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DINOFLAGELLATES are a large and diverse group of unicellular protists with a great variety of forms. Dinoflagellates 
mostly inhabit marine environments, including benthic and sea- ice systems, but can also be found in freshwater habi-
tats (Taylor, 1974). They are important planktonic primary producers and prominent components of aquatic food webs 
(Hackett et al., 2004). Many dinoflagellates are photosynthetic, including members of the family Symbiodiniaceae, 
many of which are endosymbionts of cnidarians (LaJeunesse et al., 2018). The symbiosis between Symbiodiniaceae 
and stony corals underpins tropical coral reef ecosystems, because it is the main primary producer and builds the 
three- dimensional reef framework (Davy et al., 2012).

Symbiodiniaceae deliver photosynthate to their hosts, typically meeting most of the host's energetic requirements 
for growth, reproduction, and survival. In return, the host provides the symbionts with shelter and inorganic nutrients 
from its metabolism. The algal symbionts reside within the endodermal cells that line the gastrovascular cavity of the 
host wherein they are bounded by a specialized set of membranes, the symbiosome membrane complex, which seems 
to prevent the digestion of the dinoflagellate cell by lysosomal fusion (Davy et al., 2012).
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Abstract

The algal cell wall is an important cellular component that functions in defense, 

nutrient utilization, signaling, adhesion, and cell– cell recognition— processes 

important in the cnidarian– dinoflagellate symbiosis. The cell wall of symbio-

diniacean dinoflagellates is not well characterized. Here, we present a method 

to isolate cell walls of Symbiodiniaceae and prepare cell- wall- enriched samples 

for proteomic analysis. Label- free liquid chromatography– electrospray ioniza-

tion tandem mass spectrometry was used to explore the surface proteome of 

two Symbiodiniaceae species from the Great Barrier Reef: Breviolum minutum 

and Cladocopium goreaui. Transporters, hydrolases, translocases, and proteins 

involved in cell- adhesion and protein– protein interactions were identified, but 

the majority of cell wall proteins had no homologues in public databases. We 

propose roles for some of these proteins in the cnidarian– dinoflagellate symbi-

osis. This work provides the first proteomics investigation of cell wall proteins 

in the Symbiodiniaceae and represents a basis for future explorations of the 

roles of cell wall proteins in Symbiodiniaceae and other dinoflagellates.
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The cell surface of dinoflagellates consists of a robust and intricate multilayered mesh of cellulose, polysaccharides 
(Morrill & Loeblich, 1981), and protein (Wang et al., 2011). In Symbiodiniaceae, a relatively thick internal cell wall is 
positioned between thinner membranous layers. Although the exact structure of the cell wall remains unknown, there 
is evidence of the presence of a large amount of cellulose and the existence of a variable number of amphiesmal plates 
(Markell et al., 1992; Morrill & Loeblich, 1981; Wakefield et al., 2000). A few studies have localized glycoconjugates to 
the Symbiodiniaceae cell surface and have investigated their role in the onset of symbiosis with cnidarians. Particular 
protein moieties on the surface of the alga seem to participate in the onset of symbiosis with cnidarians, and chemical 
alteration of cell wall glycoproteins negatively affects the colonization of the host by the symbiont (Bay et al., 2011; 
Lin et al., 2000; Logan et al., 2010; Markell et al., 1992; Tortorelli et al., 2021; Wood- Charlson et al., 2006). This field 
is still in its infancy, and although some proteomic studies have been performed on the host (Oakley et al., 2016, 2017; 
Sproles et al., 2019; Weston et al., 2015), a thorough inventory of Symbiodiniaceae cell wall proteins (CWPs) has never 
been done.

In this study, we present a new method for the isolation of the Symbiodiniaceae cell wall and preparation of cell- 
wall- enriched samples. We used label- free liquid chromatography– electrospray ionization tandem mass spectrome-
try (LC- ESI- MS/MS) proteomics to characterize CWPs of two species of Symbiodiniaceae: Breviolum minutum and 
Cladocopium goreaui. Members of the genus Breviolum are relatively small (6– 10 μm in diameter), are abundant in the 
Atlantic Ocean, and rare throughout the Indo- Pacific, where they associate with selected cnidarian hosts (LaJeunesse 
et al., 2018). Algae of the genus Cladocopium have larger cells (9– 11 μm) and are extremely diverse in terms of ecologi-
cal distribution, geographical prevalence, and physiological attributes (LaJeunesse et al., 2018).

The goal of this work was to provide an overview of the proteins populating the Symbiodiniaceae cell wall, to ad-
dress the variability of the wall peptides between the two species, and to offer a foundation for future investigations of 
the functions of CWPs in Symbiodiniaceae and other dinoflagellates.

M ATERI A LS A N D M ETHODS

Symbiodiniaceae cultures

Two Symbiodiniaceae species were used in this study: B. minutum (Parkinson and LaJeunesse; MMSF 01, ITS2 type 
B1) and C. goreaui (LaJeunesse and Jeong; SCF 055- 01.10, ITS2 type C1). B. minutum was originally isolated from 
the anemone Exaiptasia diaphana (Tortorelli et al., 2020), whereas C. goreaui was obtained from the scleractinian 
coral Acropora tenuis. All organisms were sourced from the Great Barrier Reef. Cultures were maintained in 1× 
IMK− culture medium (1% w/v, prepared in 0.2- µm filtered, reconstituted seawater prepared with Red Sea Salt (Red 
Sea) dissolved in deionized water; 34 ppt; Daigo's IMK, Novachem) in 1- liter Schott bottles, with 0.2- μm membrane 
vented caps in a growth chamber (740FHC LED, HiPoint) under constant temperature (27℃), 12 h:12 h light: dark 
photoperiod cycle, and 60 μmol photons/m2/s.

Cell wall isolation and protein extraction

Breviolum minutum and C. goreaui were sampled in the middle of the culture exponential growth phase. Six replicates 
of 5 × 106 cells/ml were grown for each algal species, three of which were used for cell wall protein extraction and three 
for protein extraction of the whole algal cells. Proteins were extracted from whole cells for comparison with the cell 
wall fractions and enrichment analysis of proteins exclusive to the cell wall.

Algal cell wall isolation was adapted from Feiz et al. (2006). Cell aliquots were washed twice in ice- cold MilliQ water 
to remove salts and resuspended in 500 µl of ice- cold acetate buffer (5 mM, pH 4.6, 0.4 M sucrose, 20 µl protease inhibitor 
cocktail [Sigma- Aldrich]). To lyse the cells, 300 mg of sterile glass beads (Sigma- Aldrich G8772) was added and the sam-
ples bead- beaten for 20 min at 30 Hz (Qiagen Tissue- Lyser II). Cell walls were concentrated (along with the glass beads) 
by centrifugation at 16,000 g at 4℃ for 15 min, and the pellet was then washed off the beads with ice- cold acetate buffer 
and transferred to a new tube. Soluble cytoplasmic fluid and organelles were separated from the cell wall fraction by 
centrifuging the homogenate at 2500 g at 4℃ for 30 min, and cell walls were further purified by two consecutive washes 
in ice- cold acetate buffer at 0.6 and 1 M sucrose and two more washes in MilliQ water. The cell wall isolation procedure 
is summarized in Figure 1A. To ensure that the isolation of algal cell walls was successful, the cellulosic Symbiodiniaceae 
cell wall was stained with calcofluor white (Levin et al., 2017; Markell et al., 1992), and the fractions were visualized with 
a Nikon A1R confocal laser scanning microscope (Nikon) with a 409- nm laser to detect stained cellulose.

Whole algal cell samples were washed twice in ice- cold MilliQ water, resuspended in 500 µl of 5% sodium deoxy-
cholate (SDC; Sigma- Aldrich) detergent with 20 µl protease inhibitor cocktail (Sigma- Aldrich) and cells were ruptured 
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F I G U R E  1  Symbiodiniaceae cell wall isolation. (A) Schematic representation of the cell wall isolation procedure. (B) Confocal microscopy 
of Symbiodiniaceae whole cell and of cell wall isolate. The whole cell refers to step 1 and the cell wall isolate refers to step 9 of the cell wall 
isolation procedure. Calcofluor white is in blue; Symbiodiniaceae chlorophyll autofluorescence (chl) is in red. Scale 10 μm

(A)

(B)
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as described above. The homogenate was then decanted into a new tube, to which B- mercaptoethanol (BME, 1% total 
volume; Sigma- Aldrich) was added.

The cell wall pellet was suspended in 100 µl 5% SDC 1% BME, and both cell wall and whole cell samples were in-
cubated at 85℃ for 20 min to solubilize proteins. Whole cell protein samples were concentrated with Amicon 0.5 ml 
3- kDa molecular weight cut- off filters (Sigma- Aldrich). Both concentrated samples were diluted to 1% SDC with 
50 mM Tris pH 8.5, incubated in 10 mM tris(2- carboxyethyl)phosphine (TCEP; Sigma- Aldrich) reducing agent at 95℃ 
for 10 min to denature disulfide bonds and alkylated with 55 mM iodoacetamide at 37℃ for 45 min. Trypsin (Sigma- 
Aldrich) digestion was carried out at 37℃ and terminated after 18 h by addition of formic acid (Sigma- Aldrich) to 1% 
final concentration. Debris and precipitated SDC were pelleted at 16,000 g for 10 min, and peptides transferred to a 
new tube for LC- ESI- MS/MS analysis.

Liquid chromatography– mass spectrometry

Samples were analyzed by nano- electrospray ionization– liquid chromatography coupled to tandem mass spectrom-
etry (LC- ESI- MS/MS). An Ultimate 3000 RSLC nano- LC system (Thermo Fisher Scientific) was equipped with an 
Acclaim Pepmap nano- trap column (C18, 100 Å, 75 μm × 2 cm, Thermo Fisher Scientific) and an Acclaim Pepmap 
RSLC analytical column (C18, 100 Å, 75 μm × 50 cm, Thermo Fisher Scientific) maintained at a temperature of 50℃. 
Peptides were loaded onto the trap column at an isocratic flow of 5 μl/min of 3% acetonitrile (ACN)/0.05% trifluoro-
acetic acid (TFA) for 6 min before the trap column was switched in- line with the analytical column. The eluents used 
were water with 0.1% v/v formic acid (FA) and 5% v/v dimethyl sulfoxide (DMSO) for solvent A and ACN with 0.1% 
v/v FA and 5% DMSO for solvent B. A 300 nl/min gradient was run from 3% B to 25% B in 34 min, 25% B to 45% B 
in 8 min, and 45% B to 80% B in 2 min, followed by holding at 80% B for the final 3 min before dropping to 3% B in 
1 min and equilibration for 11 min at 3% B prior to the next analysis. Peptides were ionized with a spray voltage of 
1.9 kV and analyzed by a Q Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific). The full MS scans 
were acquired in the Orbitrap at m/z 375– 1400, a resolving power of 70,000, an AGC target value of 3.0 × 106 and 
a maximum injection time of 50 ms. The top 15 most abundant ions in the MS1 spectrum were subjected to higher 
energy collisional dissociation (HCD) and analyzed in the ion trap at a resolving power of 17,500, auto gain control 
(AGC) target value of 5 × 104, isolation window of m/z 1.2, and normalized collision energy (NCE) of 30%. Dynamic 
exclusion of 30 s was enabled.

Protein identification

The LC- ESI- MS/MS spectra were searched against a sequence database constructed from B. minutum and C. gore-
aui transcriptomes (Ros, 2020) using MaxQuant (v1.6.12.0; Cox & Mann, 2008). Transcriptomes of B. minutum and C. 
goreaui (isolate C124) cultures were generated by RNA extraction using a RNeasy Plant Mini Kit (Qiagen) and Illumina 
TruSeq library preparation kit, then sequenced using an Illumina HiSeq2500  (Ros, 2020; NCBI SRA:  BioProject 
#PRJNA723630). The transcripts were then assembled in Trinity (v.2.8.4, Haas et al., 2013) using default settings and 
translated. This resulted in 74,281 B. minutum and 87,371 C. goreaui amino acid sequences, which formed the database 
for protein identification. Identified protein sequences were functionally annotated by searching against the publicly 
available Symbiodinium microadriaticum genome (UniProt taxon identifier 2951; Aranda et al., 2016) using diamond-
BLAST (v0.9.24; Buchfink et al., 2015). The B. minutum/C. goreaui sequences were annotated with the best S. micro-
adriaticum match for each (maximum expected value 0.001). GO term enrichment was performed by using aGOtool 
(Schölz et al., 2015), and each GOterm assessed manually to identify potential CWPs.

In MaxQuant, trypsin was designated as the digest enzyme with a maximum of two missed cleavages. The first 
and main search peptide tolerances were 20 and 4.5 ppm, respectively, and the ion trap MS2 search used a mass tol-
erance of 0.5 Da. Protein and peptide false discovery rates were both set to 1% with a minimum of two peptides for 
identification. Methionine oxidation and n- terminus acetylation were allowed as variable modifications and cysteine 
carbamidomethylation was allowed as a fixed modification. Label- free quantification was enabled with a minimum 
of two unique peptides. Contaminant proteins and known false hits were filtered out using Perseus (v1.6.10.45) and the 
data log2- transformed. The matrix was exported to classify proteins that were found either in the whole cell, just in 
the cell wall, or both in the whole cell and cell wall fractions. We discarded the whole cell sequences and created a list 
of sequences identified exclusively in the cell wall and the ones common to both the whole cell and cell wall fractions.
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RESU LTS A N D DISCUSSION

In this study, we prepared CWPs of two Symbiodiniaceae species (B. minutum and C. goreaui) by adapting a method 
developed in the model plant Arabidopsis (Feiz et al., 2006). Complete separation of cell wall from internal membranes 
and organelles of the algal cell was difficult to achieve. Our cell- wall- enriched fraction likely includes algal mem-
branes, particularly the plasma membrane and the alveolar sac membranes (also known as amphiesmal vesicles). A 
series of centrifugations, aimed to separate cell walls from membranes and organelles of the Symbiodiniaceae cell, 
was performed (Figure 1A). The efficacy of the cell wall isolation was then confirmed microscopically (Figure 1B and 
Figure S1). Intact Symbiodiniaceae cells showed algal chlorophyll autofluorescence (in red) surrounded by a continu-
ous layer of cellulose (stained in blue by calcofluor white). In comparison, the cell wall isolates appeared as calcofluor 
white- stained cellulosic fractions, and the chlorophyll autofluorescence was not detected, suggesting that the algal cell 
lost pigments and inner cell structures during the cell wall isolation procedure. This permitted the proteomic analysis 
of Symbiodiniaceae cell- wall- enriched samples.

We identified a total of 786 proteins for B. minutum and 1487 proteins for C. goreaui. Filtering of these proteins 
according to their potential relevance to the cell wall resulted in 70 high confidence CWPs, of which 25 were identi-
fied for B. minutum and 54 for C. goreaui (Table 1 and Table S1). It is likely that a few scarce or labile proteins were 
lost during preparation of the samples. The identified CWPs clustered accordingly to the Symbiodiniaceae species. 
Surprisingly, only a few proteins were shared between cultured B. minutum and C. goreaui (Figure 2), suggesting 
that the phylogenetic differences between the two Symbiodiniaceae may be reflected by their surface proteome. The 
proteins were annotated as integral components of the membrane and grouped into five main functional categories: 
transporters (12), hydrolases (4), translocases (9), uncharacterized proteins (32), and other functions (12; Figure 3).

F I G U R E  2  Venn diagram of cell wall proteins identified in Breviolum minutum (purple) and Cladocopium goreaui (blue). B. minutum = 16 
proteins; C. goreaui = 45 proteins; B. minutum and C. goreaui = 9 proteins

F I G U R E  3  Relative proportions of proteins identified on the cell wall of Breviolum minutum and Cladocopium goreaui. The proteins are 
grouped in five main functional categories: hydrolases, translocases, transporters, uncharacterized proteins, and other (oxidases, protein– 
protein interactions, cell adhesion)
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Transporters

Membrane transport proteins regulate the selective passage of molecules across membranes, and so their presence in 
the algal cell wall is unsurprising (Table 1, Figure 3, Table S1).

We identified zinc (Zn) and nitrate (NO
−

3
) transporters as potential CWPs. Both Zn and NO

−

3
 are used by the 

dinoflagellate cell in several biological functions, ranging from cell growth to metabolism (Karim et al., 2011) and 
must be acquired from the surrounding environment. The presence of Zn induced facilitator- like- 1a and high affinity 
NO

−

3
 transporters has been previously shown in plants (Lezhneva et al., 2014; Ricachenevsky et al., 2011), so their 

presence is not surprising in the cell wall of Symbiodiniaceae. The high affinity NO
−

3
 transporter 2.5, in particular, is 

well studied in higher plants, where it is localized to the plasma membrane and involved in NO
−

3
 acquisition and re-

mobilization (Lezhneva et al., 2014). Nitrate— together with ammonium (NH
+

4
)— are two common forms of available 

nitrogen (N) found in natural ecosystems and are key nutrients for cellular growth and development. In the cnidarian– 
dinoflagellate symbiosis, there is a highly efficient system of N cycling and assimilation (Pernice et al., 2012). Indeed, 
Symbiodiniaceae are specialized in assimilating dissolved inorganic nitrogen (DIN) from the environment and, al-
though both host and symbiont have the enzymes to incorporate DIN, it is the symbiont that accounts for the majority 
of NO

−

3
 and NH

+

4
 acquired from the surrounding water (Pernice et al., 2012). N transporters are, therefore, important 

players in the regulation of the mutualism between cnidarians and their symbiotic dinoflagellates.
A choline- like transporter (CTL) involved in the movement of choline for phospholipid synthesis (Michel et al., 2006) 

was detected among the possible CWPs of C. goreaui. CTLs are enriched in the Symbiodiniaceae genome compared to 
other eukaryotes (Aranda et al., 2016), and genes for this class of transporters were found to be differentially expressed 
in the algae when in culture compared to in hospite (Maor- Landaw et al., 2020). When symbiotic with cnidarians, the 
dinoflagellate produces lipids that are transferred to the host (Peng et al., 2011). CTL proteins may, thus, have a role in 
regulating lipid biosynthesis and metabolism of the cnidarian– dinoflagellate mutualism (Maor- Landaw et al., 2020).

ABC transporters belonging to the ATP- binding cassette (ABC) superfamily are characterized by two regions: 
a highly conserved ABC and a transmembrane domain. These transporters hydrolyze ATP to promote the import/
export of various substrates, including small ions, metabolic products, lipids, and sterols (Higgins, 2001; Wang et al., 
2011). Here, a putative ABC transporter was found in the CWPs of B. minutum. This transporter has previously been 
identified in the cnidarian– Symbiodiniaceae symbiosis in both the symbiont (Aranda et al., 2016) and the host (Meyer 
& Weis, 2012), and on the symbiosome membrane (Peng et al., 2010). The cell walls of the green alga Haematococcus 
pluvialis (Wang et al., 2004) and the dinoflagellate Alexandrium catenella (Wang et al., 2011) also possess several ABC 
transporters, suggesting a role for these proteins in nutrient transport. Although these transporters remain unchar-
acterized in the cnidarian– dinoflagellate symbiosis, it is possible that they are involved in inter- partner nutrient flux.

Hydrolases

Hydrolases catalyze hydrolysis reactions, the cleavage of a covalent bond by the addition of a water molecule. This 
class of enzymes is commonly found on the walls of bacteria (Gumucio & Ostrow, 1991) and higher plants (Minic, 
2008). In this study, we identified four hydrolases: (3S)- malyl- CoA thioesterase, AAA domain- containing protein, 
metalloendopeptidase, and putative isochorismatase family protein YddQ (Table 1, Figure 3, Table S1).

Breviolum minutum CWPs showed an AAA domain- containing protein belonging to a large family of proteins 
that are characterized by a conserved 230 amino acid residues. The protein identified here contains an AAA ATPase 
domain in residues 87– 180, which has 71% similarity to the canonical conserved AAA domain. AAA domain protein 
activity combines the chemical energy provided by the hydrolysis of ATP and alterations in their structural confor-
mation to induce conformational changes in a wide range of macromolecules (Erzberger & Berger, 2006). They are 
involved in many cellular processes and their functions range from membrane fusion to signal transduction (Hanson 
& Whiteheart, 2005).

Cladocopium goreaui CWPs contained a metalloendopeptidase, a protein belonging to a diverse group of enzymes 
that catalyzes the hydrolysis of internal, α- peptide bonds of a polypeptide chain. Previously found in Symbiodiniaceae 
(Baumgarten, 2013), the integral membrane metalloendopeptidases play a role in physiological and pathological pro-
cesses and are involved in cell adhesion (Bond & Beynon, 1995; Sauer et al., 2004).

Translocases

Translocases are proteins that use enzyme activity to move molecules across membranes. Nine translocases were 
found in the cell wall fractions of B. minutum and C. goreaui (Table 1, Figure 3, Table S1).
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Two translocases were common to the cell wall of both Symbiodiniaceae species: H(+)- exporting diphosphatase 
and proton- translocating NAD(P)(+) transhydrogenase. The first enzyme uses the energy from diphosphate hydro-
lysis to move protons across the membrane, while the second one catalyzes the transfer of hydride equivalents from 
NADH to NADP+, hence regenerating NADPH in the cell (Sauer et al., 2004).

We identified the hematopoietic prostaglandin D synthase (HPGDS) among the CWPs of C. goreaui. HPGDS is 
a key enzyme in the synthesis of prostaglandins (PGs; Kanaoka & Urade, 2003), as the name suggests. PGs are de-
rivatives of polyunsaturated fatty acids that commonly act as mediators in a range of physiological and pathological 
processes (Di Dato et al., 2020). First described in higher vertebrates, these molecules have also been discovered in 
marine invertebrates (Cnidaria, Mollusca and Crustacea), macroalgae, and microalgae (Di Costanzo et al., 2019). 
Animal- like PGs in unicellular photosynthetic eukaryotes have been proposed to play a role in mediating intracellular 
and extracellular (cell– cell) signaling (Di Dato et al., 2017; Rosset et al., 2020). Although the function of these proteins 
has not yet being described in Symbiodiniaceae, they might play a similar role in dinoflagellates.

A subunit of the Sec pathway, the SecA protein, was also found. The SecA translocase protein is a cell membrane- 
associated subunit of the Sec pathway and has been described in diatoms (Chan et al., 2011). It has the functional prop-
erties of an ATPase and translocates macromolecules involved in the biogenesis of cell walls and signaling (Vrontou 
& Economou, 2004).

Other

Proteins with several other functions (oxidase, protein– protein interaction, and cell adhesion) were also identified on 
the cell wall of Symbiodiniaceae and are considered here (Table 1, Figure 3, Table S1).

The ANK repeat (ANKr) is a conserved domain of approximately 33 amino acids, characteristic of the components 
of the Ankyrin family, one of the most common protein families across all kingdoms of life (Brüwer et al., 2017). We 
found proteins containing this domain in both B. minutum and C. goreaui CWPs. In general, ANKr functions as a 
protein– protein interaction domain and mediates cross- talk between host and symbiont in various endosymbioses 
(Liu et al., 2018; Thomas et al., 2010). For instance, four ANKr proteins were discovered in γ- proteobacteria when 
symbiotic with sponges and proposed to prevent phagocytosis, thus allowing the symbiont to escape digestion by the 
sponge host (Nguyen et al., 2014). In some cases, this protein motif is part of the signaling network of viral infections 
and works against host innate immunity by preventing apoptosis of infected cells (Al- Khodor et al., 2010; Brüwer 
et al., 2017). In the Symbiodiniaceae genome, ANKrs represent the second largest gene family (after the EF- hand 
family; Shinzato et al., 2014). Although the function of ANKr is not well described in the Symbiodiniaceae, these 
polypeptides may play a role in suppressing phagocytosis, as they appear to do in the bacterial- sponge symbiosis.

One CWP that caught our attention is a putative homologue of the malaria parasite reticulocyte- binding- like 
(RBL) protein 2a. RBL proteins are sialic acid receptors crucial to host cell recognition and invasion by Plasmodium, 
the malaria- causing pathogen (Rayner et al., 2001). Dinoflagellates and Plasmodium are closely related, both being 
members of the Infra- Kingdom Alveolata, and it is widely held that Apicomplexa, the group of parasites to which 
Plasmodium belongs, arose from photosynthetic, endosymbiotic mutualists akin to modern day Symbiodiniaceae 
(Berney & Pawlowski, 2006). Thus, at face value, RBL homologues in the cell walls of Symbiodiniaceae might 
point to an ancient, conserved mechanism of host cell recognition/invasion. However, the sequence similarity be-
tween A0A1Q9CCS4, A0A1Q9ERN9 in the S. microadriaticum genome (Aranda et al., 2016) and RBL homologues of 
Plasmodium is confined to low complexity repeats. Whether or not CWPs A0A1Q9CCS4 and A0A1Q9ERN9 have a 
role in dinoflagellate– cnidarian symbiosis remains to be determined.

CONCLUSIONS

This study explored the cell wall protein composition of two cultured Symbiodiniaceae species: B. minutum and C. 
goreaui. We developed a method to isolate Symbiodiniaceae cell walls and performed a proteomic analysis of cell- 
wall- enriched samples. Transporters, translocases, hydrolases, and polypeptides involved in protein– protein inter-
actions and cell signaling were identified in this analysis of the algal cell wall proteome. The majority of proteins 
identified have yet to be functionally characterized in Symbiodiniaceae, so this study flags numerous interesting 
candidates for further investigation to better understand this iconic symbiosis. We found little overlap between the 
cell wall proteomes of B. minutum and C. goreaui. The proteins identified here refer to cultured algae. Various traits 
of Symbiodiniaceae biology are likely to change between the two lifestyles of the organism (free- living and in hospite) 
as a result of symbiosis (Maruyama & Weis, 2020). Furthermore, previous studies showed that the Symbiodiniaceae 
cell wall adjusts its thickness when switching from cultured to being in hospite (Palincsar et al., 1988; Wakefield et al., 
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2000). Thus, it is feasible that the suite of proteins populating the cell wall might change as the algae switch between 
their two lifestyles. Our development of protocols to isolate and characterize CWPs in free- living algae paves the way 
for future work to compare the cell wall proteome of free- living vs. symbiotic Symbiodiniaceae. This would provide 
precious insights into the molecules that are critical to the mutualistic state and the effect that symbiosis has on the 
mutualistic partners.

ACK NOW LEDGM EN TS
We thank Shuai Nie from the Melbourne Mass Spectrometry and Proteomics Facility (MMSPF) at Bio21 at the 
University of Melbourne for assistance with the preparation of samples for proteomics analysis. We also thank David 
Suggett, Emma Camp, and Tim Kahlke for the Breviolum minutum and Cladocopium goreaui transcriptome sequences. 
G.T. acknowledges receipt of the University of Melbourne International Research Scholarship and Fee Remission 
Scholarship, the EMBL Australia travel grant fund and the Science Abroad Travelling Award at the University of 
Melbourne that supported this work. MJHvO acknowledges Australian Research Council Laureate Fellowship 
FL180100036. GMcF and MJHvO acknowledge Australian Research Council Discovery Grant DP160101539. GMcF 
acknowledges Australian Research Council Discovery Grant DP210100639. Financial support was provided by the 
Marsden Fund of the Royal Society Te Apārangi to S.K.D. and C.A.O.

ORCI D
Giada Tortorelli   https://orcid.org/0000-0001-6854-8070 

R E F ER E NC E S
Al- Khodor, S., Price, C.T., Kalia, A. & Abu Kwaik, Y. (2010) Functional diversity of ankyrin repeats in microbial proteins. Trends in Microbiology, 

18(3), 132– 139.
Aranda, M., Li, Y., Liew, Y.J., Baumgarten, S., Simakov, O., Wilson, M.C. et al. (2016) Genomes of coral dinoflagellate symbionts highlight evo-

lutionary adaptations conducive to a symbiotic lifestyle. Scientific Reports, 6, 39734.
Baumgarten, S. (2013) The MicroRNA repertoire of Symbiodinium, the dinoflagellate symbiont of reef- building corals. Doctoral dissertation. 

King Abdullah University of Science and Technology, Thuwal, Kingdom of Saudi Arabia. 31– 32.
Bay, L.K., Cumbo, V.R., Abrego, D., Kool, J.T., Ainsworth, T.D. & Willis, B.L. (2011) Infection dynamics vary between Symbiodinium types and 

cell surface treatments during establishment of endosymbiosis with coral larvae. Diversity, 3(3), 356– 374.
Berney, C. & Pawlowski, J.A. (2006) A molecular time- scale for eukaryote evolution recalibrated with the continuous microfossil record. 

Proceedings of the Royal Society B- Biological Sciences, 273(1596), 1867– 1872.
Bond, J.S. & Beynon, R.J. (1995) The astacin family of metalloendopeptidases. Protein Science, 4(7), 1247– 1261.
Brüwer, J.D., Agrawal, S., Liew, Y.J., Aranda, M. & Voolstra, C.R. (2017) Association of coral algal symbionts with a diverse viral community 

responsive to heat shock. BMC Microbiology, 17(1), 174.
Buchfink, B., Xie, C. & Huson, D.H. (2015) Fast and sensitive protein alignment using DIAMOND. Nature Methods, 12(1), 59– 60.
Chan, C.X., Reyes- Prieto, A. & Bhattacharya, D. (2011) Red and green algal origin of diatom membrane transporters: insights into environmental 

adaptation and cell evolution. PLoS One, 6(12), e29138.
Cox, J. & Mann, M. (2008) MaxQuant enables high peptide identification rates, individualized ppb- range mass accuracies and proteome- wide 

protein quantification. Nature Biotechnology, 26(12), 1367– 1372.
Davy, S.K., Allemand, D. & Weis, V.M. (2012) Cell biology of cnidarian- dinoflagellate symbiosis. Microbiology and Molecular Biology Reviews, 

76(2), 229– 261.
Di Costanzo, F., Di Dato, V., Ianora, A. & Romano, G. (2019) Prostaglandins in marine organisms: a review. Marine Drugs, 17(7), 428.
Di Dato, V., Ianora, A. & Romano, G. (2020) Identification of prostaglandin pathway in dinoflagellates by transcriptome data mining. Marine 

Drugs, 18(2), 1– 17.
Di Dato, V., Orefice, I., Amato, A., Fontanarosa, C., Amoresano, A., Cutignano, A. et al. (2017) Animal- like prostaglandins in marine microal-

gae. ISME Journal, 11(7), 1722– 1726.
Erzberger, J.P. & Berger, J.M. (2006) Evolutionary relationships and structural mechanisms of AAA + proteins. Annual Review of Biophysics and 

Biomolecular Structure, 35, 93– 114.
Feiz, L., Irshad, M., Pont- lezica, R.F., Canut, H. & Jamet, E. (2006) Evaluation of cell wall preparations for proteomics: a new procedure for 

purifying cell walls from Arabidopsis hypocotyls. Plant Methods, 2(1), 1– 13.
Gumucio, J.J. & Ostrow, J.D. (1991) Brown pigment gallstones: the role of bacterial hydrolases and another missed opportunity. Hepatology, 13(3), 

607– 609.
Haas, B.J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P.D., Bowden, J. et al. (2013) De novo transcript sequence reconstruction from 

RNA- seq using the Trinity platform for reference generation and analysis. Nature Protocols, 8(8), 1494– 1512.
Hackett, J.D., Anderson, D.M., Erdner, D.L. & Bhattacharya, D. (2004) Dinoflagellates: a remarkable evolutionary experiment. American 

Journal of Botany, 91(10), 1523– 1534.
Hanson, P.I. & Whiteheart, S.W. (2005) AAA+ proteins: have engine, will work. Nature Reviews Molecular Cell Biology, 6(7), 519– 529.
Higgins, C.F. (2001) ABC transporters: physiology, structure and mechanism– an overview. Research in Microbiology, 152(3– 4), 205– 210.
Kanaoka, Y. & Urade, Y. (2003) Hematopoietic prostaglandin D synthase. Prostaglandins, Leukotrienes & Essential Fatty Acids, 69(2– 3), 163– 167.
Karim, W., Kaswadji, R., Prartono, T.R.I. & Gorettipanggabean, L.M. (2011) Growth and extracellular carbonic anhydrase activity of zooxan-

thellae Symbiodinium sp. in response of zinc enrichment. HAYATI Journal of Biosciences, 18(4), 157– 163.
LaJeunesse, T.C., Parkinson, J.E., Gabrielson, P.W., Jeong, H.J., Reimer, J.D., Voolstra, C.R. et al. (2018) Systematic revision of Symbiodiniaceae 

highlights the antiquity and diversity of coral endosymbionts. Current Biology, 28(16), 2570– 2580.

https://orcid.org/0000-0001-6854-8070
https://orcid.org/0000-0001-6854-8070


   | 11 of 12CELL WALL PROTEOME OF B. MINUTUM AND C. GOREAUI

Levin, R.A., Suggett, D.J., Nitschke, M.R., van Oppen, M.J.H. & Steinberg, P.D. (2017) Expanding the Symbiodinium (Dinophyceae, Suessiales) 
toolkit through protoplast technology. Journal of Eukaryotic Microbiology, 64(5), 588– 597.

Lezhneva, L., Kiba, T., Feria- Bourrellier, A.B., Lafouge, F., Boutet- Mercey, S., Zoufan, P. et al. (2014) The Arabidopsis nitrate transporter NRT 
2.5 plays a role in nitrate acquisition and remobilization in nitrogen- starved plants. The Plant Journal, 80(2), 230– 241.

Lin, K., Wang, J. & Fang, L. (2000) Participation of glycoproteins on zooxanthellal cell walls in the establishment of a symbiotic relationship with 
the sea anemone, Aiptasia pulchella. Zoological Studies, 39(3), 172– 178.

Liu, H., Stephens, T.G., González- Pech, R.A., Beltran, V.H., Lapeyre, B., Bongaerts, P. et al. (2018) Symbiodinium genomes reveal adaptive evo-
lution of functions related to coral- dinoflagellate symbiosis. Communications Biology, 1(1), 1– 11.

Logan, D.D.K., Laflamme, A.C., Weis, V.M. & Davy, S.K. (2010) Flow- cytometric characterization of the cell- surface glycans of symbiotic dino-
flagellates (Symbiodinium spp.). Journal of Phycology, 46(3), 525– 533.

Maor- Landaw, K., van Oppen, M.J.H. & McFadden, G.I. (2020) Symbiotic lifestyle triggers drastic changes in the gene expression of the algal 
endosymbiont Breviolum minutum (Symbiodiniaceae). Ecology and Evolution, 10(1), 451– 466.

Markell, D.A., Trench, R.K. & Iglesias- Pietro, R. (1992) Macromolecules associated with the cell walls of symbiotic dinoflagellates. Symbiosis, 
12, 19– 31.

Maruyama, S. & Weis, V.M. (2020) Limitations of using cultured algae to study cnidarian- algal symbioses and suggestions for future studies. 
Journal of Phycology, 57(1), 30– 38.

Meyer, E.L.I. & Weis, V.M. (2012) Study of cnidarian- algal symbiosis in the “omics” age. Biological Bulletin, 223(1), 44– 65.
Michel, V., Yuan, Z., Ramsubir, S. & Bakovic, M. (2006) Choline transport for phospholipid synthesis. Experimental Biology and Medicine, 231(5), 

490– 504.
Minic, Z. (2008) Physiological roles of plant glycoside hydrolases. Planta, 227(4), 723.
Morrill, L.C. & Loeblich, A.R. III (1981) The dinoflagellate pellicular wall layer and its occurrence in the division Pyrrhophyta. Journal of 

Phycology, 17(4), 315– 323.
Nguyen, M.T.H.D., Liu, M. & Thomas, T. (2014) Ankyrin- repeat proteins from sponge symbionts modulate amoebal phagocytosis. Molecular 

Ecology, 23(6), 1635– 1645.
Oakley, C.A., Ameismeier, M.F., Peng, L., Weis, V.M., Grossman, A.R. & Davy, S.K. (2016) Symbiosis induces widespread changes in the pro-

teome of the model cnidarian Aiptasia. Cellular Microbiology, 18(7), 1009– 1023.
Oakley, C.A., Durand, E., Wilkinson, S.P., Peng, L., Weis, V.M., Grossman, A.R. et al. (2017) Thermal shock induces host proteostasis disruption 

and endoplasmic reticulum stress in the model symbiotic cnidarian Aiptasia. Journal of Proteome Research, 16(6), 2121– 2134.
Palincsar, J.S., Jones, W.R. & Palincsar, E.E. (1988) Effects of isolation of the endosymbiont Symbiodinium microadriaticum (Dinophyceae) from 

its host Aiptasia pallida (Anthozoa) on cell wall ultrastructure and mitotic rate. Transactions of the American Microscopical Society, 107(1), 
53– 66.

Peng, S., Chen, W.N.U., Chen, H.K., Lu, C.Y., Mayfield, A.B., Fang, L.S. et al. (2011) Lipid bodies in coral– dinoflagellate endosymbiosis: pro-
teomic and ultrastructural studies. Proteomics, 11(17), 3540– 3555.

Peng, S.E., Wang, Y.B., Wang, L.H., Chen, W.N.U., Lu, C.Y., Fang, L.S. et al. (2010) Proteomic analysis of symbiosome membranes in Cnidaria- 
dinoflagellate endosymbiosis. Proteomics, 10(5), 1002– 1016.

Pernice, M., Meibom, A., Van Den Heuvel, A., Kopp, C., Domart- Coulon, I., Hoegh- Guldberg, O. et al. (2012) A single- cell view of ammonium 
assimilation in coral– dinoflagellate symbiosis. ISME Journal, 6(7), 1314– 1324.

Rayner, J.C., Vargas- Serrato, E., Huber, C.S., Galinski, M.R. & Barnwell, J.W.A. (2001) Plasmodium falciparum homologue of Plasmodium vivax 
reticulocyte binding protein (PvRBP1) defines a trypsin- resistant erythrocyte invasion pathway. Journal of Experimental Medicine, 194(11), 
1571– 1581.

Ricachenevsky, F.K., Sperotto, R.A., Menguer, P.K., Sperb, E.R., Lopes, K.L. & Fett, J.P. (2011) Zinc- induced facilitator- like family in plants: 
lineage specific expansion in monocotyledons and conserved genomic and expression features among rice (Oryza sativa) paralogs. BMC 
Plant Biology, 11(1), 1– 22.

Ros, M.T. (2020) Adaptive strategies of carbon transformation amongst coral symbionts (Symbiodiniaceae). Doctoral dissertation. University of 
Technology Sydney, 60– 112.

Rosset, S.L., Oakley, C.A., Ferrier- Pagès, C., Suggett, D.J., Weis, V.M. & Davy, S.K. (2020) The molecular language of the cnidarian– dinoflagellate 
symbiosis. Trends in Microbiology, 29(4), 320– 333.

Sauer, U., Canonaco, F., Heri, S., Perrenoud, A. & Fischer, E. (2004) The soluble and membrane- bound transhydrogenases UdhA and PntAB 
have divergent functions in NADPH metabolism of Escherichia coli. Journal of Biological Chemistry, 279(8), 6613– 6619.

Schölz, C., Lyon, D., Refsgaard, J.C., Jensen, L.J., Choudhary, C. & Weinert, B.T. (2015) Avoiding abundance bias in the functional annotation 
of posttranslationally modified proteins. Nature Methods, 12(11), 1003– 1004.

Shinzato, C., Mungpakdee, S., Satoh, N. & Shoguchi, E. (2014) A genomic approach to coral- dinoflagellate symbiosis: studies of Acropora digi-
tifera and Symbiodinium minutum. Frontiers in Microbiology, 5, 336.

Sproles, A.E., Oakley, C.A., Matthews, J.L., Peng, L., Owen, J.G., Grossman, A.R. et al. (2019) Proteomics quantifies protein expression changes 
in a model cnidarian colonised by a thermally tolerant but suboptimal symbiont. ISME Journal, 13(9), 2334– 2345.

Taylor, D.L. (1974) Symbiotic marine algae: taxonomy and biological fitness. Symbiosis Sea, 245– 262.
Thomas, T., Rusch, D., DeMaere, M.Z., Yung, P.Y., Lewis, M., Halpern, A. et al. (2010) Functional genomic signatures of sponge bacteria reveal 

unique and shared features of symbiosis. ISME Journal, 4(12), 1557– 1567.
Tortorelli, G., Belderok, R., Davy, S.K., McFadden, G.I. & van Oppen, M.J.H. (2020) Host genotypic effect on algal symbiosis establishment in 

the coral model, the anemone Exaiptasia diaphana, from the Great Barrier Reef. Frontiers in Marine Science, 6, 1– 11.
Tortorelli, G., Rautengarten, C., Bacic, A., Segal, G., Ebert, B., Davy, S.K. et al. (2021) Cell surface carbohydrates of symbiotic dinoflagellates 

and their role in the establishment of cnidarian– dinoflagellate symbiosis. ISME Journal, 15, 1– 10.
Vrontou, E. & Economou, A. (2004) Structure and function of SecA, the preprotein translocase nanomotor. Biochimica et Biophysica Acta –  

Molecular Cell Research, 1694(1– 3), 67– 80.
Wakefield, T.S., Farmer, M.A. & Kempf, S.C. (2000) Revised description of the fine structure of in situ zooxanthellae genus Symbiodinium. 

Journal of the American Veterinary Medical Association, 199(1), 76– 84.



12 of 12 |   TORTORELLI ET aL.

Wang, D.Z., Dong, H.P., Li, C., Xie, Z.X., Lin, L. & Hong, H.S. (2011) Identification and characterization of cell wall proteins of a toxic dinofla-
gellate Alexandrium catenella using 2- D DIGE and MALDI TOF- TOF mass spectrometry. Evidence- based Complementary and Alternative 
Medicine, 2011, 984080.

Wang, S., Hu, Q., Sommerfeld, M. & Chen, F. (2004) Cell wall proteomics of the green alga Haematococcus pluvialis (Chlorophyceae). Proteomics, 
4(3), 692– 708.

Weston, A.J., Dunlap, W.C., Beltran, V.H., Starcevic, A., Hranueli, D., Ward, M. et al. (2015) Proteomics links the redox state to calcium signal-
ling during bleaching of the scleractinian coral Acropora microphthalma on exposure to high solar irradiance and thermal stress. Molecular 
& Cellular Proteomics, 14(3), 585– 595.

Wood- Charlson, E.M., Hollingsworth, L.L., Krupp, D.A. & Weis, V.M. (2006) Lectin/glycan interactions play a role in recognition in a coral/
dinoflagellate symbiosis. Cellular Microbiology, 8(12), 1985– 1993.

SU PPORT I NG I N FOR M AT ION
Additional supporting information may be found online in the Supporting Information section.

How to cite this article: Tortorelli, G., Oakley, C.A., Davy, S.K., van Oppen, M.J.H. & McFadden, G.I. (2022) 
Cell wall proteomic analysis of the cnidarian photosymbionts Breviolum minutum and Cladocopium goreaui. 
Journal of Eukaryotic Microbiology, 69, e12870. https://doi.org/10.1111/jeu.12870

https://doi.org/10.1111/jeu.12870

