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Abstract
With the ongoing differential disruption of the biogeochemical cycles of major 
elements that are essential for all life (carbon, nitrogen, and phosphorus), 
organisms are increasingly faced with a heterogenous supply of these ele-
ments in nature. Given that photosynthetic primary producers form the base 
of aquatic food webs, impacts of changed elemental supply on these organ-
isms are particularly important. One way that phytoplankton cope with the 
differential availability of nutrients is through physiological changes, resulting 
in plasticity in macromolecular and elemental biomass composition. Here, we 
assessed how the green alga Chlamydomonas reinhardtii adjusts its macro-
molecular (e.g., carbohydrates, lipids, and proteins) and elemental (C, N, and 
P) biomass pools in response to changes in growth rate and the modification 
of resources (nutrients and light). We observed that Chlamydomonas exhibits 
considerable plasticity in elemental composition (e.g., molar ratios ranging 
from 124 to 971 for C:P, 4.5 to 25.9 for C:N, and 15.1 to 61.2 for N:P) under 
all tested conditions, pointing to the adaptive potential of Chlamydomonas in 
a changing environment. Exposure to low light modified the elemental and 
macromolecular composition of cells differently than limitation by nutrients. 
These observed differences, with potential consequences for higher trophic 
levels, included smaller cells, shifts in C:N and C:P ratios (due to propor-
tionally greater N and P contents), and differential allocation of C among 
macromolecular pools (proportionally more lipids than carbohydrates) with 
different energetic value. However, substantial pools of N and P remained 
unaccounted for, especially at fast growth, indicating accumulation of N and 
P in forms we did not measure.
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INTRODUCTION

The elements carbon (C), nitrogen (N), and phosphorus 
(P) are key nutrients for all life. In the Anthropocene, 
biogeochemical cycles of these bioelements have 
been drastically and differentially altered, disrupt-
ing processes from organismal to ecosystem lev-
els (Dudgeon,  2019; Melack,  2016; Peñuelas 
et al., 2013; Sardans et al., 2012; Vitousek et al., 1997). 
Understanding these disruptions is facilitated by 
the emergence of the field of ecological stoichiom-
etry, the study of the balance of energy and multiple 
chemical elements in ecological interactions (Sterner 
& Elser, 2002). Knowledge of variation in C:N:P ratios 
is important for understanding a variety of ecological 
and ecosystem processes (e.g., competition, trophic 
interactions, and nutrient recycling), and given the dif-
ferential disruptions in major nutrient supplies in the 
Anthropocene, this knowledge becomes increasingly 
important. To survive and reproduce, organisms must 
contend with these differential disruptions. An important 
ability that allows organisms to cope with environmen-
tal heterogeneity or temporal fluctuations is phenotypic 
plasticity (De Jong, 2005; Fusco & Minelli, 2010).

Phenotypic plasticity can be defined as the ability of 
individual genotypes to develop different phenotypes 
when exposed to different environmental conditions 
(Pigliucci, 2006). Specific environmental cues thereby 
lead to physiological shifts within developmental-based 
constraints (West-Eberhard, 2003), resulting in individ-
uals with altered phenotypic states or activities (e.g., 
metabolism; Garland & Kelly, 2006). Plastic responses 
of an organism not only have consequences for the 
organism itself, but plasticity can also improve fitness, 
enabling proliferation under changing environmental 
conditions. Such shifts can also have consequences for 
the organism's consumers. For example, development 
of high C:P ratios in primary producer biomass can 
impose food quality constraints on consumers, while 
changes in the N:P ratio of algae biomass can alter 
the rates and ratios at which N and P are recycled by 
consumers (Caron et al., 1985; Sterner & Elser, 2002; 
Weers & Gulati, 1997).

While supplies of C, N, and P vary naturally in 
aquatic ecosystems in space and time (Lampert & 
Sommer,  2007), anthropogenic impacts increasingly 
intensify or differentially (i.e., in different directions or 
degrees) alter resource availability. The C:N:P ratios of 
algae reflect their macromolecular composition (e.g., 
protein, carbohydrate, lipid, nucleic acids, and pig-
ments) and can respond strongly to environmental vari-
ation (Geider & La Roche, 2002; Sterner & Elser, 2002). 
The phylogenetic diversity of macromolecular compo-
sition in algae has been studied, and it is known that 
groups and species of phytoplankton can be distinct in 
their biomass composition (Finkel et al., 2016; Martiny 
et al., 2013). However, knowledge about within-species 

or within-strain variation is more limited, although var-
ious individual macromolecular and elemental pools 
have been studied in response to different environmen-
tal limitations. However, a comprehensive assessment 
of a broad suite of major biochemical pools in conjunc-
tion with assessment of C:N:P stoichiometry under dif-
fering environmental conditions and growth rates has 
not been conducted.

Here, we document the phenotypic plasticity of el-
emental and macromolecular composition within a 
single genotype of a green algae, Chlamydomonas re-
inhardtii, a model organism widely used across a broad 
range of studies in biology. Previous studies of the 
compositional plasticity of C. reinhardtii have focused 
on assessing individual elemental or macromolecular 
pools but have not included a full spectrum of compo-
nents as we have here. Most studies have focused on 
shifts in C:N:P stoichiometry driven by temperature or 
irradiance. Based on these studies, we know that C. re-
inhardtii N:P ratios decrease with increasing irradiance 
(Thrane et  al.,  2016), that higher temperatures lead 
to higher N:P ratios (Thrane et al., 2017), and that P-
limitation appears to be a major determinant of growth 
rate and cellular elemental stoichiometry (Hessen 
et al., 2017).

To test the hypotheses that growth rate and the 
identity of the limiting resource affect macromolec-
ular and elemental composition, we examined how 
Chlamydomonas reinhardtii partitions C, N, and P 
among major macromolecular pools under four con-
trasting resource supply conditions and at different 
growth rates. Specifically, C. reinhardtii was grown in 
chemostats at growth rates of 20% and 80% of max-
imum growth rate (μmax) under differing resource con-
ditions (Low Light, Low N:P, High N:P, and Balanced 
N:P). Based on existing and emerging literature encap-
sulated in the growth rate hypothesis (GRH) and related 
stoichiometric approaches (Elser et al., 2000; Sterner 
& Elser, 2002), we predicted lower cell contents of the 
limiting resource in slow-dilution chemostats and, due 
to increased allocation to P-rich ribosomal RNA, lower 
N:P ratios in fast-growing cultures. We observed plastic 
responses to growth rate and the identity of the limiting 
resource across all treatments with implications for key 
concepts of ecological stoichiometry.

MATERIALS AND METHODS

Culture conditions

The green alga Chlamydomonas reinhardtii (CC-1690 
wild-type mt + [Sager 21 gr], Chlamydomonas Resource 
Center, University of Minnesota, United States) was 
cultivated in COMBO medium (Kilham et al., 1998), a 
defined freshwater culture medium for algae and zoo-
plankton that contains sodium bicarbonate. The stock 
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cultures were grown under constant light with no dark 
phase to minimize possible heterotrophic growth. 
Chlamydomonas reinhardtii was precultured in batch 
mode at 20°C and at a light intensity of ~100 μmol pho-
tons · m−2 · s−1 (Philips F40T12/DX 40 Watts).

For the experiment, Chlamydomonas reinhard-
tii was grown continuously in 450-mL chemostats at 
20°C and aerated with CO2-enriched air (2%–3% CO2). 
Quadruplicate chemostats were used for each of four 
different experimental treatments (three different N:P 
nutrient ratios and light intensity; Table  1). N:P ratios 
ranged from 6:1 (low N supply) to 16:1 (Redfield ratio, 
can be thought of as a “control” or “reference” treat-
ment under saturating light conditions) to 80:1 (low P 
supply). Although most lake ecosystems are P-limited, 
seasonal variation in nutrient fluxes often leads to N-
limitation or a co-limitation of both nutrients (Elser 
et  al.,  1990; Lampert & Sommer,  2007). The chosen 
ratios are within the range of N:P that occurs in natu-
ral systems around the world (Sterner & Elser, 2002). 
Chemostats were operated under constant light (LED 
panels from Viparspectra, model number P1000) with 
full spectrum light. The pH was monitored on a daily 
basis throughout the experiment and consistently re-
mained at a value of ~7.

For all experiments, cells were grown in COMBO 
medium (Kilham et al., 1998) with changes in the media 
N:P ratios made by adjusting concentrations of NaNO3 
(see Table  1). Continuous dilution with fresh medium 
was controlled by a peristaltic pump. In steady-state 
chemostats, including light-limited chemostats, the cells 
are maintained at a constant, specific growth rate that 
is imposed by the dilution rate (Huisman et al., 2002). 
Hence, chemostats allow the experimenter to control 
the rate of growth independently from changes in the 
environment (e.g., temperature, media composition, 
and light). At steady state, the specific growth rate 
equals the dilution rate, following this equation:

where f is the dilution volume and V is the volume of the 
chemostat. In chemostats, the concentration of the limit-
ing resource determines the cell density at equilibrium, 

but not the growth rate; for more information on chemo-
stat theory, see Novick and Szilard  (1950) and Smith 
and Waltman  (1995). All treatments were run at 20% 
(μ = 0.5 · d−1) and 80% (μ = 2.0 · d−1) of the empirically 
determined maximum growth rate (~2.5 · d−1 based on 
chemostat wash-out rates). Samples for biochemical 
and biomolecular analysis were taken after 4–5 genera-
tions (2–4 days depending on growth rate) after reaching 
steady state. For sampling, the entire culture was re-
moved from the chemostat and immediately processed 
for the analyses described below.

Determination of cell dry weight, cell 
count, and chlorophyll

For the determination of cell dry weight, 3–5 mL of 
the cultures were harvested and filtered onto pre-
weighed Isopore™ polycarbonate membrane filters 
(0.2 μm, 25 mm). Filters with cell material were dried 
for at least 2 h in a drying oven at 105°C. After cool-
ing to room temperature in a desiccator, filters were 
reweighed.

To determine cell abundances, 1 mL of culture was 
fixed with a final concentration of 3% formaldehyde 
overnight at 4°C. Cells were filtered onto 25-mm 0.2-
μm GTTP filters and frozen at −20°C. DNA was stained 
using DAPI Vectashield (Vector Laboratories), and cells 
were visualized using an epifluorescence microscope 
(Olympus BX53). Cell counts were obtained by imag-
ing cells based on chlorophyll autofluorescence using 
a TRITC excitation filter set. At least 10 fields of view 
or 200 cells were counted per sample. For cell length 
and width, ~1000 cells (at least 30 per sample) were 
manually quantified. Chlamydomonas reinhardtii cells 
are unevenly shaped (avocado-like) and the width is 
not consistent across the entire length. We therefore 
took the width at half the length of the cell. The length 
and width were used to estimate cell volume based on 
the assumption that the cell was an ellipsoid: however, 
cell shape changed depending on treament and growth 
state.

For the determination of concentrations of chloro-
phyll a (referred to as chlorophyll in the following), 1 mL 
of culture was filtered in the dark onto a glass microfiber 
filter (GF/F filter, Whatman, nominal pore size 0.7 μm, 
25 mm). Filters were placed into 15-mL polypropylene 
centrifuge tubes and frozen overnight at −20°C, after 
which 10 mL of 90% acetone were added and samples 
were vortexed and stored at 4°C in the dark for 7 days 
to extract passively. After extraction, tubes contain-
ing the filters were centrifuged for 40 min at 2000 × g 
at 20°C (Allega X-14R Centrifuge, Beckman Coulter). 
Chlorophyll concentrations of the extracts were es-
timated based on fluorescence (10-AU Fluorometer, 
Turner Designs) and included an acid correction (Holm-
Hansen et al., 1965).

�

(

d
−1
)

=

f
(

d−1
)

V

TA B L E  1   Environmental conditions (nutrient and light 
limitation). The balanced treatment can be considered as a 
reference or control treatment, where light is in sufficient supply 
and the nutrient molar ratio follows the Redfield ratio.

Treatment
Light intensity (μmol 
photons · m−2 · s−1)

Media N:P 
(molar ratio)

High N:P 200 80:1

Low N:P 200 6:1

Low Light 60 16:1

Balanced N:P 200 16:1
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Determination of protein, ATP, lipid, and 
carbohydrate

Total protein quantification of algal biomass was adapted 
from Wagner et al. (2015) using the Thermo Scientific™ 
Coomassie Plus™ Kit. A set of protein standards was 
prepared following the manufacturer protocol (Thermo 
Scientific) with the concentration of standards ranging 
from 25 to 2000 μg · mL−1. Protein was quantified using 
dried cell material. For these assays, 14 mL of lyophi-
lized Chlamydomonas reinhardtii were homogenized 
in 400 μL 30% trichloroacetic acid (TCA), incubated at 
4°C for 30 min, and then centrifuged at 15,500 g (4°C) 
for 10 min. The supernatant was removed and the pellet 
was rinsed with 400 μL of 5% TCA. After vortexing and 
centrifuging, the supernatant was removed, and 300 μL 
of 0.2 M sodium hydroxide (NaOH) was added to each 
tube. Samples were vortexed, and 50 μL of each sam-
ple or standard were added to 1.5 mL of Coomassie 
Plus Reagent (Thermo Scientific). Samples, and stand-
ards were mixed and incubated for 10 min at room tem-
perature. A UV–Vis spectrophotometer (Agilent Cary 
60) was used for colorimetric absorption (at 595 nm) 
analyses.

Adnosine triphosphate concentrations were deter-
mined based on quantifying bioluminescence result-
ing from the luciferase-catalyzed reaction of luciferin 
and ATP (Holm-Hansen,  1973). Briefly, 100 μL of cul-
ture were mixed with an equal volume of BacTiter-Glo 
reagent (Promega) and incubated in the dark at room 
temperature for 5 min. Luminescence was quantified 
using a luminometer (GloMax 20/20, Promega). ATP 
concentrations were calculated based on serial dilu-
tions of a 1 μmoL ATP · L−1 primary standard (Sigma).

Total lipid content was analyzed by homogenizing 
14 mL of lyophilized Chalmydomonas reinhardtii in 
2∶1 chloroform∶methanol (v/v). Extraction followed the 
microsulfophosphovanillin method as developed by 
Gardner et al. (1985) and validated by Lu et al. (2008) 
and Wagner et al. (2015). Standards were prepared by 
dissolving cholesterol in 2∶1 chloroform∶methanol (v/v). 
Samples and standards were read on a spectropho-
tometer at 525 nm.

Carbohydrate was determined using methods previ-
ously described (Van Wychen et al., 2017; Van Wychen 
& Laurens, 2016). Briefly, 10 mL of Chlamydomonas re-
inhardtii culture was freeze-dried and stored at −80°C. 
Cell pellets were treated with 72% sulfuric acid and 
incubated at room temperature for 1 h with vortex-
ing every 5–10 min. MilliQ-purified water (7 mL) was 
added to bring the concentration of sulfuric acid to 4%. 
Samples were placed into glass tubes with rubber-
stoppers, crimped-sealed, and autoclaved for 1 h at 
121°C. Samples were cooled to room temperature and 
centrifuged for 5 min at 4300 × g. Supernatant (50 μL) 
was transferred to a new tube and diluted 1:10 with 
MilliQ water to a final volume of 500 μL, to which 500 μL 

of 0.5 M NaOH and 500 μL MBTH working solution 
(1 mg · mL−1 DTT and 3 mg · mL−1 MBTH at 1:1 v/v) were 
added and the entire solution was incubated at 80°C for 
15 min. Samples were immediately treated with 1 mL of 
ferric solution (0.25 M HCl with 0.5% ferric ammonium 
sulfate dodecahydrate and 0.5% sulfamic acid), vor-
texed, and incubated at room temperature for 15 min. 
Finally, samples were diluted with 2.5 mL of MilliQ water 
to bring the final volume to 5 mL. Absorbance was mea-
sured at 620 nm and carbohydrate concentrations were 
calculated using a standard curve created with dex-
trose (Sigma-Aldrich).

Determination of nucleic acids

DNA and RNA were quantified fluorometrically using 
protocols described in Gorokhova and Kyle (2002) and 
Kyle et al. (2003) using the Quant-iT RiboGreen RNA 
Reagent and Kit (Thermo Scientific). Briefly, 1 mL of 
culture was centrifuged at 23,500 g for 10 min at 4°C. 
Supernatant was discarded, and the cell pellet was fro-
zen at −80°C until analyses. Pellets were resuspended 
in 300 μL of extraction buffer (1% N-lauroysarcosine in 
1× TE buffer), sonicated on ice for 2 min, and incubated 
for 2 h with shaking at room temperature. Samples were 
diluted 1:6 with ice-cold TE buffer and shaken again 
for 15 min. DNA and RNA standards were prepared fol-
lowing the manufacturer protocols (Thermo Scientific) 
corresponding to 2 μg · mL−1 DNA or RNA, respec-
tively. Samples and standards (75 μL) were aliquoted 
into black microplates, amended with 75 μL RiboGreen 
(Quant-iT™ RiboGreen RNA Reagent and Kit) and 
incubated for 5 min in the dark. Fluorescence was 
measured at 485/30 nm excitation and 528/20 emis-
sion on a microplate reader (FLx800 Bio-Tek). Each 
well was then amended with 10 μL of RNase (Promega) 
and incubated in the dark for 25 min to remove RNA. 
Fluorescence was measured again, and RNA and DNA 
were concentrations were calculated based on the dif-
ference in the two fluorescence measurements.

Determination of biomass C, N, and P

For analysis of biomass P, 5 mL of culture were fil-
tered onto precombusted and acid-washed GF/F filters 
(Whatman), dried at 105°C overnight, and stored in a 
desiccator. Filters were placed in a scintillation vial, 
combusted at 500°C for 5 h, and then hydrolyzed with 
10 mL 0.15 M HCl. Samples were analyzed colorimetri-
cally on a spectrophotometer (880 nm, Agilent Cary 60 
UV–Vis Spectrophotometer) following the molybdate 
method (Karl et  al.,  1991). Zooplankton and tomato 
leaves of known P contents were used as reference 
standards to evaluate P recovery. The amount of P in 
each sample was calculated based on the observed 
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concentration in the hydrolyzed sample and the vol-
ume of hydrolysate and converted to percent dry mass 
based on dry weight determination as described below.

For analysis of particulate C and N, 20 mL of cul-
ture were filtered onto precombusted GF/F filters 
(Whatman), dried at 105°C overnight, and stored in 
a desiccator. Carbon and N in each sample were de-
termined using an Exeter CE440 Elemental Analyzer. 
Detailed protocols for elemental analysis can be found 
on the Flathead Lake Biological Station (FLBS) Public 
Data Portal (https://​flbs.​umt.​edu/​Publi​cData​). EDTA was 
used as a calibration standard (EDTA LCRM Certified 
Reference Material Cat.# 60-00-4), and algae refer-
ence standards (Spirulina Standard 30 g Model B2162) 
were analyzed every 10 samples. Blank samples (filter 
and instrument blanks) were run at the beginning of the 
analysis to ensure no contamination from the environ-
ment inside the instrument after every 10 samples.

Conversion to contents

Elemental and biochemical data were converted to 
elemental and biochemical contents as percentage 
of dry mass by dividing volumetric concentrations of 
the measured macromolecules and elements by the 
volume-normalized dry weights for each sample and 
multiplying by 100.

Statistical analysis

Statistical analyses of elemental and macromolecular 
pools in Chlamydomonas reinhardtii under different 
resource limitations and growth rates were performed 
using SigmaPlot (Systat Software, version 14.0.). All 
data sets passed a normality test (Shapiro–Wilk) and 

equal variance test (Brown–Forsythe) prior to fur-
ther analysis. To test for statistically significant differ-
ences, a two-way ANOVA with the factors resource 
limitation and growth rate was performed (File S1 in the 
Supporting Information), followed by pairwise multiple 
comparison tests (Tukey's HSD) of all treatments.

RESULTS AND DISCUSSION

We grew Chlamydomonas reinhardtii in chemostats 
to explore the phenotypic plasticity of elemental and 
macromolecular pools in response to growth rate and 
resource limitation.

Cell morphology

Changes in growth rate resulted in large changes in 
cell morphology. Under fast growth (80% μmax), cell dry 
weight (a proxy for cell size) was significantly smaller 
(Pairwise comparison Tukey's HSD p < 0.05) than at 
slow growth (20% of μmax), regardless of environmental 
resource limitation (Figure 1; File S2 in the Supporting 
Information: Figure S2.1 and Table S2). For most treat-
ments under slow growth, cell length was ~10 μm. The 
one exception was the low light treatment, in which 
cell sizes were more than threefold smaller and con-
verged on those observed in the fast growth treat-
ments (~7.5 μm length). Cell volume and width showed 
the same pattern (File S2: Figure S2.2). Similar ob-
servations have been made in green algae previously 
(Schlesinger et al., 1981). Under saturating light condi-
tions (which was the case in all our treatments except 
the low light), an inverse relationship between cell size 
and growth rate was observed. Similar to our findings, 
the study of Schlesinger et al. (1981) also noted that with 

F I G U R E  1   Relationship between dry weight per cell and growth rate, showing that cell size decrease depends on resource limitation 
and growth rate. (a) 60 μmol · m−2 · s−1, (b) 80:1 N:P ratio, (c) 6:1 N:P ratio, and (d) 16:1 N:P ratio.
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decreasing light intensity, the relationship between cell 
size and growth rate weakened. Variation in size affects 
numerous cell processes, including physiological rates 
and efficiency of resource acquisition. For example, in 
unicellular algae, variability in cell size has been shown 
to influence rates of metabolism (growth, photosyn-
thesis, and respiration), light absorption (Finkel, 2001; 
Raven, 1984), nutrient uptake, and cell nutrient quotas 
(Hein et al., 1995; Pasciak & Gavis, 1974). In spherical 
cells, decreases in size have been shown to increase 
the surface area to volume ratio, facilitating nutrient 
uptake and nutrient diffusion (Raven,  1984). Hence, 
in our experiments, the reduction in cell volume at 
faster growth likely reflected morphological acclimation 
by Chlamydomonas reinhardtii to maximize surface 
area to volume ratios in order to acquire limiting nutri-
ents. Small cells are more efficient in light harvesting 
(Raven, 1984), which might explain why we observed 
consistently small cells in the low light treatment. On 
the other hand, larger cells may be able to store more 
nutrients intracellularly, an acclimation that is potentially 
advantageous when growth conditions change (Finkel 
et al., 2010; Mei et al., 2009). This, however, is not con-
sistent with our data, as large cells showed lower N and 
P contents (% dry weight). As cell size is highly species 
dependent, the size to which cells converge under slow 
growth might be the smallest developmentally feasible 
size for a given genotype and thus might be a useful 
metric for trait-based approaches.

Macromolecular composition

Biomass composition can be described in terms of 
macromolecules, the major biochemical constituents 

that make up biomass. Here, we measured carbo-
hydrate, lipid, protein, RNA, DNA, chlorophyll, and 
ATP and could explain 61%–108% of total dry weight 
(Figure 2, File S3 in the Supporting Information: Figure 
S3.1). In general, a larger fraction of the cell dry weight 
could be accounted for in the measured macromo-
lecular pools under slow growth relative to fast growth. 
Carbohydrates, lipids, and protein were the most domi-
nant macromolecular pools measured across all growth 
rates and resource limitations (Figure 2). This is in line 
with other studies on microalgae (Finkel et al., 2016).

Chlamydomonas reinhardtii is known for its high lipid 
and carbohydrate content, which is why it is well-suited 
for biotechnological applications (Burlacot et al., 2019; 
Morales-Sánchez et al., 2020; Scaife et al., 2015). The 
observed range of macromolecules depended on both 
the type of limiting resource (light or nutrients) and 
growth rate, as well the interaction among resources 
and growth rate (p < 0.05, for details on individual mac-
romolecules, please see File S1: Table S1.1). The mac-
romolecular pool composition of cells grown under low 
light conditions was considerably different from other 
treatments, regardless of growth rate but especially 
for slow-growing cells. For example, cells grown in the 
low light treatment had elevated proportions of chlo-
rophyll, ATP, lipids, and RNA but lower carbohydrate, 
compared to other resource limitations (Figure  2) as 
discussed below. Despite our efforts to provide a com-
plete overview of the macromolecular constituents of C. 
reinhardtii, there were instances where less than 100% 
of the dry weight could be accounted for (Figure 2). We 
suspect unquantified cellular pools such as polyphos-
phates and biominerals (e.g., calcium and silica, mea-
sured as ash) could account for these discrepancies. 
Although elemental and macromolecular variability 

F I G U R E  2   Percentage of dry weight that can be explained by macromolecular pools. Error bars show standard deviation.
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among taxa is well documented (Finkel et  al.,  2010, 
2016), our observations illustrate the flexibility within a 
single strain with implications for future efforts that aim 
to explain elemental and macromolecular dynamics in 
aquatic systems.

Elemental composition and molecules

Like all living things, Chlamydomonas reinhardtii re-
quires a variety of essential elements to carry out 
cellular functions. To a large degree, the C, N, and P 
contents of C. reinhardtii reflected its macromolecu-
lar composition. Here, to assess variation in elemen-
tal composition, we measured biomass pools of C, N, 
and P, then normalized these elemental pools to both 
dry weight (Figure 3a–c) and cell abundance (File S3: 
Figure S3.2). We also calculated the contribution of 
each macromolecule to each of the three elements 
(Figure 4, File S4 in the Supporting Information: Figure 
S4; e.g., carbon bound in lipids), based on Sterner 
and Elser  (2002). Overall, the macromolecular pools 
explained 70%–90%, 34%–81%, and 46%–117% 
of the measured biomass C, N, and P, respectively 
(Figure  4). Carbohydrates, lipids, and protein them-
selves accounted for most (62%–84%) of the meas-
ured biomass C (Figure 4a–d). Contributions of these 
macromolecular pools varied with resource limitation, 

growth, and the interactions between these factors 
(File S4: Table S4).

Carbon and C-rich molecules

Carbon is a fundamental component of all organic 
molecules. Previous studies have found that cellular 
C content (% dry mass contributed by C) of organ-
ismal biomass is up to 10-fold less variable than P 
(Andersen & Hessen, 1991; Elser et al., 1996; Sterner 
& Elser,  2002). Consistent with this, cellular C con-
tents (% dry weight) were relatively stable across re-
source (F = 2.11, p = 0.125) and growth rate (F = 1.24, 
p = 0.276), ranging between 44% and 53% (Figure 3a), 
considerably less variable than N and P contents. As 
expected, the major macromolecules constituting total 
C in Chlamydomonas  reinhardtii were carbohydrates 
and lipids (Figure 4a–d).

Lipids are important components of cellular mem-
branes and are precursors for signaling molecules 
(Arts et  al.,  2009). Together with carbohydrates such 
as starch and sugars, these two macromolecular pools 
can serve as energy reserves. Except for in the low light 
treatment, variation in the contribution of carbohydrates 
explained a large fraction (47%–52%) of the variabil-
ity across treatments in biomass C (Carbohydrate-C) 
at slow-growth rates (Figure  4a–d). In the low light 

F I G U R E  3   Elemental pools of carbon (a), nitrogen (b) and phosphorus (c) normalized to dry weight in Chlamydomonas reinhardtii in 
response to growth rate and resource limitation. Molar ratios of these key elements to each other are depicted in (d–f). The horizontal line in 
(d–f) shows the Redfield ratio for orientation.
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F I G U R E  4   Percentage of elements carbon (a–d), nitrogen (e–h), and phosphorus (i–l) explained by different macromolecular 
pools. Macromolecules are depicted only when the respective elements explained at least 15% of the total elemental pool measured. 
Macromolecules such as RNA, DNA, chlorophyll, and ATP are summed up, depending on treatment, as others (gray). See File S4 for 
additional information. Error bars show standard deviation.
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treatment, lipids explained most of the biomass C 
(Lipid-C), and generally, across all treatments explained 
10%–39%. At slow growth, there was significantly more 
lipid-C and less carbohydrate-C contributing to total C 
than in any of the other treatments (Pairwise compar-
ison Tukey's HSD, p < 0.001). These differences par-
tially disappeared at fast growth (Figure 4a–d).

The differential allocation of C into carbohydrates 
versus lipids that we observed here under low light 
conditions had previously been documented mainly 
under environmental stress. An increase in lipid con-
tent could often be seen in N-depleted environments 
(Dean et al., 2010; James et al., 2011). In our experi-
ments, the highest lipid and lowest carbohydrate con-
tents were observed in slow-growing cells under low 
light (Figure 2a). However, in fast-growing cells, cellu-
lar lipid pools increased, and carbohydrate pools de-
creased in all other resource limitations and reached 
similar proportions to those found under low light con-
ditions. While biomass C content did not differ, our 
results imply a shift between storing C (energy) in car-
bohydrates versus lipids, depending on growth rate 
and resource limitation. This trade-off may be due to 
differences in the energetics of lipid versus carbohy-
drate synthesis and use. In Chlamydomonas reinhardtii 
alterations in energy management pathways have been 
found to influence biomass content and composition 
(Burlacot et al., 2019). This might reflect the energetic 
investment required for lipid synthesis relative to car-
bohydrates, with lipid synthesis being more energeti-
cally costly (Johnson & Alric,  2013). Although lipids 
return more cellular energy (in the form of ATP) per C 
atom than carbohydrates when oxidized, the net en-
ergy return (inclusive of energy invested in synthesis) 
is lower (Johnson & Alric, 2013). When C. reinhardtii is 
grown photoautotrophically (i.e., with light as an energy 
source and CO2 as the sole C source), carbohydrate 
synthesis appears an efficient way to store C (Johnson 
& Alric, 2013). In contrast, the synthesis of fatty acids, 
a precursor intermediate to lipids, represents a signifi-
cant loss of C, as one third of the fixed C is lost during 
synthesis (Johnson & Alric,  2013). Hence, while car-
bohydrates represent a better form of C storage than 
lipids, the energy return upon lipid oxidation (~6.7 ATP 
equivalents per carbon atom) is greater than for carbo-
hydrate oxidation (~5.3 ATP equivalents per C; Johnson 
& Alric, 2013). Synthesizing lipids rather than carbohy-
drates therefore appears to be a useful strategy when 
C is not limiting but energy is, for example, in our low 
light treatments.

Protein was also a large contributor to cellular C 
pools and accounted for a larger fraction of biomass 
C at fast growth than under slow growth. The highest 
contribution of protein to biomass C pools was ob-
served in the balanced N:P treatment at fast growth 
(26%). At slow growth, the contribution of protein to bio-
mass C was less variable among the different resource 

limitations. That we observed the highest contribution 
of protein to C (Protein-C) was perhaps not unexpected, 
since faster growth likely requires higher concentra-
tions of ribosomal proteins and enzymes (Sterner & 
Elser, 2002). In other algae, protein has been observed 
to be the largest contributor to cellular C, ranging from 
31% to 43% (Ebenezer et al., 2022; Finkel et al., 2016). 
This demonstrates the high variability of protein content 
across different algal species. Other macromolecules, 
such as RNA, chlorophyll a, DNA, and ATP only con-
tributed <10% of the biomass C (File S4: Figure S4a–
c), regardless of the growth rate or resource limitation, 
in line with other studies (Ebenezer et al., 2022, Finkel 
et al., 2016).

Nitrogen and N-rich macromolecules

Nitrogen is a crucial constituent of proteins and is also 
required to produce nucleic acids and chlorophyll. 
Chlamydomonas reinhardtii can assimilate N from vari-
ous sources, including amino acids, nitrate, ammonium, 
and urea, depending on the availability in the environ-
ment (Bellido-Pedraza et al., 2020; Harris et al., 2009). 
Here, we provided N only as nitrate. Cellular growth 
based on nitrate versus other forms of N has been 
shown to critically influence different aspects of pho-
tophysiology (Gérin et al., 2016). In contrast to cellular 
C, cellular N content was more responsive to changes 
in growth rate and resource availability, with %N and 
varying up to 4.5-fold (Figure 3b). The percentage of N 
shifted significantly in response to growth rate (F = 106, 
p < 0.001), resource limitation (F = 21.7, p < 0.001), and 
their interaction (F = 12.8, p < 0.001). A notable ex-
ception was found in the low light treatment, in which 
%N was highest and did not change with growth rate 
(Pairwise comparison Tukey's HSD, p = 0.232).

Nitrogen is an important component of light-harvesting 
pigments; chlorophyll, for example, contains 6.5% N by 
mass (Sterner & Elser,  2002). The major pigments of 
green algae are chlorophyll a and b (Nozaki, 2015). Here, 
under low light conditions, all available dissolved N was 
likely taken up, since production of light-harvesting pig-
ments is typically mobilized under low light conditions 
(Lewitus & Caron, 1990). In line with that, we observed 
the highest chlorophyll a content in the low light treatment 
at both growth rates (Figure 2 and File S4: Figure S4). 
Unfortunately, we did not quantify chlorophyll b. However, 
the most nitrogen-rich macromolecule typically is pro-
tein (Sterner & Elser, 2002). In our study, we quantified 
several N-containing macromolecular pools, including 
protein, chlorophyll, RNA, DNA, and ATP (Figure 4e–h, 
File S4: Figure S4e–h). Indeed, protein (22%–64%), was 
the macromolecule that explained most of biomass N in 
Chlamydomonas reinhardtii, followed by RNA (5%–13%; 
Figure 4e–h). Protein contributions varied with resource 
(F = 19.4, p < 0.001), growth rate (F = 45.5, p < 0.001), and 
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their interaction (F = 27.5, p < 0.001). We expected faster 
growing cells to have higher cellular N content due to 
the increased need for enzymes to support rapid growth 
(Brown, 1991; Sterner & Elser, 2002). Consistent with this, 
biomass N contents generally increased at faster growth 
(Figure 3b), but the fraction of N that we could attribute 
to nitrogenous macromolecules, including protein, was 
similar (Figure 4e,f) or even lower (Figure 4g,h) at fast 
growth (accounting for ~40% of biomass N). There were 
no statistical differences in the estimated contributions 
of protein to biomass N pools across all treatments at 
fast growth (Pairwise comparison Tukey's HSD, p > 0.05). 
Hence, we are not able to explain why and how biomass 
N content increased with fast growth. We suspect that, 
under rapid growth, C. reinhardtii accumulates significant 
amounts of N in forms or pools that we did not measure, 
such as inorganic N. Indeed, considerable intracellu-
lar storage of inorganic N at fast growth has been ob-
served previously (Collos & Berges, 2003; Cunningham 
& Maas,  1978). It has previously been suggested that 
fast-growing cells are not as severely limited by nutrient 
supply as slow-growing cells (Boer et al., 2010). Our data 
confirm this expectation, as slow-growing cells appear 
more susceptible to nutrient limitation than rapidly grow-
ing cells, potentially enabling intracellular accumulation 
of N at fast growth rates. However, there are also studies 
demonstrating that, at slow growth rates, excess uptake 
(also known as luxury uptake) of the non-limiting nutri-
ents can lead to cellular N:P ratios that match the supply 
N:P ratios (Rhee, 1978) while at higher growth rates, the 
cellular N:P converges (Elrifi & Turpin,  1985; Goldman 
et al., 1979), eventually reaching an “optimal” N:P under 
exponential growth (Hillebrand et al., 2013; Klausmeier 
et al., 2004). Whether or not C. reinhardtii relies more on 
luxury N at fast or at slow growth needs further investiga-
tion, including studies quantifying intracellular inorganic 
and organic N pools.

Phosphorus and P-rich macromolecules

Phosphorus is an essential element for energy and 
electron transfer (in ATP and NADPH), for construc-
tion of nucleic acids, and for membrane structure. 
Chlamydomonas reinhardtii generally obtains P as 
phosphate (PO4

3−) present in the environment (Harris 
et al., 2009). In contrast to cellular C but similar to cel-
lular N, cellular P contents (Figure 3c) were highly re-
sponsive to changes in growth rate (F = 142, p < 0.001) 
and resource availability (F = 30, p < 0.001), with %P 
varying up to 6.5-fold. We measured the P-containing 
macromolecules RNA, DNA, and ATP, and although 
these pools were estimated to explain the major-
ity of biomass P at slow growth (ranging 69%–117%), 
these macromolecular pools only explained 46%–
64% of the measured biomass P pools at fast growth 
(Figure 4i–l). Cellular pools of RNA accounted for the 

majority (43%–58%) of biomass P (RNA-P), with this 
contribution varying with resource limitation (F = 18.5, 
p < 0.001), growth (F = 202.4, p < 0.001), and their inter-
action (F = 21, p < 0.001; File S1: Table S1.3). The ques-
tion therefore arises about which cellular P pools other 
than RNA account for increased P content under fast 
growth. Phosphorus bound in DNA and ATP together 
explained less than 6% of total organismal P under fast 
growth (File S4: Figure S4i–l). One possibility is phos-
pholipids, in which phosphate is esterified to the sn-3 
position of the glycerol backbone (Arts et al., 2009). We 
did not directly quantify phospholipids, but our meas-
urements of total lipids can be used to constrain the P 
contained in phospholipids. Assuming that phospholip-
ids make up ~2% of dry weight (Taipale et al., 2015), 
this would suggest that between 8% and 11% of the 
total lipids that we measured under fast growth would 
be in the form of phospholipids. Phospholipids contain 
4.2% P (Sterner & Elser,  2002). Hence, we estimate 
that biomass P potentially attributable to phospholip-
ids under fast growth conditions varied between ~13% 
(low light), ~16% (low N:P), ~25% (balanced N:P), and 
~48% (high N:P). Similar contributions of phospholipids 
in explaining total organismal P have been found pre-
viously in marine phytoplankton (20%–60%, Ebenezer 
et  al.,  2022). Microalgae are also capable of luxury 
P uptake, resulting in intracellular accumulation of P 
pools. The bulk of P acquired during luxury uptake ap-
pears to be stored as polyphosphates (Solovchenko 
et al., 2019). Hence, the additional “missing” P in our ex-
periments might have been present in polyphosphates. 
Polyphosphates are ubiquitous in microalgal cells, car-
rying out multiple functions (Solovchenko et al., 2019; 
Zhu et al., 2015), and are known P reserves in C. rein-
hardtii (Plouviez et al., 2022; Werner et al., 2007). After 
lipids, polyphosphates have been found to be the sec-
ond largest P pool in marine phytoplankton, contribut-
ing ~ 20% of cellular P (Ebenezer et al., 2022).

In Chlamydomonas reinhardtii, the supply of dis-
solved P in the media has been documented to influ-
ence luxury uptake of P, while light supply does not 
(Plouviez et al., 2023). Our data however suggest an 
association between luxury P accumulation and growth 
rate, rather than dissolved P or light supply. This re-
lationship should be investigated further. Regardless, 
here it appears that there is a substantial allocation of P 
either to lipids or polyphosphates (together potentially 
~35%–70% of total organismal P) that is growth rate 
dependent. These pools could account for as much 
biomass P as RNA (~40%–60% of biomass P).

In summary, measurements of macromolecular pools 
revealed that carbohydrates, lipids, protein, and nucleic 
acids explained between 60% and 80% of the measured 
cell dry weight, with particularly large variations observed 
in carbohydrates, lipids, and proteins depending on re-
source limitation and growth rate. Variations in carbo-
hydrate and lipid appeared to underlie changes in cell 
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cellular C, with carbohydrates often accounting for up-
ward of 60% of the cellular C quotas in slow-growth treat-
ments. Intriguingly, measured cell protein and nucleic 
acids generally accounted for <50% of the cell N quota, 
suggesting an unquantified source of cellular N. Cellular 
P quotas were dominated by P in RNA, and RNA content 
generally varied with growth rate. However, although the 
proportion of RNA in cell dry mass did generally increase 
with growth rate, RNA often accounted for a greater frac-
tion of cellular P pools under conditions of slow growth, 
contrary to expectations. This indicates that fast-growing 
cells disproportionately accumulated P into an unquanti-
fied cellular pool.

Elemental stoichiometry

Here, to assess variation in elemental stoichiometry 
of Chlamydomonas reinhardtii cells, we calculated the 
molar ratios of C, N, and P (Figure 3d–f). As described 
above, the relatively invariant cellular C contents, to-
gether with more variable N and P contents, resulted in 
large variations in cellular elemental ratios (Figure 3d–
f). At slow-growth rates, C:P ratios varied from 175 
to 971, C:N ratios from 4.5 to 25, and N:P ratios from 
near Redfield (15.1) up to 61.2 (Figure 3d–f). Both C:P 
and C:N ratios tended to be elevated at slow growth 
relative to rapid growth (Figure 3d–f), with the stoichi-
ometry of faster growing cells often approaching the 
Redfield ratio (Figure 3d–f). Eukaryotic phytoplankton 
are known to exhibit considerable stoichiometric plas-
ticity, with nutrient availability being important drivers of 
C:P and C:N ratios (Tanioka & Matsumoto, 2020). Here, 
we show that both growth rate and resource limitation, 
as well as their interaction, drive C. reinhardtii C:N:P 
stoichiometry (all p < 0.001, for F values please see 
File S1: Table S1.2). Notably, elemental stoichiometry 
was relatively constant for cells grown under low light 
conditions (regardless of growth rate; Figure  3d–f). 
To the best of our knowledge, this has not been ex-
plicitly studied in C. reinhardtii, but other studies have 
reported different effects of low or limiting light condi-
tions on elemental ratios (Finkel et al.,  2010; Hessen 
et al., 2002; Leonardos & Geider, 2004). For example, 
in line with our findings, the green algae Selenastrum 
capricornutum, has been reported to increase elemen-
tal ratios (C:P and C:N) from low light conditions to the 
same light intensity we used here (200 μmol photons · 
m−2 · s−1; Hessen et al., 2002).

Implications for the growth 
rate hypothesis

A key component of the theory of ecological stoichi-
ometry is the growth rate hypothesis (GRH; Elser 
et  al.,  2000, Sterner & Elser,  2002). The GRH states 

that variation in organismal stoichiometry (in particular, 
C:P and N:P ratios) is driven by growth-dependent al-
location to P-rich ribosomal RNA that leads to dispro-
portionate increases in biomass P content (relative to 
N content). The GRH was originally formulated to help 
explain observed differences in C:N:P ratios of differ-
ent species of zooplankton (Andersen & Hessen, 1991; 
Elser et al., 1996; Sterner et al., 1992) and has since 
been applied across a wide range of organisms (Hessen 
et al., 2013; Isanta-Navarro et al., 2022). Specifically, the 
GRH proposes first that, under rapid growth, biomass P 
content (percentage of dry mass) increases dispropor-
tionately relative to C and N contents, and thus C:P and 
N:P ratios are lower under rapid growth. Second, the 
GRH proposes that this increase in P content reflects 
a disproportionate increase (relative to other macromo-
lecular pools) in allocation to P-rich RNA. Thus, under 
the GRH, it is also expected that RNA-P (the percentage 
of organismal P that can be explained by P in RNA) in-
creases with faster growth, as has been shown in some 
cases (Elser et al., 2003). However, our data show that 
in Chlamydomonas reinhardtii, the different compo-
nents of the GRH differed in their robustness. The most 
reliable component was the first, that %P of organismal 
biomass increases with faster growth, which was true 
under all resource manipulations that we tested here 
(Figure 3c). We found %C to be least variable across 
all treatments and thus conclude that %P was driving 
changes in C:P. However, we also found that %N typi-
cally increased with growth rate. As a result, the de-
crease in biomass N:P ratios predicted by the GRH was 
only observed under the low light and high N:P treat-
ments. RNA content increased with faster growth under 
all resource limitations but not the low light treatment. 
Hence, our observations (Figure 2a–d) are largely con-
sistent with the predictions of the second component of 
the GRH. However, contrary to expectations that follow 
from the GRH, the contribution of RNA to biomass P 
pools did not increase in any of the resource manipu-
lations. Instead, the fraction of P content explained by 
the contribution of P contributed by RNA decreased 
with faster growth in all treatments (Figure 4i–l). Taken 
together, these observations indicate that with faster 
growth, C. reinhardtii accumulates P in an intracellular 
pool we did not measure. Moreover, this pool appears 
to increase with growth rate even more than cellu-
lar RNA pools. We suspect this may reflect accumu-
lation of a storage molecule, such as polyphosphate, 
during periods of rapid growth. We conclude that the 
utility of the GRH and its proposed mechanisms are 
context-dependent in photoautotrophic C. reinhardtii. 
Specifically, our results indicate that the GRH is most 
robust under high N:P and performs worst under low 
light conditions, helping to clarify the domain of condi-
tions under which the GRH holds or fails to hold, an 
important goal identified by previous authors (Hessen 
et al., 2013, Isanta-Navarro et al., 2022).
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CONCLUSIONS

To summarize, we observed that this genotype of 
Chlamydomonas harbors considerable ability to dy-
namically adjust levels and composition of elemental 
and macromolecular pools in its biomass. Elemental 
contents in C. reinhardtii varied depending on the 
growth rate but were also influenced by growth con-
ditions such as chemical and physical parameters of 
the growth environment. Low light conditions led to the 
largest changes in cellular macromolecular composi-
tion. This might be of particular note in understanding 
the potential range of biochemical and stoichiometric 
composition of algae growing during low light condi-
tions, such as those found at depth or in turbid waters 
where light is absorbed quickly. Understanding the el-
emental and macromolecular plasticity of C. reinhardtii 
and other photoautotrophs will be important for eluci-
dating how physiological adjustments in response to 
changing environmental conditions influence resource 
use and ultimately impact higher trophic levels and bio-
geochemical cycling.
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