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Abstract
Chloropicophyceae (Prasinophyte Clade VII) are small nonmotile coccoid cells with cell diameters ranging

from 1 to 3 μm. Molecular surveys indicate they are relatively high in abundance in moderately oligotrophic
oceanic waters and may substantively contribute to biogeochemical cycling in the sea. Here, we quantify the
elemental and macromolecular composition of three subtropical Chloropicophyceae strains: Chloropicon mari-
ensis, Chloropicon maureeniae, and Chloropicon roscoffensis under nutrient-sufficient exponential growth and
nitrate starvation. Under nutrient-sufficient conditions the Chloropicophyceae are high in C : N and quite low
in C : P and N : P relative to the canonical Redfield ratio, reflecting their relatively high nucleic acid composition
compared to many other phytoplankton taxa. Nitrate starvation causes increases in C : N and C : P and
decreases in N : P, primarily due to increases in carbohydrate and lipid and decreases in protein and RNA. There
is genetic evidence that unlike most other green algae, Chloropicophyceae are diploid. The high nucleic acid
content in the Chloropicon is consistent with the hypothesis that the nucleus, as a nonscalable component, takes
up a larger and substantial proportion of cell mass in diploid picoeukaryotes. The elemental and macromolecu-
lar composition of these Chloropicophyceae, and relatively homeostatic response to N-starvation compared to
diatoms, provides some insight into their success in the moderately oligotrophic ocean.

Photosynthetic picoeukaryotes, characterized by a cell diame-
ter between 0.2 and 3 μm, are common in the sea surface
(Worden and Not 2008; Freitas et al. 2020) and often contribute
substantively to primary productivity in moderately oligotrophic
regions (Not et al. 2004; Lepére et al. 2009; Massana et al. 2011).
Chlorophyta are common constituents of marine photosyn-
thetic picoeukaryotes communities (Simmons et al. 2016; Tragin
and Vaulot 2019). Micromonas, Bathycoccus, and Ostreococcus,
class Mamiellophyceae, tend to be most abundant in the coastal
regions (Not et al. 2004; Karlusich et al. 2020), although they
can also be found in open ocean regions (Joli et al. 2017;

Leconte et al. 2020). By contrast, the relatively newly described
class Chloropicophyceae (Prasinophyte Clade VII) tend to be the
more dominant Chlorophyta in moderately oligotrphic waters
(Lopes dos Santos et al. 2016, 2017a,b; Karlusich et al. 2020).
Based on metabarcode data from the Tara expedition, the Chlo-
rophyta sequences constitute an average of 16–20% of the pho-
tosynthetic sequences in the sea surface and deep chlorophyll
maximum in the 0.8–5 μm size fraction (Lopes dos Santos et al.
2017a; Carradec et al. 2018). The Chloropicophyceae represent a
majority of the Chlorophyta sequences in these samples, up to a
maximum of 99.9% (Lopes dos Santos et al. 2017a).

Chloropicophyceae are nonmotile coccoid cells, mostly
1.5–3 μm in diameter, have a single nucleus, mitochondria, and
chloroplast with a starch grain, and a suite of carotenoids that
includes violaxanthin, lutein, astaxanthin or antheraxanthin,
but lack prasinoxanthin which is present in several other small
marine green phytoplankton taxa including Ostreococcus (Lopes
dos Santos et al. 2017a). The Chloropicophyceae have been
divided into 10 clades (A1–A7, B1–B3) and two genera:
Chloropicon (Clade A) and Chloroparvula (Clade B) (Lopes dos
Santos et al. 2017b). Few morphological or ultrastructural
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features differentiate Chloropicon from Chloroparvula although
Chloropicon species are more likely to have a fibrous vs. smooth
cell wall, a larger starch grain, and granules within the cytoplasm
(Lopes dos Santos et al. 2017b). The specific niches of the Chlo-
ropicophyceae clades are not yet well characterized, but they
have been found in latitudes ranging from 34�S to 60�N (Lopes
dos Santos et al. 2017b; Vorobev et al. 2020).

A characterization of the physiology, macromolecular, and
elemental composition of the Chloropicophyceae is needed to
improve our understanding of their contribution to the
marine food web and elemental cycling (Galbraith and Mar-
tiny 2017; Inomura et al. 2020). At present, we have some
physiological, elemental, and biochemical data on key
Mamiellophyceae taxa (Halsey et al. 2014; Garcia et al. 2018;
Liefer et al. 2019), but there is comparatively less information
on the Chloropicophyceae. Lopes dos Santos et al. (2017b) in
their description of the Class characterized their ultrastructure,
pigment content, and DNA content. Lemieux et al. (2019)
determined that Chloropicon primus differs in several key genes
and pathways from the Mamiellophyceae, and unlike the
Mamiellophyceae and most other unicellular green algae,
C. primus is diploid. Here, we quantify the C : N : P and macro-
molecular composition of three subtropical strains of Chloro-
picophyceae under exponential nonlimiting conditions and
nitrogen starvation conditions to better understand the
impact of their small size and diploidy on their macromolecu-
lar and elemental composition. We hypothesize that diploidy
and very small size constrains Chloropicophyceae to be high
in DNA, and therefore cellular phosphorus, relative to similar
sized haploids such as the Mamiellophyceae or larger eukary-
otic phytoplankton such as diatoms (Raven 1994; Raven
et al. 2005). Furthermore, we hypothesize that a C-rich wall
and high surface area to volume may result in relatively high
C : N relative to larger eukaryotic phytoplankton, especially as
compared to diatoms with their Si-based wall (Raven 1994;
Finkel et al. 2016). Finally, we hypothesize that due to both
their small size and adaptation to moderately oligotrophic
regimes (Lopes dos Santos et al. 2017b), open-ocean Chloro-
picophyceae may exhibit less change in their elemental and
macromolecular composition in response to nitrogen starva-
tion than coastal Mamiellophyceae and rapidly growing dia-
tom taxa (Garcia et al. 2018; Liefer et al. 2019).

Materials and methods
Species and culture conditions

The species studied here, Chloropicon mariensis (strain
RCC138, clade A2), Chloropicon maureeniae (strain RCC3374,
clade A7), and Chloropicon roscoffensis (strain RCC3375, clade
A5), were obtained from the Roscoff Culture Collection (RCC).
The three species are pelagic and were isolated from the oligo-
trophic Pacific Ocean (22.75�N, 158.00�W, Station ALOHA).
All the strains were maintained under an irradiance of
100 μmol photons m�2 s�1 with a 12 h : 12 h light : dark

cycle, temperature of 22�C, pH of 8.1, and a salinity of 32.
The cultures were grown in the media used to maintain the
strains in the culture collection (RCC). C. maureeniae was
grown in K media (Keller et al. 1987) in an enriched artificial
seawater water base (ESAW) following Berges et al. (2001) with
sodium nitrate (882 μM) and ammonium chloride (50 μM)
used as the N source and disodium β-glycerophosphate
(14.2 μM) used as the P source. C. mariensis and C. roscoffensis
were grown in f/2 (Guillard and Ryther 1962) with an ESAW
base with sodium nitrate (882 μM) used as the N source and
sodium dihydrogen phosphate (36 μM) as the P source. Cul-
tures were maintained in exponential growth in semi-
continuous batch cultures in 5-L glass bottles containing 4.5 L
of media. The cultures were manually shaken gently twice a
day, as the cultures responded negatively to vigorous mixing.
Cultures were maintained in triplicate, kept optically thin
(between a minimum cell density of 50, 000 cells mL�1 and a
maximum cell density of 1,400,000 cells mL�1), in exponen-
tial growth phase, in nutrient-replete conditions for a mini-
mum of 10 generations to acclimate them to their conditions
before sampling and the initiation of the nitrogen starvation
treatment as well as to determine their resource-replete growth
rate. Preliminary batch experiments were conducted to deter-
mine the range of cell densities required to keep the cultures
in exponential, resource-replete conditions for the nutrient-
replete component of the experiment. The pH of the medium
was monitored with a VWR sympHony benchtop meter.

Cell volume estimation
Samples for cell volume were collected from each replicate

bottle in replete exponential growth and over the nutrient star-
vation treatment. Immediately after sampling, cells were pre-
served in Lugol’s solution at room temperature, and after 3–4 h,
images of a minimum of 100 cells were taken at �100 magnifica-
tion using a Zeiss Axioimager A1 (Zeiss, Oberkochen, Germany).
Cell diameter was measured from the images, calibrated with a
Zeiss micrometer, using ImageJ (Schneider et al. 2012). Cell vol-
ume was calculated assuming the cells were spheres.

Cell counts and growth rate
Samples to monitor the cell density of Chloropicon and bac-

teria in the cultures were taken from each bottle replicate, on
each harvesting day. Samples were preserved with 1% formal-
dehyde and then stored at �20�C until analyses. Before analy-
sis the samples were thawed and 10% SYBR Green-I was added
to 1 mL of the sample (to help detect the bacteria) and incu-
bated at room temperature in the dark for 15 min. The cell
densities of the phytoplankton and contaminating bacteria
were measured with a BD Accuri C6 flow cytometer as
described by Marie et al. (2005), with 3-μm fluorescence beads
(Fluoresbrite Fluorescent Microspheres) used as an internal
standard. A subset of Chloropicon cell density estimates were
compared to counts made using a hemocytometer and light
microscope (ZEISS Axioimager A1) at �40 magnification; the
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difference in cell density estimates was less than 20% between
the methods. The exponential growth rate was monitored
from the changes in cell density over the 10 generations prior
to the initiation of the nitrate starvation treatment, and varied
over time by less than 10%.

The nitrogen starvation treatment
Acclimated nutrient-replete cultures in triplicate bottles

were sampled and then diluted to 50,000 cell mL�1 into media
(as described above for each of the species) with no nitrogen
added (Supporting Information Fig. S1). A small amount
of residual nitrogen was transferred with the cells into the N-
starvation treatment, but dissolved nitrogen in the media was
monitored and was undetectable by Day 9 of the starvation
treatment (Supporting Information Fig. S2). Samples were col-
lected daily for cell counts and the decline in growth rate (μ)
was estimated from the daily change in cell density
(Supporting Information Fig. S2). Samples were collected by
gentle filtration (2.45 psi) from each replicate bottle the first
day of the treatment (Day 0) and then 7, 9, 12, and 15 d into
nitrate starvation for: particulate elemental analysis including
carbon (C), nitrogen (N), total particulate phosphorus (TPP),
and intracellular phosphorus (IP); macromolecular analyses
including bulk protein, carbohydrate, lipid, and phosphorus
associated with the lipid fraction, RNA, DNA, chlorophyll
a (Chl a), and polyphosphate; and the filtrate was taken from
these samples to monitor inorganic nitrogen and phosphorus
concentration in the media. A set of preliminary experiments
established that precombusted (4 h at 450�C) GF/F filters and
0.6-μm pore sized 47-mm Whatman Nucleopore polycarbon-
ate membrane filters provided similar, high harvesting effi-
ciencies for Chloropicophyceae cells and minimized the
number of bacteria captured on the filters (Supporting
Information Fig. S3). Samples for elemental analysis (C, N,
and P), carbohydrate, lipid, Chl a, and polyphosphate were
collected on precombusted GF/F filters. To differentiate
between intracellular and extracellular phosphorus two sam-
ples were taken, one rinsed with unenriched ESAW and the
other with an oxalate reagent (Tovar-Sanchez et al. 2003) to
remove surface adsorbed P. Samples for protein, RNA, and
DNA were collected on 0.6-μm pore sized 47-mm Whatman
Nucleopore polycarbonate membrane filters. Samples for ele-
mental analysis, Chl a, and polyphosphate were stored imme-
diately at �20�C. Samples for macromolecular analyses were
immediately placed in liquid nitrogen and then stored at
�80�C until analysis. Prior to analysis, all the samples were
freeze-dried overnight (FreeZone 2.5 L �50�C Benchtop Freeze
Dryers, LABCONCO). Dissolved nutrient samples were stored
in the freezer at �20�C until analysis.

Dissolved nutrient and particulate elemental analyses
Dissolved nitrate and phosphate was monitored through-

out the N-starvation treatment from the culture media filtered
through GF/F precombusted filters. Nitrate was analyzed using

a 42iQ NO–NO2–NOx Analyzer (Thermo Scientific). Phosphate
was measured using a SEAL AutoAnalyzer 3 HR following the
phosphomolybdate method specified by the manufacturer.
For particulate carbon and nitrogen analyses, culture biomass
and blanks on precombusted GF/F filters were dried at 60�C
for 2 d, pelleted in pressed tin capsules, and analyzed with a
UNICUBE Vario MICRO cube elemental analyzer. Precision on
%N and %C is 0.5%. For TPP and IP analyses, samples on
precombusted GF/F filters were dried with 2 mL 0.017 M
MgSO4, combusted at 500�C for 6 h and then digested by
0.2 M HCl at 90�C for 30 min (Solorzano and Sharp 1980).
Phosphorus was quantified using an ammonium molybdate
method (Chen et al. 1956), modified for a microplate reader
(Varioskan LUX multimode) (Liefer et al.

Macromolecular analyses
Extraction and analysis for protein follows methods

described in Ni et al. (2017). In brief, protein samples on poly-
carbonate filters (0.6 μm) were extracted by bead milling
(FastPrep Lysing Matrix D) in 1� protein extraction buffer
(lithium dodecyl sulfate, pefabloc, and Tris). Bead milling was
performed four times for 1 min at 6.5 ms�1, with samples
placed on ice for 2 min between each round of bead milling to
prevent degradation by heating. Extracted protein was then
quantified using the BioRad DC Assay and microplate reader
(Varioskan LUX). Bovine gamma globulin was used as a stan-
dard. Carbohydrate samples on precombusted GF/F filters were
hydrolyzed in H2SO4 (1 M) at 100�C for 1.5 h for C. mariensis
and C. maureeniae and 2 h for C. roscoffensis. The extracted car-
bohydrate was measured with phenol sulfuric acid following
Dubois et al. (1956), using a microplate reader. Glucose was
used as the standard. Lipid samples on GF/F were extracted
and purified using a modified Folch et al. method (Folch
et al. 1957; Liefer et al. 2019). Prior to the addition of the
Folch reagent (2:1 chloroform-methanol v/v), 100 μl water of
Millipore water (Liefer et al. 2019) was added, the samples
were rapidly frozen and rethawed twice before the addition of
2 mL of the solvent, vortexed (VWR Analog Vortex Mixer),
and then sonicated using a sonication bath. To enhance
extraction, the procedure was repeated four times and the
extracts were pooled. The extract was filtered to remove non-
lipid substances. KCl of 0.88% was added to the filtrate to
form a biphasic system. The lower phase with extracted lipids
was collected and dried under N2 gas flow. The acid-
dichromate method was used to quantify the extracted lipid
(Pande et al. 1963). Next, 500 μL of 0.15% acid-dichromate
was added to the dried sample. Glyceryl tripalmitate was used
as the standard. The absorbance was read at 348 nm (Hu and
Finkel 2020b). DNA and RNA were extracted from samples on
polycarbonate filters by bead milling (FastPrep Lysing Matrix
D) using an extraction buffer that included 0.5% n-lauryl
sarcosine, 5 mM Tris, and 1 mM EDTA four times for 30 s at
6.5 m s�1, with samples placed on ice for 2 min between each
round of bead milling. The homogenate was centrifuged
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(Eppendorf Centrifuge 5424 R) at 12,000 rpm for 5 min, the
supernatant vortexed (VWR Analog Vortex Mixer) for 60 min
at room temperature. Aliquots of extracts for each sample were
treated with RNase, DNase, and RNase + DNase, and stained
with SYBR Green II. RNA and DNA were then determined by
SYBR Green II fluorescence, with corrections applied based on
the background fluorescence present after nuclease treatment.
RNA was quantified against an Escherichia coli ribosomal RNA
standard (Ambion #7940) and DNA was quantified against a
Type IX calf thymus DNA standard (Sigma# D4522). RNA and
DNA fluorescence were determined in a 96-well opaque black
microplate. The nucleic acid estimation method used is a
modified version of Berdalet et al. (2005). Intracellular
polyphosphate (poly-P) was estimated using a modified ver-
sion of the 40,6-diamidino-2-phenylindole (DAPI) method
described by Aschar-Sobbi et al. (2008) and Martin and Van
Mooy (2013), as described in Hu and Finkel (2020a). Tris
buffer was added to freeze-dried samples on pre-combusted
GF/F filters, sonicated, and kept in a boiling water bath for
15 min. This extraction process was repeated 8–10 times, the
extracts were pooled and centrifuged (Eppendorf Centrifuge
5424 R) at 12,000 rpm for 5 min, then DAPI was added and
poly-P quantified using an opaque black microplate and
microplate reader. A lid with a black film is used to avoid pho-
tobleaching DAPI-stained samples and then removed before
the microplate measurement. Analytical grade sodium
polyphosphate (poly-P) was used as a standard.

Data analysis
The percentage of carbon, nitrogen, and phosphorus

contributed by macromolecules were computed from the
elemental composition of biochemical classes compiled
by Geider and LaRoche (2002), Sterner and Elser (2002)
for RNA and DNA, and Jeffrey et al. (1997) for Chl a. Ele-
mental and macromolecular ratios under replete condi-
tions were scaled by the average ratio across all three
Chloropicon spp. (reported as “Scaled ratio”) to facilitate
comparisons to two species of diatoms and two species of
Mamiellophyceae from a study that used the same
methods to determine elemental and macromolecular
composition (Liefer et al. 2019). We also computed the
elemental and macromolecular ratios after 12 d of N star-
vation relative to the observed ratios under replete condi-
tions (reported as “N starved/replete”). To compare
elemental ratios across Chloropicon spp., we performed an
ANOVA on the log ratios followed by a Tukey Honest Sig-
nificant Difference test to perform pair-wise t-tests. Means
and confidence intervals for all ratios were computed on
the log ratios but transformed back to their natural scale
for reporting. All data analyses were performed using the
statistical software R version 4.0.3. Error estimates pro-
vided in figures, results and the discussion are one stan-
dard deviation, unless otherwise noted.

Results
Growth rate, C, N, P composition, and cell volume under
resource-replete and N-starvation conditions

The data for all replicates are deposited at figshare.org
(Ebenezer et al. 2021).

Cellular C, N, and P contents were measured under resource-
replete exponential growth (Day 0) and over several days of
increasing nitrogen starvation (Days 7, 9, 12, and 15) (Fig. 1).
The acclimated exponential resource-replete growth rate of the
three Chloropicon species examined here ranged from
0.65 � 0.01 d�1 (C. mariensis), 0.61 � 0.01 d�1 (C. maureeniae),
to 0.76 � 0.03 d�1 (C. roscoffensis). The decline in growth rate
over the nitrogen starvation treatment was estimated from the
daily change in cell density over the nitrogen starvation treat-
ment. By Day 7 in the N-starvation treatment growth rate had
declined 39.3% � 1.6% for C. mariensis, 38.6% � 2.3% for
C. maureeniae, and 14.2% � 4.1% for C. roscoffensis relative to
the exponential resource-replete conditions. Although some dis-
solved inorganic nitrogen (DIN) was transferred with culture at
the beginning of the N-starvation treatment (Supporting
Information Fig. S2), DIN was below detection while phosphate
was in excess of 6 μM by Day 7 of the N-starvation treatment
(Supporting Information Fig. S2). Between Days 12 and 15 of the
treatment, DIN was undetectable and growth rate was negative,
reflecting a decrease in cell density over this time period. Bacte-
rial density and pH increases become more pronounced at Day
12 (Supporting Information Fig. S2). We therefore focus much of
our analyses and discussion on Day 0 (N-replete) and Day 12 of
the N-starvation treatment, in particular because as bacterial den-
sities increase they could begin to contribute to the particulate
biomass (Supporting Information Fig. S2). Based on the bacterial
densities (Supporting Information Figs. S2, S3) and assuming
marine bacteria are approximately 13.86 fg C cell�1 and 2.6 fg N
cell�1, 0.7 fg P cell�1 on our filters (Fagerbakke et al. 1996;
Fukuda et al. 1998), we estimate that bacteria biomass contrib-
uted < 1% C (across species), < 1% N, and < 1% P on Day 12 of
the experiment.

All the Chloropicon species exhibited a decrease in cellular N
content, more moderate decreases in intracellular P content,
and increases in cellular C content with increasing N-
starvation (Fig. 1). By Day 12 of N-starvation, cellular N con-
tent decreased by between 45% and 53%, intracellular P
decreased between 17% and 35%, and cellular C increased
between 23% and 40%, across the three species. Note TPP
decreased between 19% and 37%, across the species with N-
starvation (Supporting Information Fig. S4).

Under N-replete exponential growth conditions, the three
species of Chloropicophyceae have a mean C : N : P of
64.5 : 8.7 : 1; note that P refers to intracellular phosphorus
(Fig. 1; Supporting Information Table S1). The C : N : P of C.
mariensis, C. maureeniae, and C. roscoffensis is 78.2 : 8.8 : 1,
62.2 : 9.4 : 1, and 56.1 : 7.8 : 1, respectively. After 12 d of N-
starvation, the three Chloropicophyceae species have a mean
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C : N : P of 140:6.3:1 (Supporting Information Table S1). The
C : N : P of C. mariensis, C. maureeniae, and C. roscoffensis is
153 : 6.2 : 1, 139 : 6.8 : 1 and, 128 : 5.8 : 1, respectively. Across
the species under resource-replete conditions, C : N and C : P
were significantly higher in C. mariensis relative to
C. roscoffensis, and N : P was higher in C. maurenniae than in
C. roscoffensis. After 12 d of N-starvation, only C : P significantly
varied across the species (Supporting Information Table S1).

Despite the increases in cellular C content between N-replete
conditions and after 12 d of N-starvation, cell volume modestly
declined in all the species. Average cell volume across the strains
ranges from 1.67 � 0.3 to 1.44 � 0.11 μm3 for C. maureeniae,
between 1.98 � 0.32 and 1.87 � 0.28 μm3 for C. mariensis, and
between 2.90 � 0.28 μm3 and 2.11 � 0.05 μm3 for C. roscoffensis
under N-replete conditions (Day 0) and after 12 d of N-starva-
tion, respectively (Supporting Information Table S2).

Macromolecular composition and contribution to
cellular C, N, and P

In the Chloropicophyceae, much of cellular carbon is in pro-
tein (31–43%, range refers to the means across the three species
examined under resource-replete exponential growth), followed
by lipid (18–32%), and then carbohydrate (12–15%); most of
cellular nitrogen is in protein (71–72%) with much smaller but
substantive allocations to RNA (13–17%) and DNA (7.0–7.7%);
the largest macromolecular pool contributing to intracellular P is
RNA (36–42%), followed by polyphosphate stores (21–23%), and

then DNA (16–17%) (Fig. 2). Phospholipid contributed between
21% and 60% and uncharacterized phosphorus pools contrib-
uted less than 10% to IP content, respectively. In some cases
macromolecular P accounts for more than 100% of IP (Fig. 1 and
2). IP (TPP � adsorbed P) content was between ~ 80% and 90%
of TPP, depending on the strain, and varied little with N-starva-
tion (Supporting Information Fig. S4). Chl a accounts for
between 1.9% and 2.3% of cellular C and cellular N.

Nitrogen starvation in the Chloropicophyceae causes carbo-
hydrate and lipid content to increase, protein, RNA, Chl a,
and polyphosphate content to decrease, and no change in
DNA content (Fig. 2; Supporting Information Fig. S5; Table S3).
There is little change in phospholipid content with N-starvation
in C. mariensis and C. maureeniae but there is a small increase in
C. roscoffensis. The decreases in phospholipid and polyphosphate
content are much smaller than the changes in RNA and chloro-
phyll (Fig. 2; Supporting Information Fig. S5; Table S3). After
12 d of N-starvation, protein accounts a much smaller fraction
of cellular carbon (11–14%) while lipid and carbohydrate
account for much larger fractions (44–61% and 34–38%, respec-
tively) relative to under resource-replete growth conditions
(Fig. 2). Chl a, DNA, and RNA account for 1.1–1.3% (range is
mean across species), 1.3–1.5%, and 0.8–1.1% of cellular carbon
after 12 d of N-starvation. Cellular nitrogen allocation after 12 d
of N-starvation is 70–72% protein, 11.0–12.9% DNA, 7–10%
RNA, 1.8–2% Chl a. P allocation was 9–16% RNA, 17–21% DNA,
and 17–18% polyphosphate and 6.6–10.2% phospholipid.

Fig. 1. C, N, P content and ratios under resource replete exponential growth conditions (Day 0) and N-starvation conditions. Error bars represent 1 SD
on N = 3. (a) Cellular carbon content (pg cell�1), (b) cellular nitrogen content (pg cell�1), (c) IP content (pg cell�1), (d) C : N (mol : mol), (e) C : P
(mol : mol), and (f) N : P (mol : mol). The gray line is the Redfield ratio. Each species is represented by a different symbol: Chloropicon mariensis as black
circles, Chloropicon maureeniae as open black circles, Chloropicon roscoffensis as open gray triangles.
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We compared the elemental and macromolecular ratios
of the Chloropicophyceae examined in this study to two
Mamiellophyceae species: Ostreococcus tauri and Micromonas
sp. and two diatom species: Thalassiosira pseudonana and
Thalassiosira weissflogii that were examined using a similar
experimental design in a previous study (Liefer et al. 2019).
The Chloropicophyceae examined are much higher in
DNA : C, DNA : protein, and RNA : protein and lower in
Chl a : protein than diatoms under resource-replete, expo-
nential growth conditions (Fig. 3a). This comparison indi-
cates that the Chloropicophyceae are higher in nucleic acid
content than these other eukaryotes, and more of the their
total cellular phosphorus is in DNA (DNA P : P). In general,
the Chlorophytes, both the Chloropicophyceae and
Mamiellophyceae exhibit less change in their elemental
and macromolecular ratios after 12 d of N-starvation than
the diatoms (N-starved/replete conditions, Fig. 3b).

In aggregate, the major macromolecules measured here
account for in excess of 97% of the total particulate carbon,
91% of the particulate nitrogen, and 56% of the IP measured.
Note that under resource-replete conditions, RNA, DNA,
polyphosphate, and phospholipids accounts for between 80%
and 88% (across species) of intracellular P, but under
N-starved conditions this drops to approximately 70% for
C. maureeniae and C. roscoffensis and to 57% for C. mariensis
(Supporting Information Table S4). ATP may account for some
of the intracellular P (Holm-Hansen 1973).

Discussion
Chlorophytes are among the most numerically dominant

groups contributing to marine photosynthetic eukaryote com-
munities in the less than 3-μm size class (Simmons et al. 2016;
Tragin and Vaulot 2019). In coastal regions, Ostreococcus,

Fig. 2. Carbon, nitrogen, and IP content (pg cell�1) allocated to macromolecules. Data shown are the average of three replicates for each species. Inset
figures highlight macromolecules with small contribution to total C or N.
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Micromonas, and Bathycoccus, members of the class
Mamiellophyceae, are often dominant contributors to photo-
synthetic picoeukaryote communities (Not et al. 2004;
Karlusich et al. 2020), while in more oceanic regions,
Chloropicon and Chloroparvula of the class Chloropicophyceae
are more likely to be dominant constituents of photosynthetic
picoeukaryotes communities (Lopes dos Santos et al. 2017a,b;
Turmel et al. 2019). While there is some work on the physiol-
ogy and elemental composition of Mamiellophyceae (Garcia
et al. 2018; Liefer et al. 2019), data on the growth rate, ele-
mental (C : N : P), and macromolecular composition of the
Chloropicophyceae is lacking. Here, we characterize the ele-
mental and macromolecular composition of three Chloropicon
species under resource-replete exponential growth and under
nitrogen-starvation conditions to aid in our understanding of
their niche and influence on food web quality and the biogeo-
chemical cycles of C, N, and P.

The average molar C : N : P of subtropical Pacific
C. mariensis, C. maureeniae, and C. roscoffensis under resource-
replete conditions is 65 : 8.7 : 1 (Fig. 1; Supporting Informa-
tion Table S1). This is high in C : N (7.5), and much lower in
C : P and N : P, than the traditional Redfield ratio for marine
planktonic particulate material of 106C : 16N : 1P
(Redfield 1934), the updated global particulate organic mate-
rial estimate of 146C : 20N : 1P (Martiny et al. 2013) and the
average ratio (132C : 18N : 1P) reported by Quigg et al. (2011)
for 29 phytoplankton species grown under laboratory condi-
tions. The C : P and N : P of the Chloropicophyceae are similar
to the values reported for other photosynthetic picoeukaryotes
grown under resource-replete conditions, including

Micromonas sp. and Ostreococcus sp. (Garcia et al. 2018; Liefer
et al. 2019; Supporting Information Table S2). In contrast, the
N : P of the marine picocyanobacteria Prochlorococcus and Syn-
echococcus ranges between 21 and 33 under resource-replete
conditions (Bertilsson et al. 2003). The relatively high C : N in
the Chloropicophyceae is consistent with a C-rich cell wall
(Lopes dos Santos et al. 2017b) and their high surface area to
volume ratio due to their small cell volume (Finkel et al. 2010;
Finkel et al. 2016), while their relatively low C : P and N : P
largely reflects their relatively high nucleic acid content rela-
tive to protein content (Figs. 2, 3) in addition to their phos-
phorus stores (Raven 2013; Martin et al. 2014). There are
statistically significant differences in the C : N : P across the
three species examined: C. mariensis is generally higher in car-
bon (Fig. 3) and C. roscoffensis is higher in phosphorus (Fig. 3),
but these differences are small relative to the increases in
C : N and C : P and decreases in N : P associated with N-starva-
tion (Fig. 1; Supporting Information Table S1). These three
species represent the A2, A7, and A5 Chloropicophyceae cla-
des (Lopes dos Santos et al. 2017b) and their species-level bio-
chemical differences may reflect their distinct evolutionary
histories and niches (Lopes dos Santos et al. 2017b).

The environmental preferences and biogeography of
marine Chloropicophyceae and their constituent clades are
not yet well characterized but they appear to dominate photo-
synthetic picoeukaryote communities under moderately oligo-
trophic conditions (Lopes dos Santos et al. 2017b; Lemieux
et al. 2019; Vorobev et al. 2020). Allometric perspectives
(Irwin et al. 2006; Finkel et al. 2010) would suggest that they
would be outcompeted by smaller picocyanobacteria, such as

Fig. 3. Comparison of dimensionless elemental molar ratios and macromolecular mass ratios across species under resource-replete conditions (a) and
under N-starvation compared to replete conditions (b). Ratios in the left panel (a) are scaled to the Chloropicon spp. average to facilitate cross-species
comparisons across ratios. All ratios are reported on a log axis to transform multiplicative effects into distances and to enable comparison across large
ranges. The vertical dashed line highlights the Chloropicon spp. average (a) and replete conditions (b). Data on the diatoms: Thalassiosira pseudonana,
T. weissflogii, and Mamiellophyceae: Ostreococcus tauri, and Micromonas sp. are from Liefer et al. (2019). DNA P : P is the fraction of total cellular
P in DNA.
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Prochlorococcus and Synechoccocus spp., under extremely oligo-
trophic conditions (Ward et al. 2012). To better understand
how the Chloropicophyceae respond to nutrient regimes we
evaluated their elemental and macromolecular composition in
response to nitrogen starvation. Qualitatively the Chloro-
picophyceae respond to N-starvation in a manner similar to
many other microalgae previously examined (Finkel
et al. 2016; Liefer et al. 2019): growth rate slows and then
arrests, protein and RNA content declines while carbohydrate
and lipid accumulates (Fig. 2; Supporting Information Fig. S4).
Because protein is especially N rich, RNA is particularly P rich,
and carbohydrate and lipid are C rich, after 12 d of N-starva-
tion the average C : N : P of the Chloropicophyceae shifts to
140 : 6.3 : 1 (Figs. 1, 2; Supporting Information Table S1). The
change in C : N : P by the Chloropicophyceae in response to
nitrogen starvation is much smaller than what has been
observed for diatoms, but similar to what has been observed
for other Chlorophytes (Liefer et al. 2019), in particular Micro-
monas and Ostreococcus (Fig. 3; Supporting Information -
Table S2). In response to N-starvation, the marine
Chlorophyte picoeukaryotes increase more in lipid than carbo-
hydrates than diatoms (Fig. 3); this may be because stored
lipid (triacylglycerides [TAG]) takes up less physical space per
unit C (Raven 1986; Finkel et al. 2016; Liefer et al. 2019). This
biochemical strategy may support the competitive ability of
these eukaryotes, relative to TAG-poor picocyanobacteria,
under some energy and/or nutrient-limited regimes (Becker
et al. 2018).

While small cell size confers a large number of advantages
for unicellular marine photoautotrophs such as high surface
area to volume ratio and nutrient diffusion rates and low sink-
ing rates out of the sunlit surface (Raven 1994; Finkel
et al. 2010), extremely small size imposes constraints that can
impact the elemental and macromolecular composition and
physiological capabilities of photosynthetic eukyarotes. In a
series of papers, Raven (1986, 1994, 1998) demonstrated that
DNA and membranes are nonscalable components, meaning
they constitute an increasing fraction of total cellular biomass
below a minimum cell size, and as a consequence limit the
minimum viable size of photoautotrophs and influence both
the growth rates and the macromolecular and elemental com-
position of small picoeukaryotes. For example, Raven (1994)
calculated that the molar C : N : P of a 0.5 μm diameter
Chlorophyte, without a C-rich cell wall, would be 64 : 11 : 1,
based on nonscalable components. No data were available at
the time to test this hypothesis. Our estimate of Chloropicon
spp. C : N : P is similar to this estimate. Chloropicon is
1.5–3 μm in diameter and has a C-rich wall (Lopes dos Santos
et al. 2017b), likely accounting for its higher C : N content
than the estimates provided by Raven (1986, 1994, 1998). The
lower than predicted N : P of the Chloropicon under resource-
replete conditions reflects their high nucleic acid content for a
cell of their size: the Chloropicon species examined here are sig-
nificantly higher in DNA : protein than Micromonas and an

approximate order of magnitude higher than the diatom
T. pseudonana (see Fig. 3). This raises the question—Why are
the Chloropicophyceae so high in DNA?

Ostreococcus is the smallest known photosynthetic
eukyarotic cell, ~ 1 μm in diameter (Courties et al. 1998), and
has the smallest known green algal genome (Courties
et al. 1998; Derelle et al. 2006; Lemieux et al. 2019): the
genome of Ostreococcus lucimarinus is 13.2 Mb (Palenik
et al. 2007) and O. tauri is 12.5 Mb (Derelle et al. 2006).
Bathycoccus and Micromonas are slightly larger cells and have
slightly larger genomes: Bathycoccus prasinos is 15.0 Mb
(Moreau et al. 2012), Micromonas commoda is 21.0 Mb
(Worden et al. 2009), and M. pusilla is 22.0 Mb (Worden
et al. 2009). Lopes dos Santos et al. (2017b) examined 45 Chlo-
ropicophyceae species with average cell diameters ranging
from 1.5 to 3 μm and found DNA content ranges from 20 to
70 Mb (DNA was quantified using a flow cytometric method).
Although most green microalgae are haploid in their vegeta-
tive growth stage (Otto and Gerstein 2008), Lemieux
et al. (2019) recently determined that C. primus (RCC
15/CCMP 1205) is diploid (with one trisomic chromosome),
with a genome size of 17.4 Mb. The genome of C. primus is rel-
atively compressed and has several genes/pathways not found
in Mamiellophyceae, including thiamine synthesis and a more
complete set of genes for branched chain amino acid catabo-
lism (Lemieux et al. 2019). The Chloropicon spp. examined in
this study have an average DNA content ranging from 0.033
to 0.037 pg cell�1. If the Chloropicophyceae examined here
are haploid, their genome size would range between 32.2 and
36.2 Mb, but if diploid then their average genome sizes range
from 16.1 to 18.1 Mb (following Doležel et al. 2003). At pre-
sent, it is not definitively known if these species of marine
Chloropicophyceae are haploid or diploid, but if they are hap-
loid they would have very anomalously large genomes relative
to similarly sized marine Chlorophyta. A number of hypothe-
ses have been advanced regarding the relative advantages and
disadvantages for a haploid vs. a diploid life cycle (Lewis
Jr 1985; Otto and Gerstein 2008). Haploids will have lower
resource requirements (especially for P) and lower energetic
costs associated with synthesizing their DNA, while diploids
may have an increased buffer against genetic load and
have enhanced genetic complexity to respond to a wider
range of biotic and environmental challenges (Suda and
Watanabe 1989; Otto and Gerstein 2008). Moreover, diploidy
might help cells withstand partial genome degradation due to
viral infection (Zborowskya and Lindell 2019). Here, we find
DNA accounts for 17–19% of the Chloropicophyceae IP con-
tent, slightly higher than for the haploid Mamiellophyceae
(12–15%), but much higher than for the much larger diploid
diatoms (4%) (Fig. 3). We anticipate that diploidy has a range
of consequences for macromolecular content and growth rate
of the Chloropicophyceae species relative to Mamiellophyceae
species such as Ostreococcus. Diploid Chloropicophyceae are
higher in DNA content relative similarly sized haploid species
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(Fig. 3). This higher DNA content influences their N and
P allocation budget, reducing the amount of these resources
available for other processes, including growth rate. Raven
(1994) hypothesized and provided some limited evidence that
smaller Chlorophyte picoeukaryotes would have lower growth
rates because they had to allocate a much larger proportions
of their mass to membranes and DNA than larger cells.
The maximum growth rate of the three Chloropicon species
examined in this study is between 0.6 and 0.7 d�1, consider-
ably slower than maximum growth rates of many larger
Chlorophyte species with cell volumes in the range of
10–100 μm3 (see Raven 1994).

The Chloropicon spp. also have a very high ratio of RNA to
protein compared to other eukaryotic phytoplankton taxa
(Fig. 3). While the RNA to protein ratio is greatly elevated,
the RNA to DNA ratio is only slightly larger in the Chloro-
picophyceae compared to Mamiellophyceae taxa. We specu-
late that the differences in these ratios across these groups
are a result of resource allocation constraints imposed by the
combination of diploidy and nonscalable components. Com-
pared to the haploid Mamiellophyceae, the Chloropicon
examined here devote more N and P to nucleic acids and
thus have less protein per cell for other structural and func-
tional activities. While higher RNA content and
RNA : protein ratios are often linked to higher growth rate
(Nicklisch and Steinberg 2009) here we propose that the high
RNA : protein in the (potentially diploid) Chloropicophyceae
reflects, in part, their high DNA content and maintenance of
a reasonable ratio of RNA relative to DNA content. Their
RNA : DNA is low compared to diatoms, but similar to other
Chlorophytes (Fig. 3). In aggregate this evidence indicates
that the maximum growth rate of the Chloropicophyceae
may be limited by the availability of protein (Raven 1994)
and this may reduce their competitive ability in variable and
nutrient-rich environments, while the advantages of dip-
loidy, their unique set of genes (Lemieux et al. 2019), and
their relatively small size compared to other photosynthetic
eukaryotes, may be critical factors for their success in moder-
ately oligotrophic regions. We hypothesize the allocation
strategies exhibited by the Chloropicophyceae species reflect
an intermediate approach to many trade-offs: small, but not
the smallest in physical size; slow-growing, but not the
slowest; and acclimated to moderately oligotrophic but not
the most oligotrophic waters. In aggregate, these results sup-
port the hypothesis that the Chloropicophyceae have a suite
of physiological and biochemical strategies that optimize
their competitive ability under moderately oligotrophic and
moderately variable environments relative to diatoms. They
are generally well adapted to respond to more variable and
higher nutrient conditions compared to the very small
picocyanobacteria that are so well adapted to very stable and
very low-nutrient conditions. These hypotheses should be
tested by expanding our data on the biogeography and
ploidy (de Vries et al. 2021) of marine photosynthetic

picoeukaryotes as well as their C, N, and P allocation to mac-
romolecules under a range of environmental conditions.
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