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Coccolithophores are globally abundant, calcifying microalgae that have

profound effects on marine biogeochemical cycles, the climate, and life in the
oceans. They are characterized by a cell wall of CaCO5 scales called coccoliths,
which may contribute to their ecological success. The intricate morphologies
of coccoliths are of interest for biomimetic materials synthesis. Despite the
global impact of coccolithophore calcification, we know little about the
molecular machinery underpinning coccolithophore biology. Working on the
model Emiliania huxleyi, a globally distributed bloom-former, we deploy a
range of proteomic strategies to identify coccolithogenesis-related proteins.
These analyses are supported by a new genome, with gene models derived
from long-read transcriptome sequencing, which revealed many novel pro-
teins specific to the calcifying haptophytes. Our experiments provide insights
into proteins involved in various aspects of coccolithogenesis. Our improved
genome, complemented with transcriptomic and proteomic data, constitutes

a new resource for investigating fundamental aspects of coccolithophore

biology.

Coccolithophores are globally distributed, calcifying marine microalgae
which make substantial contributions to primary productivity and
affect global climate as a major component of the carbonate counter
pump’ and producers of DMSP> Owing to their importance as bloom-
forming and globally abundant algae, they have become model species
for the study of a variety of processes, including algal interactions with
bacteria®> and viruses*’, the consequences of infection for carbon
export®, the effects of ocean acidification on algal fitness’ to the role of
life-cycle characteristics in niche differentiation®, and the dynamics of
environmental conditions in the oceans since the mid-Mesozoic’ .
The calcite produced by coccolithophores takes the form of scales,
with intricate, species-specific morphologies, which are produced
inside the cells in a specialized compartment known as the coccolith

vesicle (CV)™. Calcite crystals nucleate on the rim of an organic base
plate within the CV"*", and polyanionic polysaccharides that become
associated with the calcite during its formation (coccolith-associated
polysaccharides, CAPs)"" likely play roles in the delivery of the calcium
to the site of crystal growth”, and may even affect the crystal
morphology'®*. The pathway of calcium delivery to the CV is uncertain,
but likely routes via the endomembrane system to preserve cellular
calcium signaling. Recently discovered acidocalcisome-like calcium
storage organelles may also play a role in calcium delivery?®?.
Completed coccoliths are exocytosed onto the cell surface, forming a
layer around the cell. The extraordinary morphological patterning of
coccoliths at the micro- and the nano-scales means they have potential
as components of novel materials??, and if we can understand the
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complex control of crystal morphologies that takes place in cocco-
lithophores, it may be possible to use this knowledge for developing
new methods for producing complex arrays of inorganic crystals for
applications in sensing, catalysis, and photonics**.

Emiliania huxleyi has emerged as a key model for coccolithophore
biology, due to its numerical dominance in coccolithophore commu-
nities in the modern ocean” and ease of culture in the laboratory. It
presents a haplodiplontic life cycle®, and only calcifies in the diploid
phase; the haploid phase is naked of calcite and flagellated. It is still the
only coccolithophore with a publicly available sequenced genome”.

Proteins have been demonstrated to be critical components of
the biomineralization machinery in many organisms®~°. Two main
approaches have been taken to identify coccolithophore calcification
proteins to date. First, biochemical analysis of cells and intracellular
fractions, which has allowed for the identification of an acidic protein
called GPA®, whose role in calcification is still unknown, as well as a
vacuolar-type ATPase proton pump® and a voltage-gated H' channel®,
with putative roles in pH control during calcification. Second, gene-
expression-based comparisons of cultures that vary in their calcification
state and analysis of the E. huxleyi genome, have led to the identification
of several candidate proteins potentially involved in calcification”**¢,
such as CAX transporters and anion exchangers for Ca** and HCO5
uptake respectively. It is clear from the intricate and species-specific
morphologies of coccoliths and the complex cell biology of their
synthesis that there must be many, as yet undiscovered, proteins
involved in coccolith formation, for example, those involved in CV
biogenesis and morphogenesis. Although the transcriptomic approa-
ches described above provide clues, they have several limitations in that
they do not provide evidence about the existence or abundance of the
encoded proteins or their site of action in the cell, nor whether they host
posttranslational modifications that might play functional roles.

Here we set out to identify proteins potentially involved in calcifi-
cation in E. huxleyi with a suit of proteomics experiments, allowing high-
confidence identifications based on behaviors in orthogonal datasets.
The fact that many biomineral associated proteins have low sequence
complexity, with biased composition and repetitive elements® ™,
means that their genes also tend to have unusual sequence properties.
These pose a challenge to genome annotation and can lead to incorrect
or missing gene models, and limit the discovery space of studies relying
on that data. To overcome this issue, we underpin our proteomics by
annotating a new E. huxleyi genome with a multi-condition long-read
transcriptome. This allows us to identify many candidate calcification
genes that are absent from the original E. huxleyi genome, including
many that lack known functions.

Results

An improved genome and transcriptome improve the
identification of coccolithogenesis-related proteins

We wanted to improve on the existing E. huxleyi protein predictions
(Emihu1¥) to alleviate the inaccuracies in the gene models noted by
others?*** and to ensure key mineralization proteins were properly
represented in our database. We sequenced the genome of E. huxleyi
using PacBio technology resulting in a diploid genome (Emihu2) of
196 Mb on 600 scaffolds, with 38x average coverage (Table 1, Sup-
plementary Table 1). The genome was sufficiently heterozygous for
phasing, resulting in a haploid genome of 98 Mb on 165 scaffolds. This
is significantly more contiguous than the current publicly available
diploid Emihul genome which is on 7809 scaffolds”.

To annotate the genome and predict the protein sequences
encoded, we used PacBio Isoseq-sequencing of cDNA derived from
four cultivation conditions (Supplementary Fig. 1), to cover much of
the expression potential of the diploid life-cycle stage of the alga.
Mapping the Isoseq data from all conditions to the genome yielded
models for 44,718 genes on the diploid genome and 22,363 on the
haploid. For all genes derived from Isoseq data, we gave names starting

Table 1| Key summary statistics of Emihu2 compared
to Emihu1

Emihul Emihu2 Emihu2
diploid haploid
Genome size (Mbp) 168 198 98
No. of scaffolds 7809 600 165
N50 (bp) 404,808 682,851 1,120,510
% GC 61 66,4 66.4
% Repeats 34.05 35.82

with “EhG” for ‘E. huxleyi gene’. There was evidence for multiple iso-
forms in just under 40% of the genes (Fig. 1a). More than a third of the
identified transcripts were novel, in that they lacked any overlap with
Emihul gene models when mapped to either the Emihu2 or the Emihul
genome (Fig. 1b). The low proportion of exact matches between the
two transcript sets agrees with previous analyses that the Emihul
models are often wrong in the details of intron-exon boundaries®.
Although a saturation analysis (Supplementary Fig. 2) indicated we had
identified 85-88% and 84-89% of expressed genes and isoforms
respectively, we knew we would still be missing some of the expression
potential of the organism, particularly because we were unable to
generate a haploid (non-calcifying) clone® of this strain for sequen-
cing. To rectify this, we also performed de novo gene prediction using
the BRAKER pipeline, trained using our Isoseq data and added those de
novo gene models (names start with Br) that did not substantially
overlap with Isoseq-derived models to our transcriptome. We used
both the Isoseq and genomic sequences for each gene model to pre-
dict open reading frames (ORFs) using several tools and selected one
ORF per transcript based on completeness, Pfam domain content and
length, with extensive manual curation. A substantial proportion of the
resulting predicted proteome was novel with respect to the Emihul
proteome, with over 40% of our proteins lacking a blast hit in the
Emihul proteome with conservative parameters (Fig. 1c). A BUSCO
analysis* also suggested our new proteome was more complete
(Supplementary Fig. 3, Supplementary Table 2) than the Emihul pro-
teome, although the reliability of completeness estimates on under-
studied clades such as the haptophytes is questionable.

To assess the performance of the new protein database in a pro-
teomics context, we compared spectral identification rates using the
Emihu2 proteome and the publicly available Emihul proteome with
samples derived from either whole-cell extracts or purified coccoliths.
To make between-sample comparisons meaningful, we first removed
low-quality spectra using a de novo sequencing quality score cutoff and
then clustered the spectra to reduce the over-representation of more
abundant peptides. Overall identification rates were only slightly lower
than rates achieved using data from the well-studied model organism
Arabidopsis (Supplementary Fig. 4). We found a small but consistent
increase in identification rates from whole-cell extracts using Emihu2
compared to Emihul (Fig. 1d). These samples are dominated by abun-
dant proteins involved in photosynthesis and central metabolism,
which tend to be well predicted by de novo annotation pipelines. In
contrast, given that biomineralization proteins are also often biased in
amino acid composition, and low in sequence complexity, we hypo-
thesized that they would be less well represented in a largely de novo
predicted database. In support of this idea, we found a much greater
discrepancy in spectral identification rates between the two databases
for the coccolith samples, with a far higher proportion of spectra being
identified with the new Emihu2 database (Fig. 1d).

Phylostratigraphic analysis reveals Calcihaptophycidae-
specific genes

To generate a powerful tool to prioritize candidate proteins from our
proteomics experiments we performed a Phylostratigraphic analysis
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Fig. 1| Properties of the E. huxleyi genome and proteome v2. a Numbers of
isoforms detected in genes derived from the Isoseq data. b Comparison of Emihul
predicted best gene models and the gene models derived from the Isoseq data
using GFFCompare. Emihul transcripts were either compared to Isoseq data
through mapping to the Emihu2 genome or Isoseq transcripts were compared to
Emihul transcripts through mapping to the Emihul genome. ¢ Comparison of the
new predicted proteome (from Isoseq derived, plus de novo predicted gene
models) to the Emihul best predicted proteome using DIAMOND blastp. Proteins

were categorized according to the e-value (eval.) of the top High-scoring Segment
Pair, requiring a query coverage of either 100% or >50%. d Comparison of identi-
fication rates of spectra clusters (where only high-quality spectra were used, and
each cluster likely represents a unique peptide) using the new E. huxleyi protein
database Emihu2, and the Emihul best proteins database. Rates are shown for four
independent E. huxleyi whole-cell detergent extracts (1-4) and for three indepen-
dent extracts derived from isolated coccoliths (5-7).

for the identification of genes specific to the calcifying haptophytes
using predicted proteomes from 38 Eukaryotes, focused on the algae
and protists, including the Emihu2 proteome (Supplementary Table 3,
Supplementary Fig. 5). This allowed us to assign E. huxleyi proteins to
orthogroups, and to use the distribution of the orthogroups among
these extant species to infer the point in the phylogeny at which the
orthogroups likely arose (Fig. 2). Many orthogroups were E. huxleyi
specific (4941, Fig. 2), which may to some extent reflect the fact that
similarly detailed genomic and transcriptomic information is not
available for other haptophytes. However, it likely also reflects genuine
innovation in the E. huxleyi clade, as we would expect orthogroups
widespread among the haptophytes would have been detected at least
once in the transcriptome and genome data from multiple species
used in the phylostratigraphic analysis. These recently evolved genes
represent 13% of E. huxleyi genes, although 46% of those contain
known domains, implying more ancient DNA sequence was often
involved in their origins, perhaps through processes such as domain
fusion. The 724 orthogroups specific to the Calcihaptophycidae clade,
which contains all coccolithophores, are of particular interest for
understanding the mechanism of calcification.

Given the prevalence of low complexity and disordered protein
sequences in biomineralization systems, it was intriguing that sequences
in orthogroups arising in the Isochrysidales and the Gephyrocapsa clade
tend to be unusually low in sequence complexity and, have a strong
tendency to disorder. Intriguingly, 2156 orthogroups of haptophyte age
or younger have been lost in non-calcifying Isochrysis, but are retained in
E. huxleyi, and 254 of these are of Calcihaptophycidae age. We assessed
which Pfam domains were over-represented in each orthogroups-age
class relative to the entirety of the E. huxleyi proteome (g-value < 0.05,
Supplementary Data 6), then grouped those domains by biological role
(Fig. 2). This indicated that there have been innovations in the cytos-
keleton and vesicular transport, ion transport, carbohydrate active
enzymes, and proteins involved in calcium binding. Clearly, proteins of
these categories have the potential to be involved in coccolithogenesis.

Proteomic analysis of Ca-starved cells induced to form
coccoliths by Ca replenishment

To investigate the protein machinery of coccolithogenesis we collected
six independent proteomic datasets. Our entry point to this was a
recalcification time course experiment where we made use of the
phenomenon that cells grown at low calcium (low-Ca) concentrations
(0.1mM) do not produce coccoliths, but when returned to standard
calcium (std-Ca) concentrations (10 mM) they rapidly start to calcify,
and the first coccoliths appearing on the cell surface in 1h, as we
showed previously?. We used quantitative whole-cell proteomics to
monitor changes in protein abundance over a 6-h time course of
recalcification (Fig. 3a). The short timescale aimed to capture changes
related primarily to coccolith formation, rather than secondary effects
due to calcium as a nutrient. We compared recalcifying cultures
to cultures maintained in a low-Ca medium over the same time
period to take circadian and time-of-day effects into account. Despite
many proteins changing in abundance over the 6-h period in both the
non-calcifying (116 proteins) and recalcifying (308 proteins) cells,
no proteins differed significantly in abundance between the two treat-
ments at any time point (LIMMA adjusted p-value < 0.05, Supplemen-
tary Data 1).

To better understand this counterintuitive result, we asked
whether the molecular program for coccolith formation continues at
low calcium and whether the organic molecules associated with
coccoliths continue to be secreted even in the absence of detectable
calcification. The coccolith-associated polysaccharide (CAP) is a
good marker for the organic constituents of the calcification
program since histochemical work has shown it to be located inside
the coccolith vesicle during coccolith formation, where it becomes
tightly associated with the calcite and is eventually secreted with
the mature coccolith®. We therefore analyzed the polysaccharides
secreted by low-Ca and std-Ca grown cells. We added EDTA to the
cultures to solubilize calcite and calcium-bound extracellular poly-
saccharides and immediately removed the cells by centrifugation.
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Fig. 2 | Phylostratigraphic analysis of new E. huxleyi proteome. Orthogroups
were calculated for predicted proteomes of 38 species, including E. huxleyi, cov-
ering the phylogenetic range shown in the schematic tree. Red numbers indicate
the number of orthogroups containing E. huxleyi sequences, that arise at each
branch of the tree. For example, 825 orthogroups with E. huxleyi sequences arose in
the common ancestor of all haptophytes. For each group, density plots of the

proportion of each protein sequence that is low complexity and the proportion that
is disordered are shown as red lines, while the purple background indicates the
distribution for the entire E. huxleyi proteome. Pfam domains enriched in each
orthogroups relative to the entire proteome were collated into categories and the
counts of enriched domains for each category is displayed.

The supernatant was desalted by ultrafiltration and analyzed for
monosaccharide composition by HPAEC-PAD and by SDS-PAGE.
The HPAEC-PAD analysis showed that the monosaccharide compo-
sition and their relative quantities of the EDTA-soluble extracellular
material (ESOM) were remarkably similar between the two calcium
conditions and to the CAP solubilized from isolated coccoliths
(Fig. 3b, Supplementary Fig. 6). The higher ratios for uronic acids and
rhamnose for the CAP sample suggest that ESOM contains additional
polysaccharides that are poor in these monosaccharides. The SDS-
PAGE analysis showed that the running behavior of the dominant
polysaccharide species and Stains-All staining pattern of the ESOMs
were virtually identical to that of CAP (Fig. 3c). The combination of
the proteomic and polysaccharide data, along with the speed of
the recalcification response, support the hypothesis that the calcifi-
cation machinery continues to be produced under low calcium
conditions, despite an inability to produce calcite due to insufficient
Ca*" availability.

Proteomics of isolated coccoliths reveals compositionally
biased proteins

We hypothesized that proteins may become associated with the coc-
colith during its synthesis, such that even after exocytosis, they remain
occluded in the calcite, between adjacent crystals or in the CAP coat on
the calcite surface. To identify such proteins (dataset 2), we isolated
E. huxleyi coccoliths and performed washing with hot SDS and TritonX-
100 followed by protease treatment to remove proteins that became
associated with the coccolith surface during coccolith isolation (Sup-
plementary Fig. 7). The coccoliths were then resuspended in EDTA
solution to dissolve the calcite, and the solubilized organic material
chemically deglycosylated to remove the CAPs, as these interfere with
proteomics analysis. SDS-PAGE and silver staining of the deglycosy-
lated material revealed a prominent band at -40 kDa, which was pro-
tease sensitive and therefore represents a protein, as well as a smear
across most molecular weights that likely represents degradation
products (Fig. 4a). The deglycosylated material was digested in
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Fig. 3 | CAP biosynthesis is maintained during low calcium growth.

a Experimental design for probing CAP biosynthesis in low calcium grown cells.
Cells grown in low calcium medium (low-Ca), in which they do not produce calcite,
were aliquoted into two cultures. To one aliquot, calcium was added to induce
calcite formation (std-Ca), while the other aliquot was continued in a low-calcium
medium. At 0, 1, 3, and 6 h after calcium addition, samples were taken for micro-
scopic and proteomics analyses. Extracellular polysaccharides were isolated from
stationary phase cultures, as described in the materials and methods. The low-Ca
culture for polysaccharide isolation was started with cells that had been propa-
gated in a low-Ca medium for 1.5 months. The recalcification experiment was
performed with cells that had been in a low-Ca medium for 14 days.

b c IS <4 Q
S
- wa & & &
% 0.96 ~250
@ O M Glucuronic
25 acid 6
%% 0.56 M Galacturonic .17000.
§$ 0.62 acid
3
= i ~55-
8@ JEy| 1999 M Ribose - -
=S |1025 021 o M Xylose -
@ - i
> 0.28 0.20 0.87 Galactose 25
0.37 048 .
Arabinose
Rhamnose 15
Il Mannose
std-Ca low-Ca CAP 10

b Monosaccharide composition of the acid-hydrolyzed extracellular poly-
saccharide samples of low-Ca and std-Ca grown cultures and CAP extract from
isolated coccoliths expressed as molar ratio as determined by HPAEC-PAD analysis.
The numbers give the molar ratio of each monosaccharide to mannose, which was
the most abundant monosaccharide in the main CAP of E. huxleyi. Note that not all
monosaccharides that were detected could be quantified. For chromatograms see
Supplementary Fig. 6. ¢ SDS-PAGE analysis (n =3, n = biologically independent
samples) of extracellular polysaccharide samples and CAP extract stained with the
cationic dye Stains-all. Arrowhead marks the dominant CAP of E. huxleyi coccoliths.
Source data are provided as Source Data file.
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Fig. 4 | Identification of coccolith proteins. a Silver-stained Tricine-SDS-PAGE
(n=3, n = biologically independent samples) of soluble coccolith-associated
organic material (SCAOM) isolated from purified coccoliths (Supplementary Fig. 7)
and chemically deglycosylated SCAOM without further treatment (-Trypsin) and

after treatment with trypsin (+Trypsin). The arrowhead marks the dominant CAP of
E. huxleyi. Note that unlike Stains-all staining (Fig. 3c), the CAP appears as a negative
band in a silver-stained gel. b Schematic primary structures of the COPROs.

solution and subjected to mass spectrometry, identifying 82 protein
groups at a posterior error probability <0.01, and in at least two of
the three independent biological replicates. Fourteen proteins were
excluded as likely contaminants based on homology to proteins of
known function in evolutionary conserved processes.

The mechanisms of protein targeting coccolith vesicles are
unknown, but given that there is ultrastructural evidence for the coc-
colithophore genus Pleurochrysis that CVs originate from the Golgi", it
seems likely that luminal CV proteins should contain a signal peptide
for import into the endoplasmic reticulum, from where they are
transported into the Golgi system and from there into the CV. In total,
23 of the identified proteins had predicted signal peptides (21) or signal

anchors (2). Three proteins without signal peptides and one with a
signal peptide have a predicted transmembrane domain that may
target them into the CV membrane. These 26 proteins were considered
candidate COccolith PROteins (COPROs) (Fig. 4b, Supplementary
Data 2). We currently lack the computational tools to predict non-
canonical secretory targeting pathways, and our knowledge of general
cell biology in the haptophytes is furthermore extremely limited,
meaning that it is entirely possible that some of the remaining 42
proteins are targeted to the CV. With this in mind, we consider
these proteins as an expanded pool of candidates (Supplementary
Fig. 8) and conservatively restrict COPROs to candidates with signal
sequences.
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Fig. 5 | Enrichment and proteomics analysis of proto-coccoliths. a Experimental
setup for the enrichment of proto-coccoliths. Cells were ruptured in a French press
and aggregates and unbroken cells were removed by low-speed centrifugation.
Proto-coccoliths were enriched by two consecutive rounds of sucrose density
centrifugation. The last five fractions from the bottom were proteomically ana-
lyzed. b SEM micrograph of the material in the bottom fraction, showing that it
contains proto-coccoliths. (n =2, n = independent biological replicates).

¢ Fractionation of calcium in suspensions of proto-coccoliths treated with (+) and
without (=) SDS and EDTA, determined by ICP-OES. Isolated proto-coccolith calcite
is protected from dissolution by the calcium chelator EDTA. After the addition of

SDS detergent, which solubilizes membranes, proto-coccolith calcite is dissolved
by EDTA. Data are represented as mean + SD (n =3, n = independent biological
replicates). d Silver-stained SDS-PAGE gel of protein extracts (n =3, n = indepen-
dent biological replicates) from whole-cells (TP), soluble proteins (SP), membrane-
bound proteins (MP), and enriched proto-coccoliths (PC). The arrowhead marks
the main CAP of E. huxleyi, which associates with the proto-coccolith calcite in the
CV. e Distribution of proteins across the bottom fractions of a proto-coccolith. For
each protein, the percentage of the sequence that is disordered and the percentage
that is of low complexity is given. Proteins enriched in specific motifs are boxed.

In total, seven of the COPROs have conserved domains. In those of
haptophyte age or younger, six contained pentapeptide motifs, sug-
gesting that this structural element with unclear general function®
may also have a role in the cell biology of calcification. One COPRO
contained a MAM domain, which is typically an extracellular adhesive
domain™.

Some of the most abundant COPROs (based on normalized
spectral counts) were Calcihaptophycidae age and Gephyrocapsa-age
proteins of unknown function (Fig. 4b). These included a phosphory-
lated proline-rich Gephyrocapsa-age protein (EhG17918.2) and two
Calcihaptophycidae-age proteins (EnG17242.1, EnG17242.7). There are
various candidates for the identity of the strong band at ~40 kDa in the
SDS-PAGE. In particular, the proline-rich protein Br27222.t1 and a trio
of homologous Emiliania-age proteins (EnG4764.1, EhG4774.4 and
EhG34604.1) may contribute to the band based on their predicted
molecular weights. MS spectra of digests from the gel-separated
material were poor, so the identity of the 40 kDa band could not be
reliably confirmed. EhG4764.1 was the only one of the trio which
was detected in the gel-separated material (Supplementary Fig. 9).
Another candidate for the band at 40 kDa is the Gephyrocapsa-age
EhG17918.2, which was detected in gel-digests and in-solution digests.

It was striking that six COPROs (EhG13787.3, EhG17242.1, EhG17242.7,
EhG21037.1, EnG21537.1 and EhG30161.1) were in the set of 254 proteins
of Calcihaptophycidae age lost in non-calcifying Isochrysis.

Proteomics of proto-coccoliths isolated from the cytosol

We attempted to isolate CVs in order to more directly identify proteins
involved in coccolith formation (dataset 3). Cells were grown in a low-
calcium medium for several weeks such that all cells lacked coccoliths,
and then calcite formation was induced by adding calcium back to the
medium. Before any coccoliths appeared on the surface, cells were
lysed and subject to density gradient centrifugation, resulting in
calcium-rich fractions at the bottom of the gradient (Fig. 5a, Supple-
mentary Fig. 10). Scanning electron microscopy (SEM) analysis of the
bottom fraction revealed immature coccoliths (Fig. 5b), and cryo-SEM
analysis of freeze-fractured bottom fractions showed organic material
enclosing the calcite (Supplementary Fig. 11). The calcite was protected
from dissolution with EDTA unless the proto-coccoliths had prior
treatment with detergent (Fig. 5c). Altogether, these data suggest that
the enriched proto-coccoliths are bound by a membrane, which for
simplicity we refer to as CV membrane here. In Emiliania, however, the
CV membrane includes not only the membrane in contact with the
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calcite crystals but also that of the reticular body, an organelle
closely associated and partly fused with the CV*. For simplicity, the
corresponding proteomics data will be referred to as the CV dataset. In
SDS-PAGE, SDS solubilized organic material of the enriched proto-
coccoliths displayed a band pattern distinct from that of whole-cell
extracts, with a prominent band at ~-50 kDa, apparently representing
the CAP (Fig. 5d), which previous immunohistochemistry work showed
to be associated with proto-coccoliths™. The fractionation procedure
was carried out with calcifying cells and cells of a non-calcifying
mutant of the calcifying strain AWI1516 (mutant strain CCMP2090,
N-cells) as a negative control for comparison, and the proteins in each
fraction were identified by mass spectrometry. Having removed clear
contaminants, 14 proteins enriched in the bottom fractions of the
proto-coccolith samples remained (Fig. 5e, Supplementary Data 3).
Among them were V-type ATPase subunits (EhG3936.1, EhG15825.1),
consistent with previous reports in the literature from a study
attempting to isolate CVs from Pleurochrysis carterae®. It has been
hypothesized that the V-type ATPase could provide a proton gradient
to drive Ca* loading of the CV prior to calcification®. However, since
no data are yet available on the in vivo localization data of this enzyme
in Emiliania, the presence of ER membrane, which is closely associated
with the CV* could also explain its presence in our proto-
coccolith preparations. We also identified actin (EhG30140.1), which
may be involved in shaping the CV and coccolith exocytosis, and
one (EhG9823.3) out of ten HSP90-like proteins in the proteome
(Supplementary Table 4). EnG9823.3 lacks a signal peptide, so it is
probably not a luminal CV protein. Instead, its association with extra-
cellular coccoliths could be due to binding to the cytosolic side of the
CV membrane. Mammalian HSP90 has been shown to interact with
phospholipid membranes*, mediating deformation and release of
exosomes*’, which could be consistent with a role for EnG9823.3 in
coccolith vesicle membrane dynamics. In addition, we identified eight
proteins of unknown function, with high predicted intrinsic disorder,
and low sequence disorder (Fig. Se).

The coccosphere is rich in diverse proteins, many of unknown
function

It is conceivable that some CV lumen proteins with a role in coccolith
maturation might not end up within the calcite or tightly bound to
the coccolith, but might be released into the coccolith-enclosed
microenvironment surrounding each cell, called coccosphere, during
coccolith exocytosis. For this reason, we decided to examine the
proteome of the coccosphere (dataset 4). It is important to note that
we also expect proteins unrelated to calcification, such as proteins
involved in nutrient uptake or biotic interactions to be present in the
coccosphere, so orthogonal lines of evidence are crucial to the inter-
pretation of this experiment. To get rid of proteins secreted into the
medium, we pelleted calcified cells and resuspended them in fresh
medium. The coccosphere was then dissolved by an EDTA treatment
to solubilize associated proteins (Supplementary Fig. 12). The cells, still
intact, were then removed by centrifugation, and the supernatant was
analyzed by protein mass spectrometry. An identical procedure was
applied to cells of the same strain grown under low-Ca conditions,
where they do not produce coccoliths and thus lack a comprehensive
coccosphere. We required proteins to be identified in at least three of
the four replicates, at a posterior error probability < 0.01 for inclusion.
This identified 110 proteins, 15 of which were judged to be con-
taminants. Of the remaining proteins, 78 were exclusively from the
calcifying condition (std-Ca), while 17 were also identified in the low-Ca
samples (Supplementary Data 4). There were no proteins only identi-
fied in low-Ca.

The std-Ca specific proteins were considered putative cocco-
sphere proteins and most of the spectra recorded from these were
from proteins of haptophyte age or younger (Supplementary Fig. 13).
Of the 78 proteins, 41 had conserved domains (Supplementary Fig. 14)

and 12 had transmembrane domains (Supplementary Figs. 14 and 15),
and a subgroup (Fig. 6a) contain domains immediately suggesting a
role in coccolith biogenesis and coccosphere assembly. These include
cytoskeleton proteins (myosin, actin, kinesin), a carbonic anhydrase,
glycosyl hydrolases, ion channels (a bicarbonate transporter, an SLC24
type Na*/Ca*’K* exchanger, Mg? transporter, and a chloride channel),
and an ABC transporter. The reproducible detection of transmem-
brane proteins in our coccosphere material suggests the presence of
extracellular vesicles within the coccosphere, possibly originating
from the plasma membrane. Indeed, recent work has found that
Emiliania releases extracellular vesicles*. Other domains that occurred
in multiple proteins include ShK-like domains (five proteins) and PH
domains (two proteins), but the roles of these in the context of coc-
colith formation are unclear. The MAM domain containing protein
EhG33272.1 was also found among the COPROs, and the actin
EhG30140.1 in the CV dataset (Fig. 4b, Supplementary Fig. 14). The 37
proteins without conserved domains contain some sequence biases
and in particular P-rich regions (Fig. 6b, Supplementary Fig. 15). The
Gephyrocapsa-age P-rich protein EhG42278.1 was also found among
the COPROs (Fig. 4b).

Overlap between datasets identifies candidates for proteins
involved in coccolith formation

We collected two additional datasets (datasets 5 and 6) to provide
orthogonal support for proteins identified so far. This included a
quantitative comparison of whole-cell protein levels in the day and at
night, since E. huxleyi calcifies much more rapidly in the light than
in the dark*®*°, in which we found 142 proteins to have changed in
abundance (LIMMA analysis, adjusted p-value <0.05). Second, we
examined proteins that varied in abundance between C-cells and
non-calcifying cells of CCMP2090 by whole-cell proteomics, in which
we found 1291 proteins to be changing (LIMMA analysis, adjusted
p-value < 0.05) (Supplementary Data 5). Note that we do not attach
particular significance to the direction of regulation in these
experiments, since factors important in calcification could be either
positive or negative regulators of it and since the nature of the cal-
cification defect in N-cells is unknown. The overlap between all the
datasets collected was then examined. In total, 114 proteins displayed
overlap, but 86 of these were only in the C-cell vs N-cell data and the
Light vs Dark data (Fig. 7, Supplementary Data 5). However, 19 pro-
teins displayed overlap between the C-cell vs N-cell data and the
coccosphere data (including three proteins additionally present in
the Light vs Dark dataset), two between C-cell v