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Global warming is expected to cause decreases in nutrient availability, photosynthesis,
and potentially carbon export in the ocean. But how, and by what molecular mechanisms,
nutrient limitation affects biological pump (BP) efficiency of phytoplankton are poorly
understood. Here, using transcriptomics, miRNAomics, and physiological measurements,
we report that phosphorus (P)-limitation increased cellular carbon and calcium contents
and sinking rate of the cosmopolitan phytoplankton Emiliania huxleyi. Under P-limitation,
when photosynthesis was depressed, there were substantial increases in cellular organic
(3.4-fold) and inorganic (fivefold) carbon contents due to cell division arrest and, as our
transcriptomic data suggest, CO2 incorporation into C4 compounds. Furthermore,
calcification was increased by 46% through transcriptional and epigenetic regulations.
An increase in sinking rate by 37-44% was detected. Although calcification releases
equivalent amounts of CO2, the considerable increase in cellular carbon content and
sinking rate far outweighed the CO2 release, leading to an elevated efficiency of carbon
export by E. huxleyi, which would partially offset the decrease in BP capacity resulting from
lower growth rate under P deficiency. However, how the observed sinking rate and its
increase under P limitation on the laboratory cultures will translate into BP efficiency still
requires further examination using in situ or mesocosm experiments.

Keywords: global warming, phosphorus-limitation, Emiliania huxleyi, biological pump efficiency, molecular
mechanisms
INTRODUCTION

Phytoplankton contribute about 50% of global primary production (Field et al., 1998) while
absorbing CO2 and producing organic carbon. Up to 20% of the produced particulate organic
carbon (POC) sinks to and is sequestered in the deep sea (Omand et al., 2020), driving the
drawdown of atmospheric CO2 into the ocean, a process termed biological pump (BP). This process
serves to mitigate the increase in atmospheric CO2 due to anthropogenic emission and prevent
accelerated global warming (Schlesinger and Bernhardt, 2013). Coccolithophores, a nearly
ubiquitous group of phytoplankton producing shells of calcium carbonate (coccolith), are some
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of the dominant contributors to the carbonate pump. As an
abundant marine calcifying phytoplankton in the world’s oceans
(Taylor et al., 2017), coccolithophores contribute about 1–10% to
marine primary production (Poulton et al., 2007) and about 50%
to pelagic CaCO3 deposition in marine sediments (Broecker and
Clark, 2009), therefore playing a vital role in biogeochemical
cycles of carbon by absorbing CO2 from the atmosphere through
photosynthesis and conveying fixed carbon to the interior or
floor of the ocean due to the ballasting effect of the coccoliths
(Vanderwal et al., 1995). In this process, both POC within the
cells and particulate inorganic carbon (PIC) in the coccoliths are
exported via BP and carbonate pump in combination (Rost and
Riebesell, 2004), which exerts a major influence on global carbon
cycle and the Earth’s climate (Westbroek et al., 1993).

BP capacity is determined by the amount of carbon exported
whereas BP efficiency is percentage of fixed carbon that is exported,
expressed by the amount of carbon exported from the surface
divided by the total carbon produced through photosynthesis
(Ducklow et al., 2001). These are mainly determined by
phytoplankton POC production and sinking rate (Kim et al.,
2011). Community POC production is in general positively
correlated with nutrient abundance (Mustaffa et al., 2020), the
main limiting factor, apart from light and temperature, for the
growth of phytoplankton (Marinov et al., 2010). Even though
calcification is controlled by many environmental factors,
including temperature, nutrient concentrations, light, and
carbonate chemistry (Raven and Crawfurd, 2012; Bach et al.,
2015), it is positively correlated with photosynthesis (Poulton
et al., 2007), suggesting potential nutrient effects on BP capacity
and efficiency in the coccolithophore. However, global warming will
result in intensified surface water stratification, thereby decreasing
nutrient concentrations in the upper ocean (Sarmiento et al., 2004)
where coccolithophores reside, and this would exert influence on
the CO2 fixation and hence BP efficiency as well as capacity
(Sarmiento and Toggweiler, 1984).

Phosphate (dissolved inorganic phosphorus, DIP) is one of the
major nutrients that support phytoplankton growth, and it
influences phytoplankton abundance and diversity (Björkman and
Karl, 2003; Moore et al., 2005; Zubkov et al., 2007). Phosphate is
commonly considered as the ultimate limiting nutrient with the
longest ocean residence time among the major biologically limiting
nutrients (Tyrrell, 1999). As N deficiency may be mitigated by N
fixation, there is no equivalent source of phosphate. The intensified
surface ocean stratification reduces upwelled supply of phosphate
under climate warming and limits marine productivity and carbon
export (Bopp et al., 2013). Phytoplankton evolved several strategies
to cope with P limitation, from molecular processes to species-
specific and community responses (Ivančić et al., 2016; Lin et al.,
2016). Cells can reduce cellular P demand. Cyanobacteria and some
eukaryotic phytoplankton have the ability to use sulfo- or nitrogen-
lipids to substitute phospholipids in response to P scarcity (Van
Mooy et al., 2009; Dyhrman et al., 2012; Shemi et al., 2016).

Furthermore, substantially higher lipid production in
oligotrophic conditions was observed (Novak et al., 2019).
Considering lipids are carbon rich molecules, the lipid
remodeling caused by P limitation would influence the carbon
Frontiers in Marine Science | www.frontiersin.org 2
allocation and this would be reflected in the modification of the
carbon pump, as lipids have lower decay constant than
carbohydrates and proteins (Benner and Amon, 2015; Novak
et al., 2019). In addition, P limitation is known to increase
cellular carbon content in phytoplankton (Paasche, 1998; Li
et al., 2016). Another mode of response to P limitation is to
enhance the efficiency of phosphate uptake. This can be achieved
either by raising the expression of high-affinity phosphate
transporters (Riegman et al., 2000) or by enriching phosphate
transporters under P deficiency (Wurch et al., 2014).

The third mode of response to P limitation is to utilize
dissolved organic phosphorus such as phosphoesters and
phosphonates. A wide range of phytoplankton showed the
ability to hydrolyze phosphoesters to obtain phosphate via the
action of alkaline phosphatase (Nicholson et al., 2006; Ivančić
et al., 2016), while cyanobacteria and only some eukaryotic
phytoplankton could use phosphonates as the sole P source
under P limitation (Dyhrman et al., 2006; Wang et al., 2016).
Finally, phytoplankton can also perform phagotrophy to acquire
P and other nutrients. Many species of phytoplankton are
capable of phagotrophy, which is induced by low nutrient
stress or nutrient limitation (Lin et al., 2016).

The cosmopolitan coccolithophorid species E. huxleyi
accounts for 20%-50% of the coccolithophores in most waters
(Mohan et al., 2008), and can form massive blooms visible to
satellites from space (Brown and Yoder, 1994). This species
thrives in oligotrophic open oceans, especially in P-stressed
waters (Rost and Riebesell, 2004), and P nutrient limitation
was reported to cause an elevated PIC/POC ratio (Raven and
Crawfurd, 2012), suggesting an increased calcification relative to
photosynthesis. However, sea surface nutrient supplied from the
deep ocean will likely decrease in the future ocean due to the
intensified stratification resulting from the climate-driven ocean
warming (Boyd et al., 2008), hence the primary productivity and
calcification, and consequently carbon export, are predicted to
decline. In addition, one study reported that in the nutrient-
depleted subtropical gyres, C/P ratios of the exported organic
matter were high, although organic matter export was relatively
low, leading the authors to suggest that the future expansion of
nutrient-depleted ocean could result in a shift to more efficient
carbon export, which can compensate for the expected decline in
productivity (Teng et al., 2014). Such a proposition has yet to be
examined experimentally for major contributors of carbon
export such as E. huxleyi (Holligan et al., 1983; Laber et al.,
2018). Besides, what molecular mechanisms are responsible for
such effects also remains to be investigated. This study was aimed
to address the gap of knowledge using E. huxleyi as the model
and P limitation as the nutrient deficient condition employing an
integrative molecular coupled with physiological approach.
MATERIALS AND METHODS

Experimental Setup
Emiliania huxleyi PMLB92/11 was grown at 20°C on a 14 h:10 h
light:dark cycle (80 mE·m-2·s-1). Batch cultures with L1 (with
May 2022 | Volume 9 | Article 860222
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36-mM phosphate as P source) or L1-P (without P source,
hereafter referred to as P-) medium without Si based on
artificial seawater (Wang et al., 2020) were setup, and L1 was
used as the control while P- referred to the P-limited treatments.
Each treatment was set up in triplicate. P- cultures were set up by
diluting the stock L1 culture using the P free version of the L1
medium to yield phosphate concentration less than 1 mM. The
initial cell concentration was set at 5×104 cells/mL for
both groups.

Measurements of Physiological Parameters
The cell concentration in each culture was monitored daily as
previously reported (Wang et al., 2016) during the 8-day
experimental period (Figure 1A). A 1-mL sample was removed
from each culture and fixed using Lugol’s iodine solution (10 g
potassium iodide and 5 g iodine in 100 mL distilled water) and
dispensed to the Sedgewick-Rafter counting chamber
Frontiers in Marine Science | www.frontiersin.org 3
(Phycotech, St. Joseph, MI). Cell count was conducted under
the microscope after 20-min sedimentation. Exponential growth
rates were calculated by linear regression of log-transformed cell
concentrations over time.

Additionally, samples were collected daily from Day 1 to Day
6 for the measurements of DIP concentration, cell size, and AP
activity, while samples were collected every 3 days from Day 4 to
Day 21 for the measurements of cellular C and N quotas, and
from Day 4 to Day 10 for sinking rate. A 25-mL culture was
filtered through a 0.45-mm mixed cellulose ester membrane, and
DIP in the filtrate was determined colorimetrically following the
Phosphorus Molybdenum Blue Method (Karl and Tien, 1992).
Meanwhile, 10 mL culture was collected and the average cell size
was measured using Beckman Counter. Bulk AP activity was
measured by adding 50 mL of 20 mM p-nitro-phenylphosphate
(p-NPP; prepared in 1 M Tris buffer at pH 9.0) into 1 mL culture
sample (Li et al., 2018). This reaction was carried out in sterile
A

B

FIGURE 1 | Responses of growth and cell size to P-limitation (P-) compared to P-replete condition (L1) and the corresponding gene expression. (A) Depressed
growth, enlarged cell size, and inhibited growth rate on Day 6 in P- treatment relative to L1. Shading indicates when samples for RNA and miRNA sequencing were
collected. Asterisks indicating significant differences between P- and L1 cultures, with blue color for cell concentration and purple color for cell size. ** indicates
p < 0.001 in t-test. Error bars denote ± s.d. of the mean (n = 3). (B) Up-regulation of cell cycle arrest protein (BUB3) genes and miRNA (novel_mir16) predicted to
negatively regulate cell growth. FPKM is the fragments per kilobase million and used for RNA normalization.
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microcentrifuge tubes incubated at 25°C in the dark for 2 h. Then
the samples were vortexed, centrifuged at 10,000 g for 2 min, and
put on ice immediately to stop further reaction. The supernatant
was removed for ODmeasurement of PNP (hydrolysate of pNPP
by AP) at 405 nm on NanoDrop.

Measurements of Cellular C and N
Content, Surface Ca Abundance, and
Sinking Rate
Samples were collected every three days for cellular carbon and
nitrogen measurement during the three-week experimental period
onto pre-combusted (450°C for 5 h in a Muffle furnace oven)
WhatmanGF/Ffilters (25mm indiameter, 0.7 μm inpore size) and
frozen at -80°C. PIC was removed by fuming the filters under 1N
HCl overnight for POC analysis, while samples for total particulate
carbon (TPC) were not treated with HCl. All filtered samples were
dried at 56°C for 24 h and analyzed using Vario EL cube. PIC was
calculated as the difference between TPC and POC. The PP
(particulate phosphorus) in the cells was measured using the
protocol described in our previous study (Wang et al., 2022). The
C or N content was characterized as pg POC/PIC or PON per cell,
respectively. Approximately 105 cells from each treatment were
fixed on cover glasses and dried using Leica EM CPD300 Critical
Point Dryer, then sputter-coated with gold-palladium. Cell surface
elemental analysis was conducted using the energy dispersive
spectrometry (EDS) system and the relative abundance of Ca
among C, N, O, and Si was measured after 7, 13, 22, and 28 days
of P limitation. The fold change of PIC content was the average of
the data fromDays 15, 18, and21,while the fold changeofPOCand
PON content also included the data from Days 7 and 10, but the
calcium abundance was the average of Days 22 and 28.

The sinking rate of E. huxleyi was measured using the SETCOL
method described by Bienfang, 1981, following our previous study
(Wang et al., 2022). In brief, a 50-mL centrifuge tubewas selected as
a settling column and the sinking ratemeasurement was conducted
6 h after the start of the light period. After 2-h sinking in the
medium, the supernatantwas carefully siphonedout using aflexible
plastic tubing connectedwith a 200mL-pipette tip to godownbelow
the surface of the culture andmove down slowlywith the decline of
liquid level, while the other end of the tubing was connected to a
hand bulb ear syringe to reduce the air pressure. Siphoning was
stoppedwhen5-mL liquid remained in thebottom.The sinking rate
was calculated following the formula:

S  ¼  
Ns
Nt

� L
t

where S is the sinking rate (m·d-1); Nt is the total number of cells
in the column; Ns is the total number of settled cells; L is the
height of the column; and t is the duration of settling (2 h).

Total RNA Isolation, (mi)RNA-Seq, and
Bioinformatic Analysis
Approximately 2×107 cells were harvested (12,000 g for 5 min at
4°C) from each L1 and P- cultures on Day 6 (Figure 1A) for RNA
isolation, then fixed using TRI reagent (Sigma, St. Louis, MO) and
stored at -80°C freezer immediately. Ethanol precipitation method
Frontiers in Marine Science | www.frontiersin.org 4
was conducted to isolate total RNA (Shi et al., 2017), and used for
library construction and sequencing (BGI Genomics Co., Ltd) with
high quality (RNA Integrity Number > 8.0). All the raw sequencing
data in this study have been deposited to NCBI’s Sequence Read
Archive database under the project number PRJNA717369
and PRJNA718005.

Total RNA was subjected to DNA removal and mRNA
enrichment using oligo (dT)-attached magnetic beads. The
resultant mRNA was then fragmented and used in cDNA
synthesis, end repair, A-addition, and adaptor ligation.
Meanwhile, 0.2-1 mg RNA was used to separate small RNA
using PAGE gel, and the selected 18-30 nt strip was recycled,
purified, and ligated with an adaptor. RT-qPCR was carried out
to get double-stranded cDNA, which was heat-denatured and
circularized afterward to form the single strand circle DNA
library, then sequenced using the BGISEQ-500 platform.

Raw reads from mRNA-Seq and small RNA-seq were quality
filtered to produce clean data for downstream analyses. The clean
readswere aligned against the genomeofE. huxleyi (Read et al., 2013)
using HISAT2, and results indicate that the total mapping ratio of
each sample was more than 75%, while the uniquely mapped ratio
wasmore than 35% (Supplementary Table S1). Bowtie2was used to
align the clean reads against the reference genes and the results were
fed to RSEM for transcript quantification. The differential expressed
genes were detected using DEGseq for each treatment relative to the
control, and then were used for Gene Ontology (GO) functional
classification and biological pathway analysis.

Small RNA-seq output was filtered by removing adaptors and
poor-quality reads. These clean tags were mapped to the genome
and other small RNA databases (miRBase, Rfam, siRNA, piRNA,
snoRNA, etc.) using AASRA (except Rfam which was performed
using cmsearch). The mapped small RNA tags were blasted
against the small RNA databases to match known small RNAs,
while the remaining unmatched sequences were analyzed using
miRDeep2 (for animal) and RIPmiR (for plant) to predict novel
small RNA. Computational prediction of miRNA targets
(mRNA) was carried out through multiple software packages.
The miRNA expression level was normalized by TPM
(transcripts per kilobase million), and differential expressed
miRNAs between L1 and P- were collected using DEGseq. GO
and biological pathway enrichment analysis were performed to
screen the differential expressed miRNA target genes.

RT-qPCR to Verify RNA-Seq Results
In total, 11 target genes were selected for expression quantification
using RT-qPCR (reverse-transcription quantitative PCR) to verify
RNA-seq results. For each sample, 400 ng total RNA was used in
cDNA synthesis using PrimeScript™ RT reagent Kit (Takara,
Clontech, Japan) containing the genomic erase buffer. Eleven
genes with stable expression between L1 and P- (Supplementary
Table S2) were selected and their candidacy as reference genes was
assessed using GeNorm (Vandesompele et al., 2002) and
NormFinder (Andersen et al., 2004). From these, the top two
qualified candidates (17284063 and 17279548) were selected as
reference genes with which to normalize the expression of
target genes.
May 2022 | Volume 9 | Article 860222
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Statistical Analysis
Results were expressed as the average of three biological
replicates. Statistical analyses of physiological parameters and
gene expression between P- treatment and L1 control at different
time points were performed using PASW statistics software
18 with independent-samples T test after homogeneity
(Levene’s) tests.
RESULTS

P-Deficiency Depressed Growth and
Photosynthesis but Increased Cellular
Carbon Content
P-limitation in the P- cultures was characterized by the
undetectable DIP in the medium, the remarkably elevated AP
activity, and as high as 11-fold up-regulation of AP gene
expression (Supplementary Figure S1 and Supplementary
Table S3), as well as the significantly depressed cell
concentration increase from Day 5 on (Figure 1A). Cells were
harvested on Day 6 for RNA analysis, and the transcriptomic
data showed up-regulation of two cell cycle arrest protein
(BUB3) genes and one miRNA (novel_mir16) predicted to
Frontiers in Marine Science | www.frontiersin.org 5
negatively regulate cell growth under P-deprivation (Figure 1B
and Supplementary Table S4). Consistently, cell size
enlargement in P- (Figure 1A) was observed from Day 4.

Our transcriptomic data also indicated that enzymes
responsible for phospholipids (phosphatidylcholine, PC)
hydrolysis, including PLC (phospholipase C) and PLA
(phospholipase A), were transcriptionally up-regulated under
P-deficiency (Figure 2 and Supplementary Table S5), so were
genes for the biosynthesis of the galactolipid DGDG
(digalactosyldiacylglycerol) and the sulfolipid SQDG
(sulfoquinovosyldiacylglycerol). Consistently, one down-
regulated miRNA (novel_mir22) observed under P-deprivation
was involved in sulfur metabolism, suggesting its up-regulation
to favor cellular galactolipid and sulfolipid biosynthesis
(Supplementary Figure S1 and Supplementary Table S4).

A marked increase in cellular POC content (by 3.4-fold) was
detected in P- relative to L1 (Figure 3A). Cellular PON content
also increased (by twofold) under P-deficiency (Figure 3B).
Combined, these gave an elevated C/N ratio (by 42%) under P-
limitation (Figure 3C). In addition, all these P limitation-
induced increases were observed again in a repeated
experiment (Supplementary Figure S2), including an increase
of cellular C/P. However, we observed down-regulation of
photosynthesis (Figure 3D) and HCO−

3 transporter genes
FIGURE 2 | Membrane remodeling under P-limitation (P-) compared to P-replete condition (L1) and the corresponding gene expression. Processes of phospholipid
hydrolysis, and galactolipid and sulfolipid biosynthesis were up-regulated characterized by the up-regulation of the responsible enzymes (in red color). PC,
phosphatidylcholine; PLA2, secretory phospholipase A2; PLB, lysophospholipase/phospholipase B; GDPD, glycerophosphodiester phosphodiesterase; G3P,
(sn)-glycerol-3-phosphate; GPAT, glycerol-3-phosphate acyltransferase; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; DAG, diacylglycerol;
PLC, phospholipase C; DGDG, digalactosyldiacylglycerol; DGDGS, digalactosyldiacylglycerol synthase; SQDG, sulfoquinovosyldiacylglycerol; SQD1, UDP-SQ
synthase; UDP-SQ, UDP-sulfoquinovose; Fd-GOGAT, ferredoxin-dependent glutamate synthase; SQD2, SQDG synthase; RuBP, ribulose-1,5-bisphosphate;
RuBisCo, ribulose-1,5-bisphosphate carboxylase-oxygenase; PK, phosphoglycerate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 1,3BPGA,
1,3-bisphosphoglycerate; G3P, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate; PEPC, PEP carboxylase; OAA, oxaloacetic acid; PEPCK,
phosphoenolpyruvate carboxykinase.
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(Figure 3E), but up-regulation of the C4 pathway core enzyme
PEPC (phosphoenolpyruvate carboxylase), responsible for
CO2 fixation to oxaloacetic acid (OAA) and phosphate
release (Figure 3F).

P-Deficiency Enhanced Calcification and
Sinking Rate
In the P- cultures, cellular PIC content increased by fivefold on
average after a 2-week P-limitation (Figure 4A), suggestive of
enhanced calcification. In accordance, elemental analyses using
EDS showed that the relative abundance of calcium among the
five measured elements (C, N, O, Si, Ca) increased by ~46% after
a 3-week P-deficiency (Figure 4B). More strikingly, the sinking
rates of E. huxleyi ranged from 0.12-0.14 m/d in L1 and in P-
they ranged from 0.13-0.20 m/d. P limitation increased sinking
rates by 37-44% relative to L1 from Day 4 to Day10, when the P-
deficiency was prolonged (Figure 4C).

To better understand the mechanisms underlying the observed
calcification enhancement under P deficiency, transcriptomes
sequenced for the samples from the P- and the L1 were analyzed
in depth (Figure 1A). Out of the total of 31,641 genes found in these
transcriptomes, 12,287 up- and 3437 down-regulated genes and 19
up- and 4 down-regulated miRNAs were identified, under P-
deficiency relative to L1 control (Supplementary Figure S1).
Frontiers in Marine Science | www.frontiersin.org 6
A wide range of genes related to calcification, including Ca2+

transport, inorganic carbon transport, and H+ transport genes
(Supplementary Table S6), were identified to be differentially
expressed in P- relative to L1. Total expression of Ca2+

transporters was up-regulated (Figure 4D), and the miRNA
regulating calcium storage and release process in the endoplasmic
and sarcoplasmic reticulum (novel_mir36 in Supplementary Table
S4) was down-regulated (Supplementary Figure S1) consistently.
The expression of H+ transport genes showed a similar uptick trend
under P-deficiency (Figure 4D), and regulation of both Ca2+

transport and H+ transport genes was verified by RT-qPCR
results (Supplementary Figure S3).
DISCUSSION

Membrane Remodeling Under P Limitation
to Decrease P Requirement
Phytoplankton are able to decease the cellular P demand to cope
with P scarcity in the environment (Geider and La Roche, 2002;
Bertilsson et al., 2003). A study showed that phosphate uptake
for phospholipid biosynthesis declined about 100-fold while the
ambient phosphate concentration decreased about 10-fold in the
Sargasso Sea compared to the South Pacific subtropical gyre
A B

D E F

C

FIGURE 3 | Physiological and the corresponding molecular responses to P-limitation (P-) compared to P-replete condition (L1). (A-C) Cellular particulate
organic carbon (POC), organic nitrogen (PON), and C/N ratio in L1 and P- cultures. * indicates p < 0.05 in t-test while ** indicates p < 0.001. Error bars denote
± s.d. of the mean (n = 3). (D) down-regulation of photosynthetic CO2 fixation genes (in blue color). (E) Cellular processes of calcification in E. huxleyi and the
effects of P limitation. Shown are the up-regulation of Ca2+ uptake and transport (red-color arrows), down-regulation of HCO−

3 uptake (blue-color arrows), and
up-regulation of H+ removal (red-color arrows) based on the transcriptomic data. (1) Entry of Ca2+ into the plasma through Ca2+-permeable PM channels; (2-4)
Ca2+ transport across endomembrane compartment, from plasma to ER (2), to Golgi (3), then to CV (4) via Ca2+/H+ exchanger and supported by Ca2+-ATPase;
(5) HCO−

3 uptake via HCO−
3 transporter and anion exchanger; (6) H+ removal from CV to the cytosol driven by V-type H+ transporting ATPase; (7) some H+ leaves

the cell via voltage-gated H+ channel; (8) some H+ may be transported to chloroplast to support photosynthesis. (F) Up-regulation of PEPC gene (in red color)
for CO2 incorporation into C4 molecules and down-regulation of PEPCK gene (in blue color) for CO2 release.
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(Van Mooy et al., 2009). In this case, the non-phosphorus
membrane lipid SQDG was used to substitute for the
phospholipid phosphatidylglycerol (PG) in cyanobacteria while
betaine lipid was used to substitute for phosphatidylcholine (PC)
in eukaryotic phytoplankton. Upon P limitation, the percentage
of phospholipid out of the intact polar lipid in E. huxleyi could
drop from 33% to 2%, and this decrease was mainly attributed to
the decline of PC (Shemi et al., 2016). However, genes
underpinning the metabolic switch between phospholipids to
non-P lipids in phytoplankton have not been unraveled in E.
huxleyi but revealed in our study (Figure 2).

Two pathways of PC hydrolysis were identified by the up-
regulation of PLA and PLC, in which more available phosphate
would be released. With the production of the intermediate
diacylglycerol (DAG), galactolipid (DGDG) and sulfolipid
(SQDG) were further synthesized, indicated by the up-
regulation of the typical SGDG synthase and SQDG synthase,
respectively (Figure 2) (Nakamura, 2013). Consistently,
miRNAs (negative regulators of gene expression) involved in
sulfur metabolism were down-regulated, demonstrating the
miRNA-mRNA-lipid biosynthesis regulatory cascade as the
mechanism to up-regulate sulfolipid biosynthesis. However,
homologues for the betaine lipids synthesis (Klug and
Frontiers in Marine Science | www.frontiersin.org 7
Benning, 2001; Murakami et al., 2018) were not identified in
our study, consistent with the study by Shemi et al. (Shemi
et al., 2016) but at odds with that by Van Mooy et al. (Van
Mooy et al., 2009), indicating a potential strain-specific
metabolic shifting scheme in E. huxleyi. Furthermore, both
betaine lipid and PC contain one atom of nitrogen per
molecule, whereas the sulfolipid and galactolipid contain no
N, thus the substitution for PC minimizes the requirement of
cellular nitrogen. If confirmed by further studies, this will
suggest that differential phospholipid substitution schemes
confer E. huxleyi the plasticity to maintain growth in the face
of both phosphorus and nitrogen limitation in the ocean and
prevent large swings of N to P stoichiometry.

Promoting Effects of P Limitation on
Calcification Through Transcriptomic and
miRNA Regulations
This is the first documentation of physiological coupled
molecular evidence for enhanced calcification under P-
deprivation in E. huxleyi, substantiating the previous
proposition along this line (Mackinder et al., 2010).
Calcification involves the uptake of Ca2+ and HCO−

3 , and the
removal of H+. According to our transcriptomic analysis,
A B

DC

FIGURE 4 | Physiological responses and the underlying molecular mechanism under P-limited conditions. (A-C) Cellular particulate inorganic carbon (PIC), calcium
abundance, sinking rate in L1 and P- cultures. * indicates p < 0.05 in t-test while ** indicates p < 0.001. Error bars denote ± s.d. of the mean (n = 3). (D) Circos plot
displaying the correlation between the expression of AP genes and that of calcification and photosynthesis related genes. The red ribbon indicates positive
correlations while the green ribbon indicates negative correlations.
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expressions of Ca2+ uptake, H+ removal, and carbonic anhydrase
(CA) genes (Supplementary Table S6) were up-regulated under
P limitation and positively correlated with AP gene expression,
combined with the down-regulation of miRNA responsible
for the cellular transport of calcium (novel_mir36 in
Supplementary Table S4), indicating the promoting effects of
P limitation on calcification in E. huxleyi (Figure 3E).

These indicators of enhanced calcification are consistent with
the observed increase in PIC content (Figure 4A) and calcium
abundance (Figure 4B) in the cells under P-limitation in this
study, and this had also been confirmed in the batch cultures in
our repeated experiment (Supplementary Figure S2).
Consistently, the number of coccolith per cell was reported to
increase more than twofold and the calcium content per
coccolith increased by 15% under strong P limitation in both
the batch and chemostat cultures of E. huxleyi (Paasche, 1998).
However, stable PIC content and declined calcification of E.
huxleyi under P limitation have also been reported (Langer et al.,
2013). These opposing responses may reflect inter-strain
differences or a result of different experimental method, that is,
batch vs. (semi-) continuous cultures (Langer et al., 2013).
Studies on other coccolithophores have reported that the
calcification of Calcidiscus leptoporus and Coccolithus pelagicus
were not sensitive to P limitation (Langer et al., 2012; Gerecht
et al., 2014). The species- or strain-specific adaption can
potentially cause shifts in dominant contributors to BP among
the coccolithophorid species or strains in the future ocean.

Furthermore, our observed stoichiometrically disproportionate
increase in PIC (fivefold, relative to 46% of calcium abundance
increase) under P-deprivation suggests that there is excess
inorganic carbon storage in the P-deprived E. huxleyi cells, likely
the result of the up-regulated CO2 to HCO−

3 . The conversion of
CO2 to HCO−

3 in E. huxleyi is believed to be accomplished by the
gamma class of CA (Sotoj et al., 2006), which was found to be up-
regulated about 25-fold under calcifying vs. non-calcifying
conditions of E. huxleyi, and was considered to be located in the
coccolith vesicle (CV) for function in calcification. In that study,
authors hypothesized that the HCO−

3 converted by gamma CA
fromCO2 would be transported out of the CV and serve to increase
cellular inorganic carbon, for use in photosynthesis after being
transported into the chloroplast. This is possibly the case in our
study. Then it is probable that the up-regulation of gamma CA
under P limitation (Supplementary Figure S4) converted more
CO2 to HCO

−
3 , thus contributing to the increase of the cellular PIC

and calcification. The homologs of gamma CA were also observed
to express specifically in the coccolith-bearing cells of the
coccolithophore Pleurochrysis haptonemofera, and were expected
to catalyze the conversion of CO2 to HCO−

3 in calcification
(Fujiwara et al., 2007).

Potential Role of C4 Pathway in
Maintaining Photosynthesis and Recycling
P Under P-Limitation
The transport of HCO−

3 to the chloroplast could support
photosynthesis by the C4 pathway, a scenario consistent with
the up-regulation of phosphoenolpyruvate carboxylase (PEPC)
Frontiers in Marine Science | www.frontiersin.org 8
(Ausenhus and O’Leary, 1992; Reinfelder et al., 2000). With the
action of PEPC, CO2 reacts with phosphoenolpyruvate (PEP) to
produce the C4 compound oxaloacetate (OAA) and phosphate
(Figure 3F). While OAA will provide CO2 for Rubisco, the
released phosphate can be recycled for use in the regeneration of
ribulose-3,5-bisphosphate, the essential substrate of Rubisco.
This way, photosynthesis can be relieved of P limitation to
some extent. In support of this scenario is the stable expression
of RubisCo (Figure 3D) and maintained cell growth (Figure 1A)
we observed in the P-limited cultures. However, all these
scenarios need further experimental confirmation.

Biogeochemical Implications (Carbon
Export) of the Increased Carbon
Content and Sinking Rate of Cells
Under P-Limitation
From the biogeochemical perspective, the increased cellular PIC
content, together with the molecular evidence of carbon
incorporated into C4 compounds, further capacitate P-
deprived E. huxleyi cells for carbon storage potential. As the
production of one mole CaCO3 releases one mole of CO2, the
46% increase in calcium abundance in P-deprived E. huxleyi cells
would involve 46% reduction of atmospheric CO2 drawdown by
the cells (Figure 5). However, our observed 3.4-fold elevation in
cellular POC (Figure 3A) indicates that the increase of the
sequestrated CO2 caused by the enlarged and C-enriched cells
exceeds that of the calcification-related CO2 release, and possibly
an atmospheric drawdown. In support of this proposition,
generally positive correlations between calculated coccolith
carbonate and organic carbon daily fluxes has been observed in
the global ocean (Ziveri et al., 2007).

Furthermore, the sinking rate of E. huxleyi increased by 37-
44% under P limitation (Figure 4C), from 0.12-0.14 m/d to 0.13-
0.20 m/d, which is comparable with previous estimates (raised by
29%, from 0.17 to 0.22 with an increase of pCO2) (Milner et al.,
2016). This has the implications to atmospheric CO2 drawdown
by E. huxleyi in a P-deficient ocean in terms of carbon export per
mol carbon fixed or per mol nitrogen nutrient used (Figure 5).
However, how the observed sinking rate and its increase under P
limitation on the laboratory cultures will translate into actual
sinking rate in the ocean still requires further studies conducted
in situ or using mesocosms. Nevertheless, as alluded to earlier
based on the literature, E. huxleyi is widely recognized as a major
contributor of carbon export in the ocean (Holligan et al., 1983;
Laber et al., 2018; Hernandez et al., 2020).

In the present study, the reallocation of cellular P under P-
limitation was observed to cause an increase not only in the cellular
PON content but also in the C/N and C/P ratio in E. huxleyi, and a
higher C/N ratio signals more carbon fixed per N consumed, further
bolstering the potential of P limitation to promote carbon export
efficiency of E. huxleyi. In the ocean, besides warming and its
associated water stratification, other factors exist. For example,
ocean acidification resulting from increasing CO2 might be
unfavorable to E. huxleyi cells sinking (Riebesell et al., 2017), iron
deficiency, which could be caused by ocean acidification (Shi et al.,
2010) can increase silica deposition and sinking rates in diatoms
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(Hutchins and Bruland, 1998). Our study underscores the need for
more research effort to understand the effects of multiple
environmental variables relevant to projected warming and
acidified oceans on BP efficiency and the underlying mechanisms.
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