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Abstract
Coccolithophores are an important group of calcifying marine phytoplankton.
Although coccolithophores are not silicified, some species exhibit a require-
ment for Si in the calcification process. These species also possess a novel
protein (SITL) that resembles the SIT family of Si transporters found in dia-
toms. However, the nature of Si transport in coccolithophores is not yet
known, making it difficult to determine the wider role of Si in coccolithophore
biology. Here, we show that coccolithophore SITLs act as Na+-coupled Si
transporters when expressed in heterologous systems and exhibit similar
characteristics to diatom SITs. We find that CbSITL from Coccolithus braaru-
dii is transcriptionally regulated by Si availability and is expressed in environ-
mental coccolithophore populations. However, the Si requirement of
C. braarudii and other coccolithophores is very low, with transport rates of
exogenous Si below the level of detection in sensitive assays of Si transport.
As coccoliths contain only low levels of Si, we propose that Si acts to support
the calcification process, rather than forming a structural component of the
coccolith itself. Si is therefore acting as a micronutrient in coccolithophores
and natural populations are only likely to experience Si limitation in circum-
stances where dissolved silicon (DSi) is depleted to extreme levels.
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INTRODUCTION

The coccolithophores are a group of calcifying marine
phytoplankton belonging to the Haptophyta. Coccolitho-
phores are characterized by their extracellular covering
of calcium carbonate plates known as coccoliths, which
are produced intracellularly within a membrane-bound
vesicle and secreted to the cell surface (Taylor
et al., 2017). Calcification by coccolithophores contrib-
utes significantly to global carbon cycling, with the sinking
of coccoliths representing a major flux of inorganic car-
bon to the deep oceans (Skampa et al., 2020; Ziveri
et al., 2007). As coccolithophores generate their biomi-
neralized structures from calcium carbonate, it is com-
monly thought that they possess a competitive
advantage over silicified biomineralized phytoplankton,
primarily represented by the diatoms, in regions where
dissolved silicon (DSi) is potentially limiting for diatom
growth (Leblanc et al., 2009). However, we recently iden-
tified that certain coccolithophore lineages exhibit a
requirement for Si in the calcification process, suggesting
that Si limitation could also influence the biogeography of
some coccolithophore species (Durak et al., 2016). We
must therefore establish the nature of the Si requirement
in coccolithophores in order to understand how it may
influence their physiology and ecological interactions with
heavily silicified phytoplankton lineages.

Treatment of the coccolithophores Scyphosphaera
apsteinii, Coccolithus braarudii, Syracosphaera pul-
chra, and Calcidiscus leptoporus with the Si analogue
germanium (Ge) leads to significant disruption of calcifi-
cation (Durak et al., 2016; Langer et al., 2021). Ge
appears to specifically disrupt morphogenesis of the
developing calcite crystal, rather than the ability to pre-
cipitate calcium carbonate, suggesting that Si is required
for the generation of correct crystal morphology (Langer
et al., 2021). In support of this hypothesis, production of
holococcoliths by the haploid life cycle phase of these
species is not disrupted by Ge (Langer et al., 2021).
Holococcoliths consist of simple rhombic crystals and do
not require the specialized crystal morphology neces-
sary for heterococcolith formation. All further references
to calcification in the manuscript will refer specifically to
formation of heterococcoliths, unless stated otherwise.
The requirement for Si is not found in all coccolitho-
phores, as growth and calcification in several species
belonging to the Pleurochrysidaceae and the Noelaer-
habdaceae, including the major bloom forming species
Emiliania huxleyi, are insensitive to Ge (Durak
et al., 2016; Langer et al., 2021). Emiliania huxleyi com-
monly blooms in Si-depleted stratified surface waters fol-
lowing a diatom bloom (Leblanc et al., 2009; Silkin
et al., 2020), suggesting that competitive interactions
with silicified phytoplankton may have provided selective
pressure to lose their Si requirement. Assuming that the
role of Si in calcification represents the ancestral state,
these phylogenetic relationships indicate that the

requirement has been lost at least twice in coccolitho-
phore evolution (Durak et al., 2016).

To better understand the competitive interactions
between coccolithophores and other phytoplankton, we
must gain a deeper understanding of the mechanisms
of Si uptake from the environment and its internal bio-
chemistry in coccolithophores. The cellular Si quota of
coccolithophores is likely to be substantially lower than
heavily silicified phytoplankton, although some non-
silicified organisms, such as the unicellular cyanobacte-
rium Synechococcus, can accumulate substantial
intracellular concentrations of non-mineralized Si
(Baines et al., 2012; Brzezinski et al., 2017; Ohnemus
et al., 2018). Heavily silicified organisms require micro-
molar concentrations of DSi for maximum growth in lab-
oratory culture, whereas coccolithophores are typically
grown in seawater media without Si amendments. Nev-
ertheless, coccolithophores can experience Si limita-
tion, as growth of C. braarudii or S. pulchra in very low
DSi (<0.2 μM) resulted in coccolith malformations that
were highly similar to those observed after treatment
with Ge (Langer et al., 2021; Walker et al., 2018). Sur-
face ocean DSi concentrations are typically <10 μM
and reach 0.5–1.5 μM in the extensive subtropical
gyres, although in Antarctic regions concentrations in
excess of 50 μM are common (Treguer, 2014). Draw-
down of DSi by silicifiers has a major impact on the
global silica cycle and can result in very low surface
ocean DSi concentrations (Yool & Tyrrell, 2003). For
example, surface ocean DSi in the Western English
Channel is around 5 μM during the winter when the
water column is well mixed, but in summer stratified
waters following the diatom spring bloom DSi is often
lowered to the sub-micromolar range (Smyth
et al., 2010). A better understanding of Si uptake and
cellular quotas in coccolithophores will help us under-
stand whether they could experience DSi concentra-
tions that are potentially limiting for growth and/or
calcification in natural environments.

The ability of diatoms to substantially deplete DSi
from the surrounding seawater is due to the presence
of a family of Na+-coupled Si transporters known as
SITs that are responsible for high-affinity Si uptake
(Durkin et al., 2016; Hildebrand et al., 1997;
Thamatrakoln & Hildebrand, 2007). SITs have 10 trans-
membrane domains (10-TM), arranged in an inverted-
repeat topology consisting of two 5-TM domains
(Thamatrakoln et al., 2006). The SITs were first discov-
ered in diatoms but were later found to be present in
other silicifying organisms, such as choanoflagellates
and chrysophytes (Likhoshway et al., 2006; Marron
et al., 2013). More recently, we identified that a SIT
homologue was also present in the silicifying hapto-
phyte, Prymnesium neolepis, and we also identified a
10-TM SIT in a non-silicifying haptophyte, the calcifying
coccolithophore S. apsteinii (Durak et al., 2016). In
addition to 10-TM SITs, a family of related proteins
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known as SITLs was identified in coccolithophores.
The SITLs possess 5-TM domains and show significant
similarity to the individual N- and C-terminal 5-TM
regions of SITs. SITLs are found in all coccolithophores
that have a Si requirement but were absent from line-
ages that were insensitive to Ge (Durak et al., 2016).
The novel SITLs are likely candidates to support high-
affinity Si uptake by coccolithophores, as all other
known classes of active eukaryote Si transporters
appear absent from the Si-requiring coccolithophores
(Marron et al., 2016; Ratcliffe et al., 2017). SITLs have
also been found in diverse eukaryote lineages (both
silicified and non-silicified) including foraminifera, meta-
zoa, dinoflagellates, and radiolarians (Durak
et al., 2016; Marron et al., 2016), suggesting that SITLs
may represent a widespread mechanism for Si trans-
port in eukaryotes. However, SITLs have not yet been
characterized experimentally. Whilst the presence of
SITLs in heavily silicified lineages (e.g. radiolarians)
supports the hypothesis that this novel family of pro-
teins could also act as Si transporters, there is currently
no evidence for their ability to transport Si, other than
their similarity to the individual N- and C-terminal 5-TM
regions of 10-TM SITs.

Despite the clear requirement for Si in coccolitho-
phore calcification, we currently have very little informa-
tion on the nature of Si utilization by coccolithophores
and its influence on their physiology and biogeography.
We have therefore attempted to address the following
key questions: Do the novel SITL proteins found in coc-
colithophores act as Si transporters? Is their gene
expression regulated by Si availability? Can we detect
Si uptake by coccolithophores directly? What are the
cellular Si quotas of coccolithophore species that
exhibit differing requirements for Si? We find that coc-
colithophore SITLs act as Na+-coupled Si transporters
in heterologous systems and native SITLs exhibit tran-
scriptional regulation in response to changes in Si
availability. However, we do not find evidence for signif-
icant rates of Si transport of exogenous Si by cocco-
lithophores, either through drawdown of DSi or by
uptake of the radiotracer 32Si(OH)4. We show that the
cellular Si quotas are very low, with only trace amounts
present in the coccoliths, suggesting that the rates of
exogenous Si uptake required by coccolithophores are
likely to be much lower than the detection limits of the
existing methods for measuring Si transport.

EXPERIMENTAL PROCEDURES

Phytoplankton strains and culture
conditions

Coccolithophores, C. braarudii (PLY182g + HOL),
C. leptoporus (HET + HOL), S. apsteinii (RCC 1456
HET), E. huxleyi (CCMP1516 and B92/11),

G. oceanica (RCC 1303HET), S. pulchra (HOL), Caly-
trosphaera sp. (HOL), the silicifying haptophyte Prym-
nesium neolepis (RCC 3432), and diatom Thalassiosira
weissflogii (PLY541) cultures were grown in filtered
seawater (FSW) with added f/2 nutrients (Guillard,
1975). Cells were grown in 40 ml batch cultures of
autoclaved and filter sterilized Gulf Stream seawater,
supplemented with either F/2 (T. weissflogii,
P. neolepis, E. huxleyi, and C. braarudii) or LH nutri-
ents and vitamins (G. oceanica, C. leptoporus, and
S. apsteinii). LH media used was modified from the
Tomas Lab (Fowler et al., 2015) which itself is modified
L1. All cultures were maintained at 15�C on a 14:10 h
light: dark cycle, at approximately 100 μmol m�2 s�1.
The FSW was collected in May from the Western
English Channel, after the diatom spring bloom, to
ensure naturally low [DSi] concentrations (≤2 μM).
Where FSW with very low [DSi] was required (<2 μM),
the diatom T. weissflogii (PLY541) was used to further
deplete the [DSi] as described previously (Durak
et al., 2016). The diatom-depleted seawater was used
with the addition of f/4 nutrients (without Si).

Cloning of CbSITL from C. braarudii

CbSITL was previously identified in the MMETSP data-
base (CAMNT_0025525031) (Durak et al., 2016;
Keeling et al., 2014). We confirmed the nucleotide
sequence of CbSITL was correct using RT-PCR from
C. braarudii (PLY182g) followed by DNA sequencing.
A synthetic gene for the CbSITL open reading frame
was generated (ON982215) using codon optimization
for expression in S. cerevisiae (DNA 2.0, ATUM, New-
ark, CA) and subcloned into the expression plasmid
pYES2/CT (ThermoFisher, Inchinnan, UK) with the stop
codon omitted, to allow the addition of a V5 epitope and
a polyhistidine tag at the C-terminus.

Expression of CbSITL in Xenopus oocytes

cDNA was generated from the synthetic CbSITL con-
struct. CbSITL mRNA was prepared with the mMes-
sage mMachine T7 kit (ThermoFisher) using linearized
cDNA. For each experiment, 50 Xenopus laevis
oocytes were each injected with 10 ng RNA in 14 nl vol-
ume. After 3 days, protein expression was confirmed
by Western blotting against the V5 epitope at the C-ter-
minus. Xenopus oocytes were placed into 0.5 ml of
ND96 media containing 100 μM DSi and the rate of
silicic acid uptake was measured by determining the
concentration of DSi at specific time points using a
molybdenum blue assay (Kirkwood, 1989). Oocytes
injected with water were used as the control. Both con-
trol and test samples showed a small, rapid initial
decrease in DSi concentration over the first 15 min that
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we have interpreted as Si adsorption to surfaces and
not included in the calculation of Si transport rates.

Recombinant expression of CbSITL in
yeast

The CbSITL construct was expressed in the protease-
deficient S. cerevisae strain FGY217 (MATα, ura3-52,
lys2Δ201, pep4Δ) and then purified in a manner
described by Knight et al. (2016). Briefly, yeast cells
were harvested, lysed and cell membranes were sedi-
mented after centrifugation at 180,000g for 1 h. Mem-
branes were resuspended in 50 mM TrisHCl, pH 7.4,
150 mM NaCl, 5% glycerol and homogenized. Proteins
were solubilized using 2% FC-12 and CbSITL was then
applied to a 1 ml ‘HisTrap’ Ni2+ column
(GE Healthcare, Chalfont St Giles, UK) equilibrated in
column buffer (50 mM TrisHCl, pH 7.4, 150 M NaCl,
5% glycerol, + 0.1% FC-12) plus 20 mM imidazole.
The column was washed with 40 ml of Column Buffer
plus 60 mM imidazole, and then CbSITL was eluted in
Column Buffer with 0.5 M imidazole. Imidazole was
immediately removed by gel filtration. Recombinant
CbSITL was used to prepare proteoliposomes.

Measurement of Si transport in
proteoliposomes

Liposomes were prepared from E. coli polar lipids as
described by Knight et al. (2016). Proteoliposomes
were reconstituted by combining 500 μl of extruded
liposomes with 45 μl of 20% sodium cholate and 55 μl
purified recombinant CbSITL at 360:1 (w/w) lipid: pro-
tein ratio for 30 min at room temperature. Cholate was
removed by gel filtration (PD SpinTrap G-25 column,
Merck, Gillingham, UK). The eluted proteoliposomes
were centrifuged at 200,000g for 1 h. For influx assays,
the pellet was resuspended at 40 mg ml�1 in 50 mM
Tris, 150 mM KCl, pH 7.4. Silicic acid was either pre-
pared by incubating 4 ml of 0.2 M sodium silicate with
1.5 g of acidified Dowex 50WX4–50 cation exchange
resin. This preparation was confirmed as monomeric
silicic acid by studying the kinetics of the reaction with
ammonium molybdate to form the yellow silicomolyb-
date product (Kirkwood, 1989). Silicic acid concentra-
tions were subsequently verified by silicomolybdate
assays and ICP-MS. For kinetic influx measurements,
proteoliposomes in 50 mM Tris, 150 mM KCl, pH 7.4
were loaded with 6 mM Zn acetate by two cycles of
freeze–thaw and treated with 1 μM valinomycin. A
stopped-flow instrument (Applied Photophysics,
Leatherhead, UK) was configured so that each reaction
comprised one volume proteoliposomes and 10 vol-
umes of 50 mM Tris, 150 mM NaCl, pH 7.4 plus silicic
acid as required. Fluorescence excitation was at

254 nm with a 360 nm cut-off filter. The change in
apparent fluorescence due to the formation of zinc sili-
cate complexes was monitored over time (10 s) (Knight
et al., 2016). This probably represents a change in
sample second-order scattering rather than a specific
fluorescence signal per se, but the signal change is
detected in the fluorescence channel of the stopped-
flow instrument and so the term ‘apparent fluores-
cence’ is appropriate.

qRT-PCR of CbSITL expression in
C. braarudii

For RNA extractions, 20 ml of exponential growth
phase cultures (approximately 20,000 cells ml�1) were
harvested by centrifugation at 3800g for 5 min at 4�C.
Total RNA was extracted using Isolate II RNA Mini Kit
(Bioline, Meridian Bioscience, London, UK). Extractions
were treated with RQ1 RNase-free DNase (Qiagen,
Manchester UK), checked for purity using a Nanodrop
1000 (ThermoFisher) (A260/A280 ratios > 1.80) and
RNA quantified using Quantifluor Single-tube RNA Sys-
tem (Promega, Chilworth, UK) and a 100 ng μl�1 stan-
dard. The 50 ng of cDNA was synthesized per sample/
standard using a SensiFAST cDNA Synthesis Kit
(Bioline) with additional no Reverse-transcriptase con-
trols (NRTCs) for each treatment to ensure no genomic
DNA contamination had occurred. Primers were
designed using Geneious R8 (Biomatters Ltd, Auck-
land, NZ) to CbSITL and the reference genes EFL and
RPS1 to generate products approximately 150 bp in
length (Table S1).

qRT-PCR reactions were conducted using a
Rotorgene 6000 cycle (Qiagen, USA) in 10 or 20 μl
reaction volumes of SensiFAST No-ROX Kit (Bioline,
UK). PCR reactions were conducted with 400 nM
final primer concentration for EFL and 200 nM final
concentrations for SITL and RPS1 with the following
settings: initial 95�C 2 min hold, followed by
40 cycles of 95�C denaturing for 5 s, 62�C annealing
for 10 s and 72�C extension step (acquisition at end
of extension step) for 20 s. A high-resolution melt
(HRM) curve, 72–95�C with 1�C ramp was conducted
after amplification to ensure the amplicon had a com-
parable melting temperature when compared to posi-
tive control. NRTCs and no template controls were
included in all reactions. All standards, samples and
controls were run in duplicate. All qPCR reaction effi-
ciencies were >90% and all PCR products were run
on gel electrophoresis to ensure correct amplicon
size. Data were analysed using Relative Expression
Software Tool (REST) (Pfaffl et al., 2002). CbSITL
expression was normalized to the EFL and RPS1 ref-
erence genes. We applied a randomization test
within the REST software (2000 randomisations, Pair
Wise Fixed Reallocation Randomisation Test) to
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determine statistically significant differences from
the control.

C. braarudii SITL expression in
environmental populations

Samples were collected at L4 Station (4�13 W 50�15 N)
in the Western English Channel. Both 15 and 50 μM
plankton nets were towed behind RV Sepia for 10 min
and the contents resuspended in 2 L of surface seawa-
ter. To positively identify C. braarudii, initial observation
was conducted by light microscopy using a Leica DMi8
Inverted Microscope with a DFC7000 T colour camera
(Leica Microsystems, UK). To confirm identity, 10 ml of
the 15 μM net plankton sample was prepared for scan-
ning electron microscopy (SEM). Samples for SEM
were filtered onto a 13 mm 0.4 μm Isopore filter
(Millipore EMD) and rinsed with 5 ml MilliQ water to
remove any salt. Filters were air dried, mounted onto
an aluminium stub and sputter coated with 10 nM
Au/Pd (Emitech K550; Quorum Technologies, UK). The
sample was analysed using a Jeol JSM-6610LV SEM.
For RNA preparation, 200 ml of sample from each net
was centrifuged at 3800g at 4�C for 10 min. The RNA
was extracted from the pellet, cDNA prepared and
qPCR conducted as described above. qPCR reactions
for were conducted for C. braarudii SITL and EFL
genes. Positive qPCR amplicons were sequenced to
confirm identity.

Si transporters in eukaryote Ocean Gene
Atlas metatranscriptome

Sequence similarity searches were conducted of the
Ocean Gene Atlas metatranscriptome, MATOUv1 + T
database (Marine Atlas of Tara Ocean Unigenes,
https://tara-oceans.mio.osupytheas.fr/) (Villar
et al., 2018) using CbSITL and SaSIT1 as queries. Mul-
tiple sequence alignments of environmental SITs and
SITLs were generated using MUSCLE and manually
inspected for alignment quality. After manual refine-
ment of the alignment, GBLOCKS 0.91b was used to
remove poorly aligned residues and then ProtTest was
used to determine the best substitution model (WAG
with gamma and invariant) for phylogenetic analysis.
Maximum likelihood phylogenetic trees were generated
using MEGAX software with 100 bootstraps.

Phytoplankton DSi drawdown assay and
BSi incorporation

Media for Si-drawdown experiments was prepared from
Gulf Stream seawater (as described above) but with no
added Si. The [DSi] was measured prior to adding

sufficient Na2SiO3.5H2O to achieve 5 μM Si, a value
that represents environmentally relevant [Si] and within
the range of Km values reported for diatom Si trans-
porters (Curnow et al., 2012; Knight et al., 2016;
Thamatrakoln & Hildebrand, 2008b). Cells previously
acclimated to 5 μM Si for several generations were har-
vested from cultures at early exponential phase and
gently washed in Si-free media using a Nalgene poly-
carbonate filter unit. Replicate 200 ml cultures were
seeded with washed cells for a starting density of 1–
5 � 104 ml�1 and maintained at the same temperature
and light conditions as above. On each sampling day,
cell counts, and aliquots for DSi, and BSi were taken.
Fifteen mL culture aliquots were 0.2 μm filtered (Merck
Millipore Ltd.) using lubricant free sterile syringes
(to avoid Si contamination) and filtrate was stored at
4�C prior to DSi analysis. The filters with cells were fro-
zen at �20�C for BSi analysis. Three no-cells flasks
were also included as a negative control in every exper-
iment, and a diatom positive control was also included
in the first sets of experiments (providing two
replicates).

[DSi] was determined using a silicate molybdate-
ascorbate assay (Kirkwood, 1989) modified from Brze-
zinski and Nelson (1995) and Brzezinski et al. (1997).
Measurements from the Si draw-down experiment were
conducted at UNCW Centre for Marine Science using
an AutoAnalyzer3 (Bran Luebbe, Germany) with a
range of calibration standards from 1.66 to 4.99 μM.
Oxalic acid concentrations were increased to saturated
levels (143 g/L) to overcome any phosphate interfer-
ence. Molybdate was made fresh for each run.

For BSi determination, the previously collected and
frozen drawdown assay filters were processed using
the alkaline digestion method as described by Brze-
zinski and Nelson (1995), with modifications from
Paasche (1980) and Krausse et al. (1983). For cocco-
lithophores, filters were first treated with 1 ml 0.5 M HCl
to fully dissolve coccoliths and subsequently neutral-
ized using NaOH before alkaline digestion. For the
alkaline digestion, each filter was placed in a 15 ml
polymethylpentene tube (Diagenode, Inc.) with 4 ml of
0.2 M NaOH and brought to 100�C in a water bath for
20 min, cooled, and neutralized with 1 ml of 0.5 M HCl.
The digest was centrifuged at 10,000 rpm for 9 min and
aliquots of supernatant were removed and diluted for
autoanalyser analysis as appropriate. Analytical blanks
with filter only (no cells) were included for each run.

Measurement of Si uptake using 32Si

C. braarudii was grown in f/2 media without additional
Si at 16 � 1�C under a 12:12 h light: dark cycle at
�120 μmol photons m�2 s�1 (EnviroGro T5 Hydro-
farm). Exponentially growing cells were inoculated into
triplicate cultures at a cell density of �6000 cells ml�1

SILICON UPTAKE IN COCCOLITHOPHORES 319
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and an ambient Si concentration of 9.65 μM. Three
treatments were tested: live cells in f/2 media, dead
cells (heat treated 10 min at 60�C before the incuba-
tion), and Ge-treated (live cells, but with the addition of
1.08 ml of 1 mM GeO2 to give a ratio of Ge:Si of 0.75).
The cultures were then spiked with 7423 dpm of 32Si
(OH)4 to start the incubation and cells were sampled at
4 and 24 h by filtration onto 0.6 μm polycarbonate fil-
ters. The filters were placed on planchettes, air dried,
then covered with mylar. 32Si activity was evaluated
after samples had reached secular equilibrium between
32Si and its daughter 32P using low-level beta counting
(Krause et al., 2011). The experiment was repeated
using E. huxleyi, representing a control coccolithophore
species that does not require Si. The detection limit on
cell uptake was calculated by determining the variability
in the triplicate measurements of radioactivity, adjusted
for the amount of cold Si taken up per unit volume (2SD
of DPM � Si/DPM), divided by the mean cell
abundance.

Energy dispersive x-ray spectroscopy

A Zeiss Auriga SEM equipped with a Bruker Quantax
X-ray detector and analysis software was used for
energy-dispersive x-ray spectroscopy (EDS). Spectra
comprising 500 K x-ray photon counts were collected
from a minimum of three cells and five regions for each
species. Column conditions were set to achieve 3500–
5000 counts per second and the dead time typically
ranged between 1% and 2%. The software allowed for
x-ray peak detection and standardless elemental quan-
tification resulting in estimates for weight percent and
atomic percent for the identified elements.

Determination of Si/Ca in coccoliths

Coccolith samples were transferred to pre-cleaned
2.0 ml microcentrifuge tubes and further rinsed by add-
ing 1000 μl milli-Q water to each sample, sonicating to
mix the suspension and centrifuging at 4000 rpm for
8 min. The supernatant water was removed and the
rinse procedure repeated twice more. After the third
rinse and removal of the overlying water, the samples
were dissolved by adding 650 μl of 0.1 M HNO3 to
each. The solutions were centrifuged and 600 μl super-
natant transferred to a clean tube and saved for

analysis. A 25 μl aliquot was diluted 20 fold for Ca
determination by ICP-OES (de Villiers et al., 2002).

Samples for Si/Ca determination were diluted in
0.1 M HNO3 to give [Ca] of 200 ppm and Si/Ca ratios
determined on a Thermo ElementXR sector field ICP-
MS at the Department of Earth Sciences, University of
Cambridge. A platinum injector and platinum cones
were used in order to minimize the Si background,
together with a PFA cyclonic spraychamber and a
50 μl min�1 PFA nebulizer. The Si background signal
was further reduced by operating the instrument at
reduced plasma RF power of 1050 W, compared to the
regular hot plasma of 1200 W.

Standards were prepared by adding Si to existing
multi-element standard solutions (Misra et al., 2014) to
give a series of standards each containing 200 ppm Ca
in 0.1 M HNO3 with Si concentrations increasing from
0 to 24 ppb, covering the range in Si/Ca to 171 μmol/
mol. The cones were cleaned before running and condi-
tioned at the start of the run by aspirating 100 ppm Ca
solution in 0.1 M HNO3. Following initial tuning in low
resolution, the instrument was switched to medium reso-
lution (μm/m = 4000) in order to separate Si isotopes
from interfering isobars and optimized for Si using a
standard solution containing 16 ppb Si in 200 ppm
Ca. The measurement sequence included 23Na, 28Si,
29Si and 43Ca with Si/Ca calculated from the measured
28Si/43Ca ratio. The minor 29Si isotope was used for veri-
fication and Na/Ca was measured to check the efficiency
of the sample cleaning and rinsing procedures.

Cellular Si quota was calculated using the measured
Si/Ca ratios (Table 1) and published cellular Ca quotas:
for E. huxleyi 0.67 pmol Ca per coccosphere (Langer
et al., 2009; Langer & Benner, 2009; Oviedo et al., 2014),
for C. braarudii 35.89 pmol Ca per coccosphere
(Sheward et al., 2017), for C. leptoporus 11 pmol Ca per
coccosphere (Langer et al., 2006; Langer et al., 2012).

RESULTS

CpSITL is a Na+-coupled Si transporter

We first determined whether the novel SITL proteins
found in coccolithophores could act as Si transporters
when expressed in heterologous systems. Xenopus
oocytes were microinjected with mRNA coding for
C. braarudii SITL (CbSITL). Western blots targeting the
V5-epitope tag indicated a strong band at approximately

TAB LE 1 Si content of coccoliths from three coccolithophore species, determined by mass spectrometry

Species DSi in media (μM) Requirement for Si? 28Si/Ca (μmol/mol) SD Si/Coccosphere (fmol)

E. huxleyi 2 No 7.92 �0.89 0.01

C. leptoporus 5 Yes 6.24 �1.72 0.07

C. braarudii 10 Yes 55.49 �1.16 1.99
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45 kDa, close to the predicted MW of CbSITL monomer,
with a weaker band present at 90 kDa that may be indica-
tive of dimerization (Figure S1). Oocytes expressing
CbSITL were able to substantially deplete DSi from the
external media, whereas no decrease in DSi was
observed in control oocytes injected with water
(Figure 1A,B). Calculation of uptake kinetics indicated that
CbSITL expressed in Xenopus oocytes has a similar
affinity for silicic acid (Km = 27.4 � 4.0 μM) to diatom
SITs expressed in Xenopus (Cylindrotheca fusiformis
SIT1, Km 30 μM; Hildebrand et al., 1997).

We next characterized the Si transport activity of
CbSITL in reconstituted yeast proteoliposomes (Knight

et al., 2016). Recombinant CbSITL expressed in the
membrane fraction of S. cerevisiae cells was purified
by affinity chromatography. Western blotting using the
V5-epitope tag indicated bands corresponding to the
approximate size of CbSITL monomers and dimers, as
well as higher monomeric forms that may represent a
degree of aggregation (Figure S2). Si transport activity
into the proteoliposomes was measured by the change
in apparent fluorescence signal due to the formation of
zinc silicates (Knight et al., 2016). In the presence of
Na+ and Si in the external medium, proteoliposomes
containing CbSITL demonstrated Si transport activity
(Figure 2). In the absence of Na+, no Si transport was
observed above the level of non-specific Si transport
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F I GURE 1 Heterologous expression of CbSITL in Xenopus
oocytes. (A) Measurement of silicic acid drawdown from the media
surrounding Xenopus oocytes injected with either water or CbSITL
mRNA. The external concentration of silicic acid was 100 μM. A
single representative experiment (n = 1) is shown to illustrate how
rates of Si uptake were calculated for Figure 1B. Each sample
represents 50 injected oocytes. (B) Transport of Si by CbSITL at
different concentrations of external DSi. Expression of CbSITL leads
to an apparent sigmoidal increase in Si transport with increasing DSi
that is absent in water-injected controls. The CbSITL data do not fit
well to the Michaelis–Menten equation and instead is fit here to the
Hill equation as shown. The same fitting procedure was attempted on
all data but did not converge on a solution for the control samples. At
each concentration, n = 2 for oocytes injected with CbSITL and n = 1
for oocytes injected with water, with 50 oocytes injected per sample.

(A)
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F I GURE 2 CbSITL exhibits Na+-dependent Si transport activity
in yeast proteoliposomes. (A) Individual representative traces
indicating change in apparent fluorescence emission when
reconstituted yeast proteoliposomes containing CbSITL are exposed
to 80 μM silicic acid. PL, proteoliposomes (containing CbSITL); L,
liposomes (no CbSITL); +Si, silicic acid present; +Na, 150 mM
external sodium present. The increase in apparent fluorescence is
due to formation of Zn silicate salts within the proteoliposome. Note
that incorporation of CbSITL increases the Si transport beyond that of
liposomes (without CbSITL) or proteoliposomes in the absence of
Na+. (B) Initial (linear) rates versus silicic acid concentration.
Proteoliposomes show a sigmoidal function while liposomes
essentially show no effect. Experiments are mean � s.d. (n = 3) from
three independent batches of (proteo)liposomes prepared from two
independent protein preparations. The same fitting procedure was
attempted on all data, but it was not possible to converge on a
solution for the control samples.
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shown by control liposomes that lack CbSITL. This indi-
cates that CbSITL is a Na+-dependent Si transporter,
as is the case for diatom SITs (Hildebrand et al., 1997;
Knight et al., 2016). The affinity of CbSITL for silicic
acid estimated from the proteoliposome assay (Km

31.8 � 2.5 μM) was very similar to that estimated from
Xenopus oocytes. The Km of diatom SITs estimated by
the proteoliposome assay was 19.1 and 19.6 μM for
PtSIT1 and NaSIT1 (Knight et al., 2016). In combina-
tion, our results demonstrate that CbSITL exhibits
many similar characteristics to diatom SITs and indi-
cate that coccolithophores possess mechanisms for
active transport of DSi. More broadly, the results pro-
vide experimental evidence that the SITLs represent a
novel family of Si transporters that are widely distrib-
uted amongst eukaryotes (Marron et al., 2016).

CbSITL is transcriptionally regulated by Si
availability

SITs in diatoms and choanoflagellates are transcrip-
tionally regulated by the availability of DSi, exhibiting
strong upregulation in Si-limited cultures (Marron
et al., 2016; Thamatrakoln & Hildebrand, 2007). We
therefore examined the expression of CbSITL in
response to changes in DSi in the seawater media
using RT-qPCR. We first examined the effect of Si limi-
tation by transferring C. braarudii cells grown at 10 μM
DSi to low DSi (0.22 μM). We found that CbSITL exhib-
ited no significant change in expression after 1 day or
8 days, relative to cells maintained at 10 μM DSi
(Figure 3A). However, whilst highly silicified diatoms
and choanoflagellates would likely become limited for
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F I GURE 3 Transcriptional regulation of CbSITL by Si. (A) CbSITL expression in response to low Si. C. braarudii cultures were grown in
10 μM Si for 1 month then transferred to control (10 μM) and very low (0.22 μM) Si conditions (n = 3). Gene expression of CbSITL was analysed
by RT-qPCR after 1 and 8 days of incubation. No significant difference in CbSITL expression in low Si relative to control was observed over
8 days of incubation (Pair Wise Fixed Reallocation Randomisation Test, REST software). Box plots show the interquartile range of the permuted
expression values calculated by the randomisation test, whiskers represent minimum and maximum values. The line represents the median
value. (B) Expression of CbSITL in response to Si replenishment. C. braarudii cultures were grown in 0.22 μM Si for 1 month then transferred to
0.22 (control), 2, 20 and 100 μM Si (n = 3). CbSITL expression was analysed by RT-qPCR relative to the low Si control after 48 and 96 h. No
significant difference in the expression of CbSITL was observed at 2, 20 and 100 μM Si after 48 h of incubation, but expression of CbSITL was
significantly down regulated in the 100 μM Si treatment after 96 h. (* denotes p < 0.05, Pair Wise Fixed Reallocation Randomisation Test, REST
software). Box plots show the interquartile range of the permuted expression values calculated by the randomization test, whiskers represent
minimum and maximum values. The line represents the median value.
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Si within this time period, limitation of C. braarudii
growth only occurs after extended period in low Si
(>18 days) (Walker et al., 2018). To counter the possi-
bility that cellular Si pools had not been fully depleted,
we examined whether CpSITL expression was
repressed when cells were transferred from low to high
DSi. C. braarudii was grown at low DSi (0.22 μM) for
28 days and then transferred to a range of higher DSi
concentrations (up to 100 μM). Although no significant
effects were observed after 48 h, cells transferred to
the highest DSi concentration (100 μM) exhibited a sig-
nificant decrease in CbSITL expression after 96 h
(Figure 3B). We conclude that CbSITL can be transcrip-
tionally regulated by DSi availability, in a manner similar
to SITs in highly silicified organisms (Brembu
et al., 2017; Marron et al., 2016) although the time-
scale for response to changing Si appears to be much
longer in coccolithophores.

Environmental expression of Si
transporters in coccolithophores

We next examined whether Si transporters were
expressed in natural populations of coccolithophores.
C. braarudii is commonly found in the western English
Channel in late summer/early autumn, where nutrient
concentrations, including Si, are typically low due to
seasonal stratification and high phytoplankton produc-
tivity throughout summer (Smyth et al., 2010). The
presence of C. braarudii in samples of surface seawa-
ter was monitored by light microscopy and confirmed
by SEM ( Figure S3). We then extracted RNA and used
RT-qPCR to examine gene expression. We detected
transcripts of a reference gene for C. braarudii (EFL),
alongside transcripts for CbSITL, indicating that
CbSITL is expressed by environmental C. braarudii
populations (Figure S3). The concentration of DSi in
surface water at the time of sampling was 0.66 μM.

To further probe the requirement for active Si trans-
port in coccolithophore communities, we examined the
Tara Oceans eukaryote metatranscriptomics dataset
(Villar et al., 2018) for evidence of global expression of
coccolithophore SITs and SITLs. We found several
novel SIT and SITL sequences that exhibited a high
similarity to those previously identified in coccolitho-
phores (Durak et al., 2016) ( Figure S4). The novel
SITL sequences formed a well-supported clade with
other haptophytes that was distinct from SITL clades
including metazoa or foraminifera. As SITL sequences
have not been found in any non-calcified haptophyte
species, we propose that the environmental haptophyte
SITL sequences likely belong to coccolithophores. The
environmental SIT sequences formed a well-supported
clade with SITs from the coccolithophore S. apsteinii
and the silicifying haptophyte P. neolepis. Within this

clade, several SIT sequences exhibit very high similar-
ity to P. neolepis, although the identity of the other envi-
ronmental haptophyte SITs is not clear. The
coccolithophore SIT and SITL sequences were recov-
ered from a broad geographic distribution, encompass-
ing the Pacific, Atlantic and Indian Oceans, and were
primarily found in samples with low Si concentrations
(Figure S5).

Measuring Si uptake rates in
coccolithophores

We next examined evidence for Si uptake by
C. braarudii and a range of other coccolithophore spe-
cies. In batch culture, heavily silicified organisms can
rapidly deplete DSi from the surrounding media, provid-
ing a simple assay to examine rates of DSi uptake. The
diatom Thalassiosira weissflogii depleted DSi from the
media within 3 days (initial concentration 4 μM)
(Figure 4A). The silicifying haptophyte Prymnesium
neolepis also rapidly depleted DSi in a similar manner
(initial concentration 5 μM DSi), (Figure 4B). Interest-
ingly, P. neolepis was able to grow after DSi was exten-
sively depleted, although cells possessed fewer scales
or were naked. In contrast to the silicifying organisms,
we could not detect any drawdown of DSi by the cocco-
lithophores S. apsteinii, C. braarudii, and C. leptoporus
when monitored over an 8 days period (Figure 4C).
These three species all possess Si transporters and
are sensitive to Ge (Durak et al., 2016; Walker
et al., 2018). The Ge-insensitive coccolithophores
E. huxleyi and G. oceanica, which lack Si transporters
and have no known physiological Si requirement, also
showed no detectable drawdown of DSi in this assay
(Figure 4D). Si depletion strongly disrupted silica forma-
tion in T. weissflogii and P. neolepis, whereas the coc-
colithophores did not exhibit any change in coccolith
morphology throughout the experiment (Figure 4;
Figure S6). The Si requirement of coccolithophores is
therefore likely to be much lower than for highly silici-
fied organisms, in which Si forms a key structural com-
ponent of their biomineralized cell coverings.

Given the very low expected rates of Si transport
inferred by the Si depletion assays, we used uptake of
radiolabelled 32Si(OH)4 as a more sensitive measure of
Si transport. Uptake of 32Si has been used extensively
to determine the rate of Si uptake in diatoms and other
silicifying organisms (Krause et al., 2011; McNair
et al., 2018). The uptake of radioactivity by live cells
was compared to dead cells (heat-treated) to quantify
passive absorption/adsorption of Si and we also exam-
ined whether Ge was able to inhibit uptake (0.75 Ge/Si
ratio). The radioactivity taken up by live cells did not
exceed that of dead cells in either C. braarudii or
E. huxleyi after 4 h or 24 h (t-test, p = 0.05, d.f. = 2),
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indicating that there was no detectable active uptake of
Si (Tables S2 and S3). Ge also had no measurable
effect on Si uptake (t-test, p = 0.05, d.f. = 2).

Therefore, any Si uptake by C. braarudii cells under
these conditions is occurring at a rate lower than the
limit of detection. T. weissflogii typically shows uptake
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F I GURE 4 Si drawdown by biomineralized phytoplankton. (A) The cell density and concentration of dissolved Si (DSi) were measured over
a period of 8 days in a culture of the diatom Thalassiosira weissflogii. SEM micrographs show silicified structures from T. weissflogii Day 0 (top)
and Day 8 (bottom). (B) Growth and DSi concentration in a culture of the silicifying haptophyte Prymnesium neolepis. SEM micrographs show
silicified scales on Day 0 (top) and Day 8 (bottom). (C) Si drawdown by coccolithophore species that possess Si transporters and are sensitive to
Ge (Scyphosphaera apsteinii, Coccolithus braarudii and Calcidiscus leptoporus). (D) Si drawdown by coccolithophore species that do not
possess Si transporters and are insensitive to Ge (Emiliania huxleyi and Gephyrocapsa oceanica). The silicifying organisms exhibit a rapid
drawdown of DSi to almost 0 μM, whereas no significant decrease in DSi was observed in any coccolithophore culture. The initial concentration
of DSi was 5 μM. n = 4 except for T. weissflogii where n = 2, standard error bars are indicated.
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rates of 0.5–1 pmol Si cell�1 d�1 (De La Rocha
et al., 2010). Based on the variability of the measure-
ments, we calculated that the detection limit of the 32Si
assay for C. braarudii was approximately
0.006 � 0.003 pmol Si cell�1 d�1. Si uptake rates in
C. braarudii must therefore be at least 100-fold less
than that of T. weissflogii, a diatom of similar cell size.

To put these findings in context of cellular Si
quotas, we next measured Si incorporation into bio-
genic structures (biogenic Si, BSi). We found that
T. weissflogii and P. neolepis contain 5.99 and
9.09 pmol BSi cell�1, respectively. The high BSi con-
tent of P. neolepis likely reflects its prolific production
of silicified scales, arranged in multiple layers around
the cell (Yoshida et al., 2006). In contrast, BSi was not
significantly different from background in five cocco-
lithophore species (one-way ANOVA, p > 0.05)
(Table S4). As the BSi analysis measures both amor-
phous and soluble Si pools, these results indicate that
coccolithophores do not accumulate unmineralized Si,
such as observed in some cyanobacteria (Baines
et al., 2012).

Si incorporation into coccoliths

Whilst the total cellular Si content of coccolithophores
appears to be very low, Si limitation (and/or disruption
of Si uptake using Ge) has specific impacts on cocco-
lith morphology (Durak et al., 2016; Langer et al., 2021;
Walker et al., 2018). We therefore examined whether
we could detect and quantify Si in coccoliths. Previous
measurement using EDS has suggested that the large
barrel-shaped lopadoliths of S. apsteinii may contain
small amounts of Si (Drescher et al., 2012). However,
measurements of low levels of Si using EDS can be
problematic due the potential for contaminating signals
from substances used in sample preparation. We there-
fore extensively modified our protocols to ensure that
low levels of Si could be measured reliably and accu-
rately using this approach (see Experimental Proce-
dures). Using this improved methodology, we were
unable to detect substantial amounts of Si in coccoliths
from any coccolithophore, and there was no significant
difference in Si concentration between species that
require Si and those that do not (Figure 5, Table S5).

F I GURE 5 Elemental analysis of Si in coccoliths. (A) Elemental analysis of a silica scale from the silicifying haptophyte (Prymnesium
neolepis) using energy-dispersive x-ray spectroscopy (EDS). (B) EDS of a coccolith from Calcidiscus leptoporus. Insets show SEM micrographs
of each species. Scale bars are 10 μm for P. neolepis and 5 μm for C. leptoporus. For C. leptoporus, the arrow represents where the energy
reading for Si would be. (C) A comprehensive EDS analysis across biomineralized haptophytes including P. neolepis and a combination of
haploid (N) and diploid (2N) coccolithophore species. Inset shows Si peak for P. neolepis and the absence of Si in all coccolithophore species. A
small Sr peak was observed for Scyphosphaera apsteinii (arrow).
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We next examined the Si content of coccoliths
directly using a mass spectroscopy approach to allow
greater sensitivity. Again, rigorous methodological
adaptations were necessary to prevent contamination
of the samples with Si during cleaning and preparation
for analysis (see Experimental Procedures). These
analyses confirmed that the Si content of coccoliths is
indeed very low with 55.49 � 1.16 μmol 28Si per mol of
Ca in C. braarudii. Although this value was substan-
tially greater than that observed in E. huxleyi, the Si
content of another Si-requiring species C. leptoporus
was not significantly different from E. huxleyi. The ratio
of Si to Ca allowed us to calculate cellular quotas for Si
associated with coccoliths (Table 1). These low levels
indicate that Si is unlikely to be a structural component
of coccoliths. Instead, we hypothesize that Si is
required during the process of coccolith formation, act-
ing to support the correct morphogenesis of the grow-
ing coccolith crystals (Langer et al., 2021), rather than
becoming incorporated into the coccolith itself. In other
terms, Si is acting as a micronutrient in coccolitho-
phores, whereas it is a macronutrient in silicifying
organisms.

DISCUSSION

Although silicon is the second most abundant element in
the Earth’s crust, our understanding of its role in biologi-
cal systems remains limited and relatively few proteins
have been identified that play a direct role in Si biology.
In terms of Si transport, it is now clear that aquaporins
can play an important role in facilitating the diffusion of
Si(OH)4 across biological membranes (Coskun
et al., 2021). Other than the 10-TM SITs, active transport
of Si has been demonstrated by Lsi2, a protein related
to ArsB arsenate transporters that plays an important
role in Si transport in plants, and SLC34a2, which has a
proposed role in Si transport in vertebrates (Ma
et al., 2007; Maldonado et al., 2020; Ratcliffe
et al., 2017). However, both Lsi2 and SLC34a2 function
in Si efflux from cells and are therefore unlikely to medi-
ate Si uptake from the environment directly. The SITs
are therefore the only previously characterized eukary-
ote Si transporters that have been shown to facilitate
energized uptake of Si across the plasma membrane
(Hildebrand et al., 1997; Knight et al., 2016). Our results
show that the SITLs represent an additional class of
eukaryote Si transporters that can facilitate cellular
uptake of Si and actively deplete DSi from the external
media when expressed in heterologous systems. SITLs
are found in wide range of marine eukaryotes in addition
to coccolithophores, including foraminifera, dinoflagel-
lates, radiolarians, dictyochophytes and copepods, sug-
gesting that the capacity for active Si uptake may be
widespread amongst these major plankton lineages
(Durak et al., 2016; Marron et al., 2016).

Many secondary active transporters exhibit an
inverted repeat topology and likely evolved via duplica-
tion and fusion of an ancestral protein that originally
acted as a homodimer (Keller et al., 2014). Incorporat-
ing both domains in a single protein likely allowed func-
tional specialization of each transporter, although there
are relatively few examples of secondary active trans-
porters where the ancestral precursors have been
clearly identified and characterized in order to compare
their biochemical properties (one example is the
SWEET and semi-SWEET sugar transporters) (Feng &
Frommer, 2015; Keller et al., 2014). The widespread
presence of the SITs and SITLs in eukaryotes, along
with the likelihood that SITs have evolved from SITLs
on multiple independent occasions (Marron
et al., 2016), provides an excellent system through
which the evolution of secondary active transporters
can be studied. Our initial characterization of the bio-
chemical properties of SITLs demonstrates that they
have a similar affinity for Si to diatom SITs. Moreover,
computational analysis predicts that the structure of a
SITL homodimer is remarkably similar to diatom SITs
(Knight et al., 2022). However, there are clear delinea-
tions in the taxonomic distribution of these transporters,
with SITs found primarily in heavily silicified lineages
(diatoms, choanoflagellates, chrysophytes, synuro-
phytes and P. neolepis) and SITLs found in lineages
that are either non-silicified or partially silicified (Marron
et al., 2016). This distribution points to a functional
advantage of SITs over SITLs in organisms where a
high cellular rate of Si transport is required.

A single coccolithophore species (S. apsteinii) has
been found to possess both a SIT and SITL (Durak
et al., 2016). We did not find evidence for a larger BSi
content in S. apsteinii or increased rates of DSi uptake
in this species compared to other coccolithophores.
The reason for the additional presence of a SIT in
S. apsteinii are therefore unclear given that SITs are
primarily associated with heavily silicified lineages. The
identification of further SITs related to S. apsteinii SIT1
in the Tara Oceans metatranscriptome could be indica-
tive of the wider presence of SITs in other coccolitho-
phore species. However, these sequences may also
represent SITs from other uncharacterized hapto-
phytes. A potential candidate is Petasaria, a silicified
genus of flagellated protists that has been tentatively
assigned to the haptophytes, although its taxonomic
position remains uncertain and it has yet to be charac-
terized at the molecular level (Jordan et al., 2015;
Moestrup, 1979; Patil et al., 2015).

We have demonstrated that the SITLs found in coc-
colithophores are active as Si transporters, but we have
also shown that the cellular quota for Si in all cocco-
lithophores is very low, bringing into question the
requirement for specific Si transport across the plasma
membrane. Active Si transport in coccolithophores may
act primarily to enable acquisition of Si from seawater
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where DSi is very low, rather than to support high-
capacity transport. In other words, it is the affinity of the
transporters rather than their capacity that may be the
defining characteristic of their function (Flynn
et al., 2018). At higher concentrations of DSi (>30 μM),
diatoms acquire Si primarily by diffusion of non-
dissociated silicic acid, while active Si transport by SITs
is the primary mechanism of Si uptake at lower concen-
trations of DSi (Thamatrakoln & Hildebrand, 2008a). As
DSi concentrations in much of the surface ocean can
be <5 μM, diatom SITS and CbSITL do not show a par-
ticularly high affinity for Si when expressed in heterolo-
gous systems (Km 20–30 μM). However, diatoms
themselves exhibit higher affinity Si uptake
(Thamatrakoln & Hildebrand, 2008), suggesting that
SITs may exhibit different characteristics in vivo.

Diatom SITs show strong upregulation within hours
of Si starvation and conversely exhibit rapid downregu-
lation when Si-limited diatoms are shifted to high DSi
(Brembu et al., 2017; Shrestha et al., 2012; Smith
et al., 2016). SITs from silicifying choanoflagellates also
show a similar pattern of transcriptional regulation,
although the fold changes in gene expression were
more modest than observed in diatoms and were only
measured after 48 h (Marron et al., 2016). In
C. braarudii, repression of CbSITL following Si addition
to Si-limited cells only occurred after 96 h and upregu-
lation of CbSITL was not observed even after Si limita-
tion for 8 days. These differences may be due in part to
the very different rates of Si utilization between cocco-
lithophores and silicified organisms. Exponentially
growing diatoms only have a small intracellular pool of
Si and can rapidly deplete DSi from the external
medium, leading to Si starvation within hours following
a shift to low DSi (Brembu et al., 2017; Thamatrakoln &
Hildebrand, 2008). However, more recent work using
EDS to measure cellular Si concentrations in cryo-fixed
cells (rather than the release of labile Si by boiling) sug-
gested that diatoms actually maintain a much larger Si
pool (with concentrations around 150 mM), which
increases during Si starvation (Kumar et al., 2020).
These very different conclusions may be due to the dif-
fering abilities of these approaches to detect Si in the
form that it is stored within the cell (Kumar et al., 2020).
Although the intracellular Si pool of coccolithophores
was also very low (when measured by release of labile
Si), coccolithophores do not substantially deplete DSi
from the external medium and Si limitation was only
observed after prolonged growth at very low DSi
(<0.2 μM), suggesting very slow turnover of the intracel-
lular Si pool (Langer et al., 2021; Walker et al., 2018). It
is therefore possible that intracellular Si was not
depleted after 8 days at low DSi (0.22 μM) in our qRT-
PCR experiments. However, a low rate of Si utilization
does not explain the delayed repression of CbSITL
expression following a shift to high DSi, as we would
expect the very small intracellular Si pools to be rapidly

replenished. Addition of high concentrations of DSi to
Si-limited diatoms results in a very large increase in the
cellular Si pool within minutes (Thamatrakoln &
Hildebrand, 2008). One possible explanation is that
non-silicifying organisms such as coccolithophores
have a much lower permeability to silicic acid than dia-
toms, as uncontrolled diffusive entry of Si would be
undesirable in the absence of a large intracellular sink
for Si. In this scenario, active uptake of Si through
SITLs over a wide range of external DSi would allow
much tighter control of the rates of Si uptake than the
combination of active transport and diffusive entry
found in diatoms.

SITs play a direct role in Na+-coupled Si uptake
across the plasma membrane in diatoms. As the SITLs
are also Na+-dependent transporters, it seems likely
that their primary role in other organisms will also be to
facilitate Si transport across the plasma membrane, uti-
lizing the large inward Na+ gradient. However, as direct
evidence for Si uptake across the plasma membrane of
coccolithophores remains lacking, we must consider
the possibility that coccolithophore SITLs perform alter-
native cellular roles. The localization of SITLs has not
been determined, so we cannot rule out the possibility
of localization to endomembranes, such as the cocco-
lith vesicle. In this scenario, the cell could rely on diffu-
sive uptake of Si across the plasma membrane in most
environments to support its low cellular Si quota
(assuming it can maintain a sufficiently low DSi concen-
tration in the cytoplasm to create an inward diffusive
gradient), with SITLs acting to regulate Si concentration
within the coccolith vesicle during calcification. It should
also be noted that alternative roles for SITs have been
proposed in diatoms. TpSIT3 from Thalassiosira pseu-
donana does not localize to the plasma membrane and
is not transcriptionally regulated by DSi availability, in
contrast to TpSIT1 or TpSIT2 (Shrestha &
Hildebrand, 2015). It was proposed that TpSIT3 may
therefore act in a regulatory role or as a cellular sensor
of Si (Shrestha & Hildebrand, 2015). In the absence of
measurable rates of Si uptake, it is possible that cocco-
lithophore SITLs perform a role in Si sensing rather
than Si transport. A number of membrane proteins that
play dual role in transport and signalling (known as
transceptors) have been identified in animals, fungi and
plants, including NRT1.1, which acts as dual-affinity
nitrate transporter in Arabidopsis, but also mediates
downstream responses to nitrate (Ho et al., 2009).
Determining the localization of SITLs in coccolitho-
phores and other organisms will be a critical key step in
identifying their cellular role.

Calcification in coccolithophores evolved in the
early Mesozoic around 220 Myr ago (Liu et al., 2010),
at a time when the concentrations of DSi in the surface
ocean were several orders of magnitude higher than at
present, likely near 1 mM (Harper & Knoll, 1975;
Hendry et al., 2018). The requirement for high-affinity

SILICON UPTAKE IN COCCOLITHOPHORES 327

 14622920, 2023, 2, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16280 by N
ational M

arine B
iological, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Si transport in ancestral coccolithophores is therefore
uncertain as Si was unlikely to be limiting. However,
the dramatic changes in Si biogeochemistry of the
oceans have likely caused significant changes in the
physiology of Si transport in marine organisms. The
broad taxonomic distribution of the SITs, SITLs, and
other Si transporters, such as Lsi2, strongly suggest
that they have an ancient evolutionary origin (Marron
et al., 2016). This points to a sophisticated capacity for
Si transport in ancestral eukaryotes that may have
been required to control cellular Si concentrations and
limit the potential for toxic auto-polymerization of silica
in the high Si ocean. As Si concentrations in the sur-
face ocean declined in the past 100 Myr, due primarily
to biogenic control by diatoms, selective pressure to
retain Si transporters for Si detoxification will have
decreased, which may have contributed to their loss in
multiple lineages. Organisms where Si played a physio-
logical role will have encountered selective pressure to
lower or lose their Si requirement and/or to enhance
their capacity for Si acquisition (Hendry et al., 2018).
Evidence for multiple losses of silicification is present in
several lineages, such as sponges and centrohelids
(Hendry et al., 2018; Maldonado, 2009; Zlatogursky,
2016). Coccolithophores may also have lowered their
requirement for Si or lost it altogether, as appears to be
the case in the Pleurochrysidaceae and the Noelaer-
habdaceae (Durak et al., 2016; Langer et al., 2021).
Selective pressure for mechanisms of higher affinity Si
uptake as DSi concentrations in the surface ocean
became lower has been proposed to have driven diver-
sification of the SITs within the diatoms and the choa-
noflagellates (Hendry et al., 2018). It is likely that
similar selective pressures may have influenced cocco-
lithophore SITLs, leading to significant modification of
their biochemical properties from those found in ances-
tral coccolithophores, which operated in a much higher
DSi environment.

Our results show that coccolithophores possess the
capacity for active Si transport, through the expression
of SITLs, although we could not detect Si uptake across
the plasma membrane. It remains to be determined
whether SITLs function directly in Si uptake or play an
alternative role within the cell. Whilst Si is essential for
calcification in certain coccolithophore lineages, their
cellular quota is very low. This means coccolithophores
are much less likely to be susceptible to Si limitation
than heavily silicified phytoplankton lineages and they
will not contribute to significant Si drawdown them-
selves. However, under specific conditions where
extensive drawdown of DSi by silicifiers occurs, such
as following a large diatom bloom in seasonally strati-
fied waters, DSi may reach submicromolar concentra-
tions comparable to those that induce Si limitation of
coccolithophores in laboratory studies (Langer
et al., 2021; Walker et al., 2018; Yool & Tyrrell, 2003).
Some natural coccolithophore populations may

therefore experience Si limitation, but only in regions
where Si is extensively depleted by the action of silicify-
ing organisms. Coccolithophore populations in these
regions may therefore have experienced selective pres-
sure to lose their Si requirement in order to exploit this
niche, but in other areas of the ocean that do not expe-
rience such extremes of Si depletion, we propose that
Si availability is unlikely to strongly influence coccolitho-
phore populations.
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