagic. Mar Chem.
2015;175:72-81.

10. Durkin CA, Van Mooy BAS, Dyhrman ST, Buesseler KO. Sinking phytoplankton associated with carbon flux in the Atlantic Ocean. Limnol Ocean-
ogr. 2016;61:1172-87.

11.  Durkin CA, Buesseler KO, Cetini¢ |, Estapa ML, Kelly RP, Omand M. A visual tour of carbon export by sinking particles. Global Biogeochem Cycles.
2021;35(10):22021GB006985. https://doi.org/10.1029/2021GB006985 PMID: 35865105

12. Bodel A, Estapa M, Durkin CA. Solitary phytoplankton cells sink in the mesopelagic ocean. PLoS One. 2025;20(7):e0321918. https://doi.
org/10.1371/journal.pone.0321918 PMID: 40627622

13. Miklasz KA, Denny MW. Diatom sinkings speeds: improved predictions and insight from a modified Stokes’ law. Limnol Oceanogr.
2010;55:2513-25.

14. Walsby AE, Holland DP. Sinking velocities of phytoplankton measured on a stable density gradient by laser scanning. J R Soc Interface.
2006;3(8):429-39. https://doi.org/10.1098/rsif.2005.0106 PMID: 16849271

15. Kigrboe T, Hansen JLS. Phytoplankton aggregate formation: observations of patterns and mechanisms of cell sticking and the significance of exo-
polymeric material. J Plankton Res. 1993;15(9):993—-1018. https://doi.org/10.1093/plankt/15.9.993

16. Leith D. Drag on nonspherical objects. Aerosol Sci Technol. 1987;6(2):153—61. https://doi.org/10.1080/02786828708959128

17. Milo R, Jorgensen P, Moran U, Weber G, Springer M. BioNumbers—the database of key numbers in molecular and cell biology. Nucleic Acids Res.
2010;38(Database issue):D750-3. https://doi.org/10.1093/nar/gkp889 PMID: 19854939

18. Fischer H, Polikarpov |, Craievich AF. Average protein density is a molecular-weight-dependent function. Protein Sci. 2004;13(10):2825-8. https://
doi.org/10.1110/ps.04688204 PMID: 15388866

19. Boyd CM, Gradmann D. Impact of osmolytes on buoyancy of marine phytoplankton. Mar Biol. 2002;141:605—18.

20. Clos KT, Du K, Karp-Boss L, Gemmell BJ. Diatoms rapidly alter sinking behavior in response to changing nutrient concentrations. Limnol Ocean-
ogr. 2020;9999:1-9.

21. Lecourt M, Muggli DL, Harrison PJ. Comparison of growth and sinking rates of non-coccolith- and coccolith-forming strains of Emiliania huxleyi
(Prymnesiophyceae) grown under different irradiances and nitrogen sources. J Phycol. 1996;32:17-21.

22. Zhang W, et al. Nanoplanktonic diatom rapidly alters sinking velocity via regulating lipid content and composition in response to changing nutrient
concentrations. Front Mar Sci. 2023;10:1255915.

23. Moore JK, Villareal TA. Buoyancy and growth characteristics of three positively buoyant marine diatoms. Mar Ecol Prog Ser. 1996;132:203—13.

24. Baroni EG, Yap KY, Webley PA, Scales PJ, Martin GJO. The effect of nitrogen depletion on the cell size, shape, density and gravitational set-
tling of Nannochloropsis salina, Chlorella sp. (marine) and Haematococcus pluvialis. Algal Res. 2019;39:101454. https://doi.org/10.1016/].
algal.2019.101454

25. Gemmell BJ, Oh G, Buskey EJ, Villareal TA. Dynamic sinking behaviour in marine phytoplankton: rapid changes in buoyancy may aid in nutrient
uptake. Proc Biol Sci. 2016;283(1840):20161126. https://doi.org/10.1098/rspb.2016.1126 PMID: 27708154

26. Yaakob MA, Mohamed RMSR, Al-Gheethi A, Aswathnarayana Gokare R, Ambati RR. Influence of nitrogen and phosphorus on microalgal growth,
biomass, lipid, and fatty acid production: an overview. Cells. 2021;10(2):393. https://doi.org/10.3390/cells10020393 PMID: 33673015

27. Harrison PJ, Thompson PA, Calderwood GS. Effects of nutrient and light limitation on the biochemical composition of phytoplankton. J Appl Phycol.
1990;2:45-56.

28. Halsey KH, Jones BM. Phytoplankton strategies for photosynthetic energy allocation. Ann Rev Mar Sci. 2015;7:265-97. https://doi.org/10.1146/
annurev-marine-010814-015813 PMID: 25149563

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003508 November 19, 2025 18/20



https://doi.org/10.1126/science.281.5374.237
http://www.ncbi.nlm.nih.gov/pubmed/9657713
https://doi.org/10.5670/oceanog.2001.06
https://doi.org/10.5670/oceanog.2001.06
https://doi.org/10.5194/bg-12-3273-2015
https://doi.org/10.1073/pnas.2304590120
http://www.ncbi.nlm.nih.gov/pubmed/37639597
https://doi.org/10.1038/s41598-020-57890-2
http://www.ncbi.nlm.nih.gov/pubmed/31980670
https://doi.org/10.1016/s0967-0637(00)00080-7
https://doi.org/10.1029/2021GB006985
http://www.ncbi.nlm.nih.gov/pubmed/35865105
https://doi.org/10.1371/journal.pone.0321918
https://doi.org/10.1371/journal.pone.0321918
http://www.ncbi.nlm.nih.gov/pubmed/40627622
https://doi.org/10.1098/rsif.2005.0106
http://www.ncbi.nlm.nih.gov/pubmed/16849271
https://doi.org/10.1093/plankt/15.9.993
https://doi.org/10.1080/02786828708959128
https://doi.org/10.1093/nar/gkp889
http://www.ncbi.nlm.nih.gov/pubmed/19854939
https://doi.org/10.1110/ps.04688204
https://doi.org/10.1110/ps.04688204
http://www.ncbi.nlm.nih.gov/pubmed/15388866
https://doi.org/10.1016/j.algal.2019.101454
https://doi.org/10.1016/j.algal.2019.101454
https://doi.org/10.1098/rspb.2016.1126
http://www.ncbi.nlm.nih.gov/pubmed/27708154
https://doi.org/10.3390/cells10020393
http://www.ncbi.nlm.nih.gov/pubmed/33673015
https://doi.org/10.1146/annurev-marine-010814-015813
https://doi.org/10.1146/annurev-marine-010814-015813
http://www.ncbi.nlm.nih.gov/pubmed/25149563

PLON. Biology

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.
54.

55.

Ran W, Wang H, Liu Y, Qi M, Xiang Q, Yao C, et al. Storage of starch and lipids in microalgae: biosynthesis and manipulation by nutrients. Biore-
sour Technol. 2019;291:121894. https://doi.org/10.1016/j.biortech.2019.121894 PMID: 31387839

Liefer JD, Garg A, Fyfe MH, Irwin AJ, Benner |, Brown CM, et al. The macromolecular basis of phytoplankton C:N:P under nitrogen starvation.
Front Microbiol. 2019;10:763. https://doi.org/10.3389/fmicb.2019.00763 PMID: 31057501

Larson AG, Chajwa R, Li H, Prakash M. Inflation-induced motility for long-distance vertical migration. Curr Biol. 2024;34(22):5149-5163.e3. https://
doi.org/10.1016/j.cub.2024.09.046 PMID: 39423814

Miettinen TP, Gomez AL, Wu Y, Wu W, Usherwood TR, Hwang Y, et al. Cell size, density, and nutrient dependency of unicellular algal gravitational
sinking velocities. Sci Adv. 2024;10(27):eadn8356. https://doi.org/10.1126/sciadv.adn8356 PMID: 38968348

Schubert MG, Tang T-C, Goodchild-Michelman IM, Ryon KA, Henriksen JR, Chavkin T, et al. Cyanobacteria newly isolated from marine volcanic
seeps display rapid sinking and robust, high-density growth. Appl Environ Microbiol. 2024;90(11):e0084124. https://doi.org/10.1128/aem.00841-24
PMID: 39470214

Wu W, et al. High-throughput single-cell density measurements enable dynamic profiling of immune cell and drug response from patient samples.
Nat Biomed Eng. 2025;:1-10.

Shemi A, Schatz D, Fredricks HF, Van Mooy BAS, Porat Z, Vardi A. Phosphorus starvation induces membrane remodeling and recycling in Emili-
ania huxleyi. New Phytol. 2016;211(3):886—98. https://doi.org/10.1111/nph.13940 PMID: 27111716

Srivastava N, Calabrese L, Plancke CN, Rollin R, Venkova L, Havas K, et al. A dual homeostatic regulation of dry mass and volume defines a
target density in proliferating mammalian cells. Cold Spring Harbor Laboratory; 2025. https://doi.org/10.1101/2025.04.24.650395

Lupette J, Jaussaud A, Seddiki K, Morabito C, Brugiére S, Schaller H, et al. The architecture of lipid droplets in the diatom Phaeodactylum tricornu-
tum. Algal Res. 2019;38:101415. https://doi.org/10.1016/j.algal.2019.101415

KaiXian Q, Borowitzka MA. Light and nitrogen deficiency effects on the growth and composition of Phaeodactylum tricornutum. Appl Biochem
Biotechnol. 1993;38:93—-103.

Moriyama T, Toyoshima M, Saito M, Wada H, Sato N. Revisiting the algal “Chloroplast Lipid Droplet”: the absence of an entity that is unlikely to
exist. Plant Physiol. 2018;176(2):1519-30. https://doi.org/10.1104/pp.17.01512 PMID: 29061905

Ruiz FA, Marchesini N, Seufferheld M, Govindjee, Docampo R. The polyphosphate bodies of Chlamydomonas reinhardtii possess a proton-
pumping pyrophosphatase and are similar to acidocalcisomes. J Biol Chem. 2001;276(49):46196—203. https://doi.org/10.1074/jbc.M105268200
PMID: 11579086

Huber ST, Terwiel D, Evers WH, Maresca D, Jakobi AJ. Cryo-EM structure of gas vesicles for buoyancy-controlled motility. Cell. 2023;186(5):975-
986.e13. https://doi.org/10.1016/j.cell.2023.01.041 PMID: 36868215

Walsby AE. Gas vesicles. Microbiol Rev. 1994;58(1):94—144. https://doi.org/10.1128/mr.58.1.94-144.1994 PMID: 8177173

Bjorklund M. Cell size homeostasis: metabolic control of growth and cell division. Biochim Biophys Acta Mol Cell Res. 2019;1866(3):409-17.
https://doi.org/10.1016/j.bbamcr.2018.10.002 PMID: 30315834

Turner JJ, Ewald JC, Skotheim JM. Cell size control in yeast. Curr Biol. 2012;22(9):R350-9. https://doi.org/10.1016/j.cub.2012.02.041 PMID:
22575477

Kellogg DR, Levin PA. Nutrient availability as an arbiter of cell size. Trends Cell Biol. 2022;32(11):908-19. https://doi.org/10.1016/j.tcb.2022.06.008
PMID: 35851491

Cadart C, Heald R. Scaling of biosynthesis and metabolism with cell size. Mol Biol Cell. 2022;33(9):pe5. https://doi.org/10.1091/mbc.E21-12-0627
PMID: 35862496

Joyner RP, Tang JH, Helenius J, Dultz E, Brune C, Holt LJ, et al. A glucose-starvation response regulates the diffusion of macromolecules. Elife.
2016;5:e09376. https://doi.org/10.7554/eLife.09376 PMID: 27003290

Hecht VC, Sullivan LB, Kimmerling RJ, Kim D-H, Hosios AM, Stockslager MA, et al. Biophysical changes reduce energetic demand in growth
factor-deprived lymphocytes. J Cell Biol. 2016;212(4):439-47. https://doi.org/10.1083/jcb.201506118 PMID: 26880201

Munder MC, Midtvedt D, Franzmann T, Nuske E, Otto O, Herbig M, et al. A pH-driven transition of the cytoplasm from a fluid- to a solid-like state
promotes entry into dormancy. Elife. 2016;5:e09347. https://doi.org/10.7554/eLife.09347 PMID: 27003292

Neurohr GE. Excessive cell growth causes cytoplasm dilution and contributes to senescence. Cell 2019;176.

Lanz MC, Zhang S, Swaffer MP, Ziv |, Gétz LH, Kim J, et al. Genome dilution by cell growth drives starvation-like proteome remodeling in mamma-
lian and yeast cells. Nat Struct Mol Biol. 2024;31(12):1859—71. https://doi.org/10.1038/s41594-024-01353-z PMID: 39048803

Inomura K, Omta AW, Talmy D, Bragg J, Deutsch C, Follows MJ. A mechanistic model of macromolecular allocation, elemental stoichiometry, and
growth rate in phytoplankton. Front Microbiol. 2020;11:86. https://doi.org/10.3389/fmicb.2020.00086 PMID: 32256456

Bowen BD, Masliyah JH. Drag force on isolated axisymmetric particles in stokes flow. Can J Chem Eng. 1973;51:8-15.

Burg TP, Godin M, Knudsen SM, Shen W, Carlson G, Foster JS, et al. Weighing of biomolecules, single cells and single nanoparticles in fluid.
Nature. 2007;446(7139):1066—9. https://doi.org/10.1038/nature05741 PMID: 17460669

Guasto JS, Rusconi R, Stocker R. Fluid mechanics of planktonic microorganisms. Annu Rev Fluid Mech. 2012;44(1):373—400. https://doi.
org/10.1146/annurev-fluid-120710-101156

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003508 November 19, 2025 19/20



https://doi.org/10.1016/j.biortech.2019.121894
http://www.ncbi.nlm.nih.gov/pubmed/31387839
https://doi.org/10.3389/fmicb.2019.00763
http://www.ncbi.nlm.nih.gov/pubmed/31057501
https://doi.org/10.1016/j.cub.2024.09.046
https://doi.org/10.1016/j.cub.2024.09.046
http://www.ncbi.nlm.nih.gov/pubmed/39423814
https://doi.org/10.1126/sciadv.adn8356
http://www.ncbi.nlm.nih.gov/pubmed/38968348
https://doi.org/10.1128/aem.00841-24
http://www.ncbi.nlm.nih.gov/pubmed/39470214
https://doi.org/10.1111/nph.13940
http://www.ncbi.nlm.nih.gov/pubmed/27111716
https://doi.org/10.1101/2025.04.24.650395
https://doi.org/10.1016/j.algal.2019.101415
https://doi.org/10.1104/pp.17.01512
http://www.ncbi.nlm.nih.gov/pubmed/29061905
https://doi.org/10.1074/jbc.M105268200
http://www.ncbi.nlm.nih.gov/pubmed/11579086
https://doi.org/10.1016/j.cell.2023.01.041
http://www.ncbi.nlm.nih.gov/pubmed/36868215
https://doi.org/10.1128/mr.58.1.94-144.1994
http://www.ncbi.nlm.nih.gov/pubmed/8177173
https://doi.org/10.1016/j.bbamcr.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30315834
https://doi.org/10.1016/j.cub.2012.02.041
http://www.ncbi.nlm.nih.gov/pubmed/22575477
https://doi.org/10.1016/j.tcb.2022.06.008
http://www.ncbi.nlm.nih.gov/pubmed/35851491
https://doi.org/10.1091/mbc.E21-12-0627
http://www.ncbi.nlm.nih.gov/pubmed/35862496
https://doi.org/10.7554/eLife.09376
http://www.ncbi.nlm.nih.gov/pubmed/27003290
https://doi.org/10.1083/jcb.201506118
http://www.ncbi.nlm.nih.gov/pubmed/26880201
https://doi.org/10.7554/eLife.09347
http://www.ncbi.nlm.nih.gov/pubmed/27003292
https://doi.org/10.1038/s41594-024-01353-z
http://www.ncbi.nlm.nih.gov/pubmed/39048803
https://doi.org/10.3389/fmicb.2020.00086
http://www.ncbi.nlm.nih.gov/pubmed/32256456
https://doi.org/10.1038/nature05741
http://www.ncbi.nlm.nih.gov/pubmed/17460669
https://doi.org/10.1146/annurev-fluid-120710-101156
https://doi.org/10.1146/annurev-fluid-120710-101156

PLO&&. Biology

56. Alonso-Matilla R, Lam AR, Miettinen TP. Cell-intrinsic mechanical regulation of plasma membrane accumulation at the cytokinetic furrow. Proc Natl
Acad Sci U S A. 2024;121(29):€2320769121. https://doi.org/10.1073/pnas.2320769121 PMID: 38990949

57. Miettinen TP, Ly KS, Lam A, Manalis SR. Single-cell monitoring of dry mass and dry mass density reveals exocytosis of cellular dry contents in
mitosis. Elife. 2022;11:e76664. https://doi.org/10.7554/eLife.76664 PMID: 35535854

58. Feijo Delgado F, Cermak N, Hecht VC, Son S, Li Y, Knudsen SM, et al. Intracellular water exchange for measuring the dry mass, water mass and
changes in chemical composition of living cells. PLoS One. 2013;8(7):e67590. https://doi.org/10.1371/journal.pone.0067590 PMID: 23844039

59. Goodenough U. The Chlamydomonas sourcebook: volume 1: introduction to Chlamydomonas and its laboratory use. London: Academic Press;
2023.

60. Norris RE, Hori T, Chihara M. Revision of the genus Tetraselmis (Class Prasinophyceae). Bot Mag Tokyo. 1980;93(4):317-39. https://doi.
org/10.1007/bf02488737

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003508 November 19, 2025 20/20



https://doi.org/10.1073/pnas.2320769121
http://www.ncbi.nlm.nih.gov/pubmed/38990949
https://doi.org/10.7554/eLife.76664
http://www.ncbi.nlm.nih.gov/pubmed/35535854
https://doi.org/10.1371/journal.pone.0067590
http://www.ncbi.nlm.nih.gov/pubmed/23844039
https://doi.org/10.1007/bf02488737
https://doi.org/10.1007/bf02488737

