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NF-kB   innate immunity gatekeeper transcription factor 

nr18S   nuclear small subunit ribosomal gene 

nr28S   large subunit ribosomal gene 

NPQ   non-photochemical quenching 

NO   nitric oxide 

-OH   reactive hydroxyl radical 
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1O2   singlet oxygen 

O2
-   superoxide 

OAA   oxaloacetate 

OD680   optical density at 680 nm 

ONOO-   reactive nitrogen species peroxynitrite 

P   phosphorylation 

PC   plastocyanin 

PCP   peridinin-chlorophyll-protein complex  

PDB    protein databank 

PEP   phosphoenol pyruvate 

PEPCK   phosphoenol pyruvate carboxykinase 

Per    carotenoid peridinin 

PGA   phosphoglycerate 

PGK   phosphoglycerate kinase 

pI   isoelectric point 

PID    protein sequence with peridinin 

PP   serine/therionine protein phosphatases 

PQ   plastoquinone 

psbA   plastid-encoded photosystem II protein D1 gene 

psbAncr   chloroplast psbA non-coding region gene 

PSI   photosystem I  

PSII   photosystem II  

PSM   protein sequence match 

PSU   photosynthetic unit 

RAW 264.7  abelson murine leukemia virus induced tumor macrophage 

ROS   reactive oxygen species 

s   second 

SDB   poly(styrene-divinylbenzene) copolymer  

SDC    sodium deoxycholate 

SDS-PAGE  sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
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SP   signal peptide 

SP3    single-pot solid-phase-enhanced sample preparation  

ST    stop-and-go-extraction tips (STAGETips) 

S-trap   suspension trapping 

STN   Serine/threonine-protein kinase 

TCEP   tris (2-carboxyethyl) phosphine 

TEAB   triethylammonium bicarbonate  

TFA   trifluoroacetic acid 
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v/v   volume per volume 

w/v   weight per volume 
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Thesis Summary 

The marine dinoflagellate called Symbiodinium sp. in the family Symbiodiniaceae has 
received increasing attention due to its symbiotic relationship with reef-building corals. This 
symbiosis is sustained through metabolic exchange between the two partners. Stability of this 
symbiosis rests on metabolic ‘compatibility’ relative to external resource provisioning (light, 
nutrients); however, this symbiosis often breaks down (“dysbiosis”) under unfavourable 
environmental perturbations or stress (Suggett & Smith 2020). Despite intensive efforts over 
several decades to understand the nature of how this symbiosis functions effectively, the 
underlying regulation mechanisms remain largely unknown.  

Recently, the increasing availability of genomic and transcriptomic resources for both 
corals and Symbiodinium has shifted the “molecular horizon” and now provides unprecedented 
opportunities to investigate invertebrate–microalgal symbiosis. This influx may in turn uncover 
diagnostic tools for more targeted management of this vulnerable ecosystem. However, relative 
transcript abundances are not always a good proxy for phenotypic traits, due in part to post-
transcriptional/translational regulation and modification. Proteins serve as the ultimate effectors 
of the variation manifested within genomes and/or transcriptomes, and thus are considered closer 
to the resulting phenotype. Consequently, proteomics studies may allow for a more realistic picture 
of the functional cellular response of an organism to environmental stress. However, to date the 
proteomics insights into cnidarian–microalgal symbiosis has largely stemmed from proteomes of 
the host invertebrate, and not the microalgal symbiont. Therefore, this thesis applied high-
throughput shotgun-based proteomics approaches to investigate and understand the molecular 
mechanism of light stress tolerance in Symbiodinium. 

 

Aim, Objective and hypothesis 

The overall aim of the thesis is to investigate the molecular mechanism of light stress 
tolerance in Symbiodinium using high-throughput proteomics approaches. Additionally, given the 
fact that peridinin carotenoids have high pharmaceutical activity, a secondary aim of this thesis is 
to examine the bioactivity of purified peridinin-chlorophyll-protein complex (PCP) protein 
isolated from Symbiodinium, ultimately to explore their potentials for medicinal applications.  

The three objectives of the thesis are to: 

1. Examine the peridinin-chlorophyll-protein complex (PCP) protein accumulation in 
Symbiodinium under light limitation. 

2. Understand the light stress tolerance behaviour between two Symbiodinium phylotypes; 
Breviolum sp. (Symbiodinium sp. clade B) and Durusdinium sp. (Symbiodinium sp. clade 
D) at the proteomic level.  

3. Extraction and purification of PCP from Symbiodinium to explore its bioactivity in 
pharmaceutical applications.  

 

XX 



Thesis Outline  

This thesis first provides a comprehensive review on the molecular understanding of the 
coral-Symbiodinium relationship, state-of-the-art information on proteomics investigations in 
Symbiodinium and the importance of PCP in the pharmaceutical industry (Chapter 1). This study 
applied three different proteomics sample preparation techniques; filter-aided sample preparation 
(FASP), single-pot solid-phase-enhanced sample preparation (SP3) and stop-and-go-extraction 
tips (STAGETips, ST) to develop a high-throughput proteotyping protocol for Symbiodiniaceae 
algal research. To demonstrate the functionality of the optimized SP3 sample preparation 
workflow, we examined the proteome of S. tridacnidorum to better understand the molecular 
mechanism of peridinin-chlorophyll-protein complex (PCP) accumulation under light limitation 
(30 μmol photon m-2 s-1) (Chapter 2).  

Dinoflagellates of the genus Symbiodinium express a broad diversity in both their genetic 
identity (phylogeny) and photosynthetic function that presumably determines their ecological 
success across extreme light environments. However, our understanding of the molecular 
mechanism controlling stress tolerance to such light extremes amongst the different clades is 
largely unknown. We undertook an iTRAQ labelled shotgun proteomic investigation to better 
understand the difference between light stress tolerance mechanisms between two Symbiodinium 

phylotypes; Breviolum sp. (Symbiodinium sp. clade B) and Durusdinium sp. (Symbiodinium sp. 
clade D) exposed to low and high light conditions (500 µmol photon m-2 s-1) (Chapter 3). Further, 
the outcomes of Chapter 2 were further examined in Chapter 4, wherein PCP was extracted and 
purified to assess its bioactivity including – antioxidant, antibacterial, cytotoxicity and anti-cancer. 
Chapter 5 concludes and summarise the overall findings and discusses future research directions.  

Expected Outcome 

The thesis has developed a high-throughput shotgun based proteotyping tool for Symbiodinium and 
has provided new knowledge and insights into the molecular mechanism of stress tolerance to 
environmental perturbations. We outline several key processes related to light stress tolerance as 
well as new directions that are required to better understand how environmental change shapes the 
ecological success of Symbiodinium algae. Further, by describing the functionality of PCP 
extracted from Symbiodinium as a potential antioxidant and anticancer bioactive agent, we hope 
will attract the interest of pharmaceutical researchers and engineers to bioengineer Symbiodinium 
for PCP production at a commercial scale.   
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CHAPTER 1 
 

Light Response of Symbiodiniaceae using  

High-throughput Proteomic Analysis
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1. Symbiodinium

The photosynthetic dinoflagellate, Symbiodinium is the common unicellular algae in 
marine aquatic ecosystem which plays an essential function in supporting coral reefs and 
marine ecosystems (Boldt 2014; Roth 2014a). These unicellular algae can either live as free-
living algae in marine sediment and plankton communities (Pochon & Gates 2010) or 
endosymbiotically inside marine invertebrate hosts including sponges, coral, jellyfish, sea 
anemone, flatworms and giant clams (Granados-Cifuentes et al. 2015; Hill et al. 2014; Mies, 
Voolstra, et al. 2017b) (Figure 1-1).

Figure 1-1. The general characterisation of coral polyps and its symbiotic dinoflagellate 
(Blackall, Wilson & van Oppen 2015; Technau & Weis 2013). The symbiosis between the 
coral (Acropora digifera) and dinoflagellate (Symbiodinium sp.) under light microscope (A). 
A tentacle of a symbiotic polyp contains individual Symbiodinium cells within the gastrodermal
tissue of the tentacles (B). Diagram of coral tissue layers and symbiotic microorganisms (C).

1.1 Symbiosis of coral host and Symbiodinium algae

Coral reefs are the world’s most productive and diversified aquatic ecosystem which 
thrive in oligotrophic oceans due to their symbiotic relation with Symbiodinium. The  constant 
supply of photosynthetic nutrients from Symbiodinium to the host, help corals to fulfil their 
daily energy requirement, as well as promote growth and calcification (Davies et al. 2016). 
Under limited light intensities and nutrient access, Symbiodinium fuel the host coral with 
organic nutrients and photosynthates including glucose, glycerol, fatty acids and amino acids, 
which contribute to more than 90% of the host metabolic requirements (Gordon & Leggat 
2010; Mies, Voolstra, et al. 2017b) (Table 1-1). In turn, Symbiodinium gains access to dissolved 
inorganic carbon, inorganic nutrients including nitrogen, phosphorus and a protected 
microenvironment from extreme environmental conditions (González-Pech, Ragan & Chan 
2017) (Figure 1-2). The symbiotic relationship between Symbiodinium and their invertebrate 
host shows the positive effect toward the environmental stress response by improving 
metabolism, reproduction and growth rate of the host (Davy, Allemand & Weis 2012).
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Figure 1-2. The symbiotic relationship between Symbiodinium (Zooxanthellae) and coral host 
(Santos, Toyoshima & Kinzie Iii 2009). 

 

Table 1-1. Metabolic interaction between Symbiodinium and Hosts (Gordon & Leggat 2010) 

 

Metabolite Transport Direction Function 
Symbiodinium to Host Host to Symbiodinium 

Alanine  - Protein formation 
Citrate  - Krebs cycle 
Fatty acid  - Lipid synthesis 
Glucose 
Glycerol 

 
 

- 
- 

Nutrition 
Nutrition 

Glycolic acid  - Nutrition 
Ketoglutarate  - Krebs cycle 
Lactate  - Metabolite 
Lipid  - Energy exchange 
Malate  - Krebs cycle 
Maltose  - Nutrition 
Pyruvate  - Krebs cycle 
Succinate  - Krebs cycle 
O2  - Photosynthesis 
Acetate -  Fatty acid synthesis 
Glycine -  Nucleotide 

synthesis 
Inorganic carbon 
(CO2, HCO3-) 

-  Photosynthesis 

Inorganic nitrogen 
(NO2-, NO3-, NH4+) 

-  Amino acid 
synthesis 

PO43- -  Nutrition 
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Therefore, it is a natural and beneficial arrangement wherein algal photosynthesis 
drives the coral reef ecosystem. However, this delicately balanced symbiotic relation is 
challenged by numerous environmental conditions, including ocean warming, acidification, 
light stress and coastal pollution which leads to oxidative damage caused by the generation of 
reactive oxygen species (ROS) (Smith, Suggett & Baker 2005). Extreme and stressful 
environmental conditions have been shown to trigger the breakdown and dissociation of the 
coral-algal symbiosis, resulting in coral-bleaching (Poquita-Du et al. 2020; Roth 2014b).  

The bleaching response is stimulated by the production of reactive oxygen species (ROS) 
including singlet oxygen (1O2) and superoxide (O2-) from the host cell. Under ambient growth 
conditions, ROS can be converted back to oxygen using superoxide dismutase (SOD) and 
ascorbate peroxidase (APX). However, under stress conditions, O2- is converted directly into 
the reactive hydroxyl radical (-OH) and the hydrogen peroxide (H2O2) which causes damage 
to functional proteins in PS , Calvin cycle and thylakoid membrane (Figure 1-3). 

 Under high -OH and H2O2 conditions, the inter-partner signaling is stimulated and triggers 
the activation of the innate immunity gatekeeper transcription factor (NF-kB). The innate 
immune response is to increasing nitric oxide synthase (iNOS) and triggering cellular signaling 
through nitric oxide (NO). A large amount of O2- combines with produced NO to form a highly 
reactive peroxynitrite (ONOO-) which can damage the mitochondrial membrane. This 
biochemical process stimulates the host innate immunity, including the apoptosis-inducing 
factor (AIF) along with cytochrome c and activates the apoptosis pathway. Finally, 
Symbiodinium leave the host tissue by the in situ degradation mechanism including exocytosis, 
host cell detachment, host cell apoptosis and host cell necrosis (Fournier 2013; Weis 2008).  

 

Figure 1-3. The schematic model demonstrates the role of ROS and NOS handling pathways 
of Symbiodinium in the host cell under stress condition (Perez & Weis 2006). Algal cell 
produces ROS (superoxide and hydrogen peroxide). This signaling stimulate the production of 
NOS, NO and the reactive nitrogen species peroxynitrite (ONOO-) which effects to bleaching 
phenomenon (Perez & Weis 2006).  
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1.2 Symbiodinium classification 

Symbiodinium have a long evolutionary history, estimated to originate approximately 160 
million years ago. Symbiodinium are one of the most successful microalgae that have persisted 
through geological history and exhibit a high genetic diversity. Early studies classified 
Symbiodinium on their morphological characteristics. However, recent consideration of their 
physiological and ecological information has demonstrated that Symbiodinium have a high 
degree of variation in their morphology, environmental distribution, host-specificity and 
biochemical characterisation (LaJeunesse et al. 2018; Stat, Carter & Hoegh-Guldberg 2006).  

Originally,  Symbiodinium was classified  into three phylogenetic groups as clade A, B and 
C based on nuclear small subunit ribosomal (nr18S) molecular marker (Rowan & Powers 
1992). Later, diverse molecular markers including large subunit ribosomal (nr28S) sequences, 
the chloroplast ribosomal DNA (cp23S) domain V, the plastid-encoded photosystem II protein 
D1 (psbA), the mitochondrial cytochrome oxidase I (col), mitochondrial cytochrome b (cob) 
and mitochondrial-encoded (cox1) genes were used to re-classify Symbiodinium. As a result, 
the nine phylogenetic lineages that constitute the genus Symbiodinium was classified based on 
an alpha-numeric system as ‘clades’ from A to I (Pochon & Gates 2010; Pochon, LaJeunesse 
& Pawlowski 2004; Takabayashi, Santos & Cook 2004; Takishita et al. 2003).  

The relationship between Symbiodinium clades and their host taxa showed that 
Symbiodinium in clades A, B, C and D are commonly associated with marine metazoan hosts 
(Cnidaria and Mollusca), while clades F, G, H and I are specific to soritid foraminifera hosts 
and sea anemone (Cnidaria) (Pochon & Gates 2010; Pochon & Pawlowski 2006; Rodriguez-
Lanetty, Chang & Song 2003). This suggests that the host drives the evolutionary and genetic 
diversity of Symbiodinium (Fournier 2013) (Figure 1-4). 

Recently, the study of LaJeunesse et al. (2018) further reclassified the multiple clades 
of Symbiodinium into six new genera as Symbiodinium, Breviolum, Cladocopium, 
Durusdinium, Effrenium, Fugacium, Gerakladium which were formerly classified as clade A, 
B, C, D, E, F and G, respectively (Table 2) (LaJeunesse et al. 2018; Pochon & Gates 2010). 
The new Symbiodinium systematic framework is based on high-resolution molecular markers 
including the nuclear large subunit (LSU) rDNA, mitochondrial genes such as cytochrome b 
(mt cob), cytochrome oxidase 1 (cox 1), the chloroplast large subunit (cp23S) and the 
chloroplast psbA non-coding region (psbAncr) (LaJeunesse et al. 2018; LaJeunesse & Thornhill 
2011; Reimer et al. 2017) (Figure 1-5). Beside these major clades, there are numerous sub-
clades, types and strains within Symbiodinium that exhibit high genetic variations and 
physiological differences. Therefore, the new Symbiodiniaceae classification improves our 
understanding about this symbiotic relationship and its ability to change cellular mechanisms 
in order to adapt to different stress environments (Qin et al. 2019; Sampayo et al. 2008; 
Silverstein, Cunning & Baker 2015). 
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Figure 1-4. The phylogenetic relationships between Symbiodinium clades and their distribution 
in host taxa (Mies, Sumida, et al. 2017). 

  

Table 1-2. Systematic reclassification of the Family Symbiodiniaceae (LaJeunesse et al. 2018) 

Clade New classification  Species 
A Symbiodinium Gert Hansen & Daugbjerg  Symbiodinium natans 
B Breviolum J.E.Parkinson & LaJeunesse  Breviolum minutum 
C Cladocopium LaJeunesse & H.J.Jeong Cladocopium goreaui 
D Durusdinium LaJeunesse Durusdinium trenchii 
E Effrenium LaJeunesse & H.J. Jeong Effrenium voratum 
F Fugacium LaJeunesse Fugacium kawagutii 
G Gerakladium LaJeunesse Gerakladium endoclionum 
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Figure 1-5. The new classification of the Family Symbiodiniaceae and the phylogeny 
portraying of the evolutionary relationship using LSU rDNA (LaJeunesse et al. 2018).  
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2. Genomic and transcriptomic studies of Symbiodinium 

Symbiodinium is one of the most widely studied symbiotic organisms and its 
relationship with coral has been thoroughly explored. Despite the critical importance of this 
coral-dinoflagellate symbiosis, little is known about the underlying molecular mechanisms 
(apart from photosynthesis and carbon exchange), largely due to the lack of a comprehensive 
understanding of what molecules, pathways and functions are contributed by Symbiodinium 
(González-Pech, Ragan & Chan 2017). Extracting such information gets more complicated 
with idiosyncratic genomes of dinoflagellates which consist of non-canonical splice sites, 
extensive methylation and large sizes (up to 250 Gbp). Moreover, their plastid genomes occur 
as plasmid-like mini-circles; their mitochondrial genomes harbour only three protein-coding 
genes and lacks stop codons, and both mitochondrial and nuclear transcripts are extensively 
edited (Aranda et al. 2016; Liu et al. 2018; McLean 2013).   

The draft genomes published to date for representatives of Clades A, B, C and F 
(Aranda et al. 2016; Shoguchi et al. 2018b) along with sequence comparisons, 
demonstrated that Symbiodinium isolates (and clades) are highly divergent (Table 1-3) 
(González-Pech, Ragan & Chan 2017). Recently, the addition of draft genomes of 
two Symbiodinium - Symbiodinium goreaui (type C1; isolated from the acroporid 
coral Acropora tenuis) and Symbiodinium kawagutii CS-156 (Clade F) enrich the genomic 
database of Symbiodineaceae.   

Comparative studies using predicted genes from available transcriptome and genome 
data revealed that functions pertinent to symbiosis are common to all Symbiodiniaceae, but the 
differences in gene-family number among the major lineages are possibly associated with 
adaptation to more specialised ecological niches (González-Pech, Ragan & Chan 2017). The 
whole-genome sequence analysis of a symbiotic and a free-living Symbiodinium species has 
revealed only limited similarity (González-Pech, Ragan & Chan 2017; González-Pech et al. 
2019). Such sequence divergence needs further investigation using intra-genus and/or intra-
species comparative studies to reveal novel insights into the biology of Symbiodiniaceae. For 
instance, a transcriptomic study conducted on four species (with multiple isolates per species) 
of Breviolum (formerly Clade B) revealed differential gene expression that is potentially 
associated with their prevalence in the host (Parkinson et al. 2016). Comparison of genome 
data from multiple isolates of the same genus, and/or of the same species, would allow for 
identification of the molecular mechanisms that underpin the diversification of 
Symbiodiniaceae at a finer resolution. The high genetic diversity of Symbiodinium often yields 
functional diversity, linked to resilience/tolerance to environmental stress. For example, a shift 
in the composition of in hospite Symbiodinium communities after bleaching disturbances has 
been documented (Baker, 2001; Thornhill et al., 2006; Jones et al., 2008; Kemp et al., 2014; 
Silverstein et al., 2015) and resulted in altered coral gene expression and their susceptibility to 
future bleaching (Davies et al. 2018). 

A wide array of stress responses at the physiological level in Symbiodinium, including 
impairment/inactivation of photosynthesis; increased production of reactive oxygen/nitrogen 
species (ROS/RNS) and antioxidant enzymes, and reduced symbiont pigmentation have been 
studied (Gardner et al. 2017; Suggett et al. 2008). On the contrary, genes regulation at the 
transcriptional level was found to be stable in response to diverse climate stressors in 
Symbiodinium (Barshis et al. 2014; Davies et al. 2016; Gardner et al. 2017; Leggat et al. 2011). 



9 
 

For example, S. goreaui did not show any significant differences in overall gene expression to 
low temperature and acidification treatments even when reef zone-specific responses were 
considered. This paucity of a transcriptional stress response in Symbiodinium in response to 
stress has been evident in other studies, wherein it was generally observed that little to no 
transcriptional responses occurred with environmental perturbations (Leggat et al., 2011; 
Barshis et al., 2014); with the exception of extreme heat stress (Baumgarten et al. 2013; 
Gardner et al. 2017; Gierz, Forêt & Leggat 2017; Levin et al. 2016b). 

All together, these studies suggest that post-transcriptional regulatory mechanisms, 
including translational regulation, and post-translational modifications could drive molecular 
responses in Symbiodinium. This view is further supported by the presence of only a few 
transcription factors in Symbiodinium transcriptomes and genomes (Bayer et al., 2012; 
Shoguchi et al., 2013). Therefore, Symbiodinium utilizes small RNAs and microRNAs, 
(Baumgarten et al., 2013; Lin et al., 2015), RNA-editing (Liew et al. 2017), and trans-splicing 
of spliced leader sequences (Zhang et al., 2007; Lin, 2011) to regulate their environmental 
stress responses. Such a low transcriptomic response in Symbiodinium to environmental stress 
could be due to i) presence of lower number of transcription factors, ii) insufficient time scale 
of treatments to trigger physiological and molecular responses, iii) long-term acclimatization 
of Symbiodinium via phenotypic buffering and iv) their positions within host-derived tissue-
bound spaces that buffer the algae from external changes, especially with pH (Barott et al. 
2015; Reusch 2014; Suggett et al. 2008). 

On the other hand, some Symbiodiniaceae such as Durusdinium trenchii exhibited a 
high transcriptional response under heat stress condition (Savary et al. 2021). For example, 
enrichment for cell signalling pathways as well as transcripts relating to mitosis, meiosis, and 
motility were found upregulated in free living Symbiodinum cells under thermal stress, 
however, in hospite cells exhibited enhanced transcriptional activity for photosynthesis and 
carbohydrate transport as well as chromatin modifications and a disrupted circadian clock 
(Bellantuono et al. 2019). The coral host elicits a stronger transcriptomic response than 
Symbiodinium to environmental cues. Recently, Davies et al. (2018) studied the regulation of 
2,862 highly conserved (HCGs) genes in coral host (S. siderea) and in hospite S. goreaui under 
various treatments. In that study, coral hosts modified the expression of HCGs by 3.7–15.7% 
across experimental treatments, while S. goreaui only modified expression by 0.05–2.8% 
across the same treatments (Figure 1-6). Similarly, Barshis et al. (2014) observed few 
transcriptional changes across >50,000 genes in response to thermal stress across two 
Symbiodinium lineages (D2, C3K); starkly contrasting the broad transcriptomic shifts observed 
in the symbiont's host when exposed to identical conditions. 

Recently, Liu et al. (2018) compared fifteen taxa of Symbiodinium species to elucidate 
genomic signatures of symbiosis. This study led to the identification of 2,460 nuclear gene 
families (containing only 5% of Symbiodinium genes) coding 7,869 proteins which showed 
evidence of positive selection, including genes and proteins involved in photosynthesis, 
transmembrane ion transport, synthesis and modification of amino acids and glycoproteins and 
stress response. In that study, the enrichment of GOs related to the biosynthesis and 
modification of amino acids and glycoproteins (including protein phosphorylation, peptide 
biosynthesis process, protein ADP-ribosylation, protein glycosylation, D-amino acid metabolic 
process and glycoprotein biosynthetic process) which indicated the critical role of 
Symbiodinium in supplying amino acids both for self-preservation and for the coral host. 
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Moreover, GOs of glycoprotein biosynthesis process both in culture and in hospite 
Symbiodinium pointed to a possible role of glycans in the specificity of host recognition and 
microbe-association that could participate in the establishment of symbiosis (Logan et al. 
2010). 

 

Figure 1-6. Barplot represent a differentially expressed genes (DEGs) of the coral host (left) 
and S. goreaui (right) across 2862 highly conserved genes (HCG) under four different stress 
conditions. Orange bar represent enriched gene and turquoise represent depleted genes (Davies 
et al. 2018).  
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Table 1-3. The summary of the Symbiodinium genomes and transcriptome data. 

Species (Isolates) Clade Number 
of 

sequence 

N50  
(bp) 

Total 
length  
(Mbp) 

Data type Reference 

S. microadriaticum (CCMP2467)  A 49,109 3,987 166.722 Genome (Aranda et al. 2016) 
Symbiodinium sp. (CassKB8)  A 72,152 1,087 61.921 Transcriptome (Bayer et al. 2012) 
Symbiodinium sp. (CCMP2430)  A 44,733 1,356 42.483 Transcriptome (Keeling et al. 2014) 
S. aenigmaticum (mac04-487)  B 45,343 1,355 44.628 Transcriptome (Parkinson et al. 2016) 
Symbiodinium sp. (SSB01)  B 59,669 1,752 71.172 Transcriptome (Xiang et al. 2015b) 
S. pseudominutum (rt146)  B 47,411 1,508 51.270 Transcriptome (Parkinson et al. 2016) 
S. psygmophilum (HIAp, Mf10.14b.02, PurPFlex, rt141)  B 50,745 1,618 51.37 Transcriptome (Parkinson et al. 2016) 
S. minutum (Mac703, Mf1.05b, rt002, rt351)  B1 51,199 1,597 57.248 Transcriptome (Parkinson et al. 2016) 
S. minutum (Mf1.05b) B1 41,925 1,262 615.52 Genome (Shoguchi et al. 2013) 
S. minutum (Mf1.05b)  B1 47,014 2,675 97.202 Genome (Bayer et al. 2012) 
S. minutum (Mf1.05b)  B1 76,284 741 45.335 Transcriptome (Bayer et al. 2012) 
S. goreaui (SCF055-01) C 41,289 6,576 1027 Genome (Liu et al. 2018) 
Symbiodinium sp.  C 26,986 534 12.546 Transcriptome (Ladner, Barshis & Palumbi 2012) 
Symbiodinium sp.  C 55,588 687 30.570 Transcriptome (González-Pech et al. 2017) 
Symbiodinium sp.  C 65,838 1,746 97.581 Transcriptome (Davies et al. 2016) 
Symbiodinium sp.  C1 45,782 1,443 45.706 Transcriptome (Keeling et al. 2014) 
Symbiodinium sp. (MI-SCF055)  C1 116,479 1,323 106.160 Transcriptome (Levin et al. 2016a) 
Symbiodinium sp. (WSY)  C1 131,066 1,239 113.375 Transcriptome (Levin et al. 2016a) 
Symbiodinium sp.  C15 37,277 1,299 33.008 Transcriptome (Keeling et al. 2014) 
Symbiodinium sp.  D 23,777 920 16.609 Transcriptome (Ladner, Barshis & Palumbi 2012) 
Symbiodinium sp.  D1a 43,662 804 25.956 Transcriptome (Keeling et al. 2014) 
S. voratum (CCMP421)  E2 71,624 1,701 86.612 Transcriptome (Keeling et al. 2014) 
S. kawagutii CS-156 F 16,959 35,743 1048 Genome (Liu et al. 2018) 
S. kawagutii (CCMP2468)  F 36,850 1,467 38.379 Genome (Lin et al. 2015) 
S. kawagutii (CCMP2468)  F 11,679 219 2.666 Transcriptome (Keeling et al. 2014) 
Polarella glacialis (CCMP1383)  — 57,865 1,581 57.733 Transcriptome (Keeling et al. 2014) 
Polarella glacialis (CCMP2088)  — 32,168 1,161 21.755 Transcriptome (Keeling et al. 2014) 
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2.1 Omics studies of Symbiodinium under stress conditions 

Advances in omics studies of Symbiodinium, over the last ten years have occurred 
where the transcriptomic analysis has been conducted in both coral host and algal symbiont 
under manipulated environmental stress conditions. Coral host transcriptomes has been 
investigated from several scleractinian corals including Orbicella faveolata (Pinzón et al. 
2015), Porites australiensis (Shinzato, Inoue & Kusakabe 2014), Pocillopora damicornis 
(Putnam et al. 2013) and Acropora palmata (DeSalvo et al. 2008; DeSalvo, Sunagawa, 
Voolstra, et al. 2010). Transcriptomic analyses shows that the coral host responds to thermal 
stress conditions by increasing the genes expression of temperature-tolerant and carbon fixation 
enzymes (Barshis et al. 2013; Leggat et al. 2011). Two Caribbean coral (A. palmata and O. 
faveolate) show higher expression in heat shock and antioxidant genes under thermal stress 
condition (DeSalvo, Sunagawa, Voolstra, et al. 2010). Although the host-microbe interaction 
of coral is underlying the symbiosis relationship, recent evidence from the whole transcriptome 
analyses of coral host and its holobiont illustrated a different gene expression mechanism in 
response to environmental stress conditions (Cziesielski et al. 2018; Pinzón et al. 2015; 
Shinzato, Inoue & Kusakabe 2014).  

Thermal stress is the main abiotic stress which has been studied in coral-Symbiodinium 
systems; wherein coral host exhibit major regulations at the transcriptome level. Studies of 
Symbiodinium transcriptomic responses to thermal stress showed damage to PSII light 
harvesting proteins and accumulation of heat shock proteins (HSPs) and chloroplast protein 
components (Barshis et al. 2014; Leggat et al. 2011; Takahashi et al. 2008b; Takahashi et al. 
2013). Whole transcriptome sequencing of Symbiodinium cells under thermal stress showed 
>92% differentially expressed genes with ≤2-fold change (Gierz et al., 2017). The 
transcriptional response included differential expression of genes encoding antioxidant 
network, molecular chaperones, photosynthesis machinery, integral light-harvesting protein 
complexes, enzymes such as fatty acid desaturases and glyoxylate cycle enzymes. Further, a 
significant up-regulation of cytochrome P450 (CYP) genes and up/downregulation of heat 
shock protein (Hsp70) under thermal stress has been observed in numerous studies (Gierz, 
Forêt & Leggat 2017; Lin, Yu & Zhang 2019; Rosic et al. 2010).  Lin, Yu & Zhang (2019) 
reported the differential up-regulation of >350 genes under thermal and nutrient stress in 
Fugacium kawagutii, potentially regulating cell wall modulation, transport of iron, oxygen, and 
major nutrients; as well as photosystem and antioxidant defence. Recently, metabolomic 
investigations have demonstrated a significant impairment in the production of diterpenoid 
secondary metabolites (including sarcophytoxide and deoxysarcophytoxide) in soft corals 
Sarcophyton ehrenbergi and S. glaucum under heat stress. This finding suggests thermal 
acclimation is energetically costly and thus necessitates downstream changes in secondary 
metabolic pathways (Farag, Meyer & Ali 2021). Further, destabilisation of nutrient cycling 
between corals and their endosymbiotic algae occurs well before bleaching became apparent 
under heat stress; suggesting that coral–algal symbiosis shifts from a nitrogen- to a carbon-
limited state, which directly contributes to the breakdown of the coral–algal symbiosis during 
heat stress (Rädecker et al. 2021).  
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2.2 Proteomic studies of Symbiodinium  

The sea anemone Exaiptasia pallida (formerly Aiptasia pallida) has emerged as a 
model system to study cnidarian symbiosis due to its capacity to live not only without 
Symbiodiniaceae (i.e., aposymbiotic state), but also the flexibility to engage with different 
Symbiodiniaceae species (Grajales & Rodriguez 2014; Perez 2001). While previous studies 
have conducted transcriptomic and proteomic profiling comparisons between symbiotic and 
aposymbiotic cnidarian hosts (Mayfield et al. 2018; Medrano et al. 2019), these studies have 
focused the comparison on cnidarians hosting one species of Symbiodiniaceae. These studies 
suggest that Symbiodinium are more responsive to abiotic stress at the protein-level, than the 
coral hosts. Furthermore, proteins involved in the stress response were more likely to be 
documented at different cellular concentrations across stress treatments in Symbiodinium, 
whereas the host coral proteome showed numerous proteins involved in cytoskeletal structure, 
immunity and metabolism responses to abiotic stress.  

Recently, Matthews et al. (2017) and Medrano et al. (2019) explored the protein profiles 
of model anemones hosting physiologically-distinct Symbiodiniaceae species in comparison 
with aposymbiotic anemones under the same stress condition. These studies compared 
proteome regulation with one homologous species, Symbiodinium linucheae, that is natively 
associated with the clonal Exaiptasia strain (CC7) to another heterologous species, 
Durusdinium trenchii, a thermal-tolerant species that colonizes numerous coral species. This 
approach allowed the discovery of a core set of proteins, including host cellular immunological 
response, enhancement of ammonium regulation and suppression of phagocytosis after a host 
cell is colonized. Furthermore, the reduced colonization by D. trenchii into this host was 
correlated with its inability to circumvent key host systems including autophagy-suppressing 
modulators, cytoskeletal alteration and isomerase activity. Recently, distinct protein profiles of 
cultured and endosymbiotic Symbiodinium (freshly isolated from Exaiptasia pulchella) with 
twelve novel proteins found in endosymbiotic Symbiodinium belonging to transcription 
translation factors, photosystem proteins and proteins associated with energy and lipid 
metabolism, as well as defence response. These aspects provide new understandings into the 
mechanisms governing the endosymbiotic relationship between the cnidarians and 
dinoflagellates (Pasaribu et al. 2015). 

With the increasing influx of genomic and transcriptomic resources for corals (Barshis et al. 
2013; Davies et al. 2018; Fuller et al. 2020) and Symbiodinium  (González-Pech, Ragan & 
Chan 2017; Parkinson et al. 2016), these have shifted the “omics horizon” and provided 
unprecedented opportunities to investigate invertebrate–algal symbiosis at the molecular level, 
which may in turn provide diagnostic tools for more targeted management (Suggett & Smith 
2020). Suggett et al (2015) demonstrated that both Symbiodinium minutum (clade B1), and 
Symbiodinium trenchii, (clade D1a), despite being classified into distinct phyloclades were 
clustered together based on the analysis of their photobiology traits to light stress. However, 
they could not provide any molecular mechanism in support of this finding. However, Klueter 
et al. (2017) reported the highest growth of Symbiodinium sp. (clade B) among all the thermal 
and light stress treatments; compared to S. trenchii (clade D).  

Recent transcriptomic studies of some Symbiodiniaceae revealed that endosymbiotic 
photosynthesizing algae has a high transcriptional response toward hyperthermal condition in 
both free-living and symbiotic states (Bellantuono et al. 2019; Savary et al. 2021). However, 
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several studies of in hospite Symbiodinium has provided evidence of a stable gene expression 
in response to diverse climate change stressors (Barshis et al. 2014; Barshis et al. 2013; Bayer 
et al. 2012; Leggat et al. 2011; Shoguchi et al. 2013). Such a low transcriptomic response from 
Symbiodinium to environmental stress could be due to 1) presence of a lower number of 
transcription factors, 2) insufficient time of treatment to trigger a physiological and molecular 
response, 3) long-term acclimatization of Symbiodinium via phenotypic buffering and 4) their 
positions within host-derived tissue-bound spaces that buffer the Symbiodinium from external 
changes especially with respect to pH (Barott et al. 2015; Reusch 2014).  

Therefore, this paucity of a transcriptional response from Symbiodinium in response to 
stress suggests that post-transcriptional regulatory mechanisms, including translational 
regulation and post-translational modifications (PTM) could drive molecular stress responses 
in Symbiodinium. Moreover, the knowledge gained so far from coral-Symbiodinium symbiosis 
has stemmed mainly from transcriptomics and proteomics of the coral host only (DeSalvo, 
Sunagawa, Fisher, et al. 2010; Mies, Voolstra, et al. 2017a; Mohamed et al. 2019). Therefore, 
it is imperative to undertake proteomics investigations with cultured and/or isolated 
endosymbiotic Symbiodinium cells exposed to abiotic stress to understand the molecular 
pathways underlying abiotic stress acclimation such as light stress. 

Lacking understanding of the relationship between transcription, translation or post-
translational modifications might affect directly the functional properties of proteins.  The 
presence of mRNA does not guarantee that respective protein will be synthesized and will be 
biologically active. Proteins are almost always the effectors of biological functions and thus 
considered close to the phenotypic traits; however, protein levels depend not only on the levels 
of the corresponding messages, but also on a number of translational controls and regulated 
degradation (Cox & Mann 2007). Therefore, the entire complement of proteins in a cell 
(proteome) can be considered as the main biological component controlling multiple cellular 
activities and they also act as a biomarker of the cells response to stress conditions, such as 
toxins, salinity, temperature and light (McLean 2013; Pasaribu, Weng, Lin, Camargo, Tzen, 
Tsai, Ho, Lin, Wang, Chen, et al. 2015).  

Proteomics is one of the most effective methodologies to study proteins and examine 
the gene functions in biological organisms (Aslam et al. 2017). While a significant amount of 
research regarding Symbiodinium stress responses has been collected at the genomic and 
transcriptomic level, proteomic studies of Symbiodinium under stress response have not been 
studied extensively. In order to understand complex proteins, mass spectrometry (MS)-based 
proteomic technologies have become powerful tools for protein identification, characterisation 
and quantification (Bensimon, Heck & Aebersold 2012; Wang et al. 2018). Since the early 
1980’s, proteomics was pursued with two-dimensional gel electrophoresis, but unfortunately 
that technology never fully delivered on its promise. Biological mass spectrometry (MS), the 
technological basis of most current proteomics studies, became mainstream with the 
development of the electrospray and MALDI ionization techniques. Most recently, high 
performance and robust MS instruments have further increased the power of MS-based 
proteomics analysis (REF). Mass spectrometry has also become a powerful tool for detecting 
post-translational modifications and protein interactions (Cox & Mann 2007). Moreover, MS 
analysis has shown progress in quantitative proteomic analysis, wherein samples are labelled 
with stable isotopes. Labelling can be performed chemically by reacting the sample with light 
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or heavy versions of an isotope/isobaric tags, as in the original ICAT or the popular iTRAQ 
methods (Ross et al. 2004). 

The most common implementation of MS-based proteomics has been applied with 
bottom-up proteomics strategies, wherein proteins are identified by MS after proteolytic 
digestion (Gillet, Leitner & Aebersold 2016; Ludwig, Schroll & Hummon 2018). The bottom-
up workflow consists of 5 main steps: (i) protein extraction; (ii) protein denaturation; (iii) 
enzymatic proteolysis; (iv) peptide cleaning and (v) MS analysis (Kulak et al. 2014; Wang et 
al. 2018). Although bottom-up proteomics strategies have been widely used, the most 
challenging processes are the effective extraction and solubilisation of target proteins during 
sample preparation (Feist & Hummon 2015). Unfortunately, methods that are routinely used 
for sample preparation have a limited sensitivity and require expensive reagents, chaotropes, 
salts and solvents which are incompatible with enzyme digestion and disrupt MS analysis 
(Hughes et al. 2019). Furthermore, they have several handling steps and complex protocols 
which might decrease proteins quantification or change protein-protein interactions (Erde, Loo 
& Loo 2014; Hughes et al. 2014b). To overcome these limitations, alternative sample 
preparation techniques have been developed in order to optimizing sample handling workflows 
and providing higher protein recovery.  

2.2.1 Filter-aided sample preparation (FASP) 

Filter-aided sample preparation (FASP) is a process of bottom-up proteomic sample 
preparation by using spin filter devices as the main filtration for removing contaminants, 
detergents, cleaved protein and fractionated peptides (Manza et al. 2005; Wiśniewski et al. 
2009). In this method, a filter unit is passivated with 5% Tween-20 overnight and washed in 
MS-grade water. Protein sample is prepared in 4% sodium dodecyl sulfate (SDS) and diluted 
in 8 M urea to dissociate SDS micelles from proteins. The diluted sample is applied to the filter 
and washed with buffers to eliminate contaminants. Then, protein alkylation with urea is 
performed on the filter, following by buffer exchange. Finally, target peptides are eluted and 
collected for MS analysis (Erde, Loo & Loo 2014; Ludwig, Schroll & Hummon 2018) (Figure 
1-7).  

 

Figure 1-7. The schematic depicts of filter-aided sample preparation (FASP) workflow (Erde, 
Loo & Loo 2014). 
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FASP is an efficiency method for low cell concentration samples and provides a high 
quantity result without detergents and contaminants interfering.  Due to minimal steps of 
protein concentration and desalination, FASP has been widely adopted by numerous 
proteomics studies and it can be applied with other proteomics methods, including isobaric 
tagging for relative and absolute quantitation (iTRAQ) (Feist & Hummon 2015). However, 
FASP is specific to a number of fixed reagents, requires extensive processing time, is a complex 
protocol and has high operation cost (Hughes et al. 2019). Another obstacle is the high variation 
between each batch, which might affect the comparison of replicates (Ludwig, Schroll & 
Hummon 2018).  

 
The FASP method has been performed widely with numerous organisms including 

human cells, mammalian, amphibian and plant cell since 2009 (Li, Cao, et al. 2017). To 
overcome the current proteomics bottle neck such as time consuming and low recovery yield, 
a modified FASP has been developed (Table 1-4). In recent years, an alternative suspension 
trapping filter (S-Trap) has been developed by HaileMariam et al. (2018). Comparing to 
traditional FASP, S-Trap utilizes a 3D porous material filter to decrease the impact of 
interfering substances and in-filter digestion in both human and microbial cells, including 
Klebsiella pneumonia, Bacillus subtilis ATCC6633 and B. cereus ATCC14579 (HaileMariam 
et al. 2018; Hayoun et al. 2019). S-Trap is an ultrafast sample preparation technique and 
suitable for the shotgun MS approach due to the high protein-peptide recovery and the ability 
to adapt to a 96-well plate (Hayoun et al. 2019).  

A further study on modified FASP (mFASP) reported by Li, Cao, et al. (2017) 
published the first mFASP protocol on microalgal proteomics with C. reinhardtii. The mFASP 
consists of two main steps (1) using ultrasonic with 1% NP-40 to increase the cell lysis of 
microalgae and (2) using chloroacetamide (CAA) to reduce over-alkylation. That study 
suggested that mFASP is a robust and effective method for proteomics studies with microalgae 
and model plants (Li, Cao, et al. 2017). Erde, Loo & Loo (2014) introduced the enhanced FASP 
(eFASP) by using alternative reagents during digestion and alkylation process for improving 
sensitivity and proteomic recovery. Deoxycholic acid (0.2%) was used instead of urea during 
tryptic digestion and 5% tris (2-carboxyethyl) phophine was used for the alkylation step. As a 
result, eFASP can increase the efficiency of trypsin digestion and also improve the alkylation 
specificity in the proteomics study of E. coil (Erde, Loo & Loo 2014). Regarding the proteomic 
study of the specific membrane proteome profiling, gel-eluted liquid fraction entrapment 
electrophoresis (GELFrEE) Optimized FASP Technology (GOFAST) was developed by Yu et 
al. (2012). This study combined GELFrEE, filter-aided sample preparation (FASP), and 
microwave-assisted on-filter enzymatic digestion for membrane proteome analysis. The 
GOFAST approach can identified 2,090 proteins from a leukemia cell line (K562) with 37% 
annotated as membrane proteins (Yu et al. 2012). Following this success, GOFAST showed 
great potential for studies of proteomic mapping in several organisms including complex 
human genome studies (Khatun et al. 2013).  
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Table 1-4. The comparison of modified FASP techniques. 

Modified FASP Method Protocol Organism Advantages Reference 
Suspension trapping filter 
(S-Trap) 

- 3D porous material filter - HeLa cell  
- K. pneumonia 
- Bacillus subtilis  
- B. cereus  

- Provide high protein and 
peptide recovery 
- Low operation time (< 15 
min) 
- Suitable for protein 
identification and 
quantification in short gun 
proteomics 

(Hayoun et al. 2019) 
(HaileMariam et al. 2018) 
(Zougman, Selby & Banks 
2014) 

 modified FASP (mFASP) - ultrasonic with 1% NP-40 
- CAA instead of IAA  

C. reinhardtii - Increase cell disruption 
efficiency 
- Prevent over-alkylation 
- Decrease the stoichiometry 
control 

(Li, Cao, et al. 2017) 

 enhanced FASP (eFASP) - 0.2% deoxycholic acid  
- deoxycholate sodium salt  
- tris (2-carboxyethyl)phophine 
- 4-vinlpyridine 

E. coil - Increase sensitivity, 
recovery and proteomic 
coverage 
- Improve tryptic digestion 
efficiency 
- Reduce operation time 

(Erde, Loo & Loo 2014) 

GELFrEE Optimized 
FASP Technology 
(GOFAST) 

- Gel-eluted liquid fraction 
entrapment electrophoresis 
(GELFrEE) 
- filter-aided sample preparation 
(FASP) 
- microwave 

- leukemia cell line 
- Human ENCODE 
cell line 

- high MS-detectable 
sequence coverage 
- Reduce sample loss 

(Khatun et al. 2013) 
(Yu et al. 2012) 
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2.2.2 Single-pot, solid-phase-enhanced sample preparation (SP3) 

SP3 technology is a paramagnetic bead-based approach for proteomics analysis 
(Hughes et al. 2019). The protocol of SP3 consists of non-selective protein binding and rinsing 
steps on the surface of hydrophilic beads, following elution of purified material in an aqueous 
solution. The target proteins are attached to magnetic beads using a hydrophilic interaction 
mechanism. The bound beads are trapped within an ethanol-driven solvation layer. Then, the 
reaction vessel is inserted into a magnetic stand where the bound beads are attracted to the side 
of the tube. Finally, the unwanted proteins are removed by rinsing with buffer and purified 
proteins are then eluted under standard aqueous conditions (Figure 1-8).  

 

 

Figure 1-8. The schematic depicts of single-pot, solid-phase-enhanced sample preparation 
(SP3) workflow (Hughes et al. 2019). 

The SP3 technique allows for ultra-sensitive detection, is flexible for allowing 
subsequent proteomics analysis and is easily adapted to high-throughput automated analysis. 
During the handling step, SP3 requires rapid handling time (15-30 minutes) and it is compatible 
with a wide range of reagents, solvents and salts. The purified protein elution can be used 
directly for fractionation or MS analysis (Moggridge et al. 2018). Additionally, the SP3 
technique is also performed within a single tube, which preventing sample loss, is rapidly 
completed and is low cost which can be easily implemented in automated downstream 
applications (Batth et al. 2019b; Hughes et al. 2019). Due to aggregation of paramagnetic 
beads, removing buffer solutions with intact proteins and paramagnetic beads within reaction 
vessel needs to be done carefully. 

 
2.2.3 Stop-and-go-extraction tips (StageTips) 

The StageTips technique uses Empore disk material (3M) placed inside the tapered end 
of a pipette tip, which consist of an enclosed reaction vessel (Ishihama, Rappsilber & Mann 
2006). The chromatographic beads of the Empore disk functions as a filtration and separation 
barrier. Empore disks can be manufactured economically using stamped blunt-ended syringe 
needle. Therefore, the size of disk diameter can be determined by the inner diameter of syringe 
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needle and adaptable as needed.  This can prevent the beads becoming loose and can also 
provide multi-functional layers for separating target proteins in a StageTips column (Kulak et 
al. 2014; Rappsilber, Mann & Ishihama 2007) (Figure 1-9). 

Figure 1-9. The schematic depicts of Stop-and-go-extraction tips (StageTips) structure 
(Ishihama, Rappsilber & Mann 2006). (A) StageTips structure of isolated particles trapped
between Empore disks. (B) Triple layers of StageTips (two arrows show multiple layers of disk 
containing separated particle) (Ishihama, Rappsilber & Mann 2006).

The StageTips technique is simple and highly efficient, because it retains high capacity, 
provides fast flow peptide elution and excellent protein recovery rate. The StageTips can also 
be produced from a wide range of materials, such reversed phase C18, C8, activated carbon, 
poly(styrene-divinylbenzene) copolymer (SDB), chelating beads or anion and cation exchange 
matrix (Ishihama, Rappsilber & Mann 2006; Rappsilber, Mann & Ishihama 2007). 

In the StageTips protocol, the total process can be performed in less than 30 minutes 
with a small amount of starting material with < 20 µg protein. The proteins can be concentrated 
and cleaned in a single step using one reaction vessel, which is easy to use and able to be 
fabricated in any laboratory (Hughes et al. 2019). Although the StageTips technique is effective
with several approaches, they are typically only compatible with a limited range of reagents 
for protein extraction and solubilisation. 

Recently, MS proteomic analysis has become one of the major technologies for
understanding biological processes for the vast majority of life science research (Dass 2007; 
Domon & Aebersold 2006). Three main sample preparation techniques for proteomics are 
mentioned above; these methods are widely used for human, animals, plants and microbes 
(Table 1-5). However, the efficiency of these methods with microalgae has not been evaluated
(Wang et al. 2018). Compared to other organisms, microalgae consist of complex organic 
materials (carbohydrate, lipids fatty acids), secondary metabolites (phenolic compounds and 
pigments) and a thick cell wall. Addressing these complexities, we performed a comparison of 
three major technologies: FASP, SP3 and ST for sample preparation of the marine 
dinoflagellate Symbiodinium sp. By combining advance analytical and computational 
proteomics strategies, these three different protocols will be evaluated based on the 
identification and quantitation of proteomics in Symbiodinium. 

(B)
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Table 1-5. The comparison of different sample preparation approaches for proteomics analysis. 
 

Method Organism Sample Reference 
Filter-Aided Sample Preparation (FASP) Human cell Urine proteome (Carvalho et al. 2019) 

(Jesus et al. 2018) 
  Human clot plasma (Stachowicz et al. 2017) 
  Human pulmonary cancer (Bohnenberger et al. 2017) 
  Acute myeloid leukaemia (Hernandez-Valladares et al. 2016) 
  Human white adipose tissue (Colnoe 2016) 
  Human melanoma cells (Maurer et al. 2013) 
  human embryonic kidney cell  (Wiśniewski, Zougman & Mann 2009) 
 Mammalian cell Mouse brain cortex (Gonzalez-Lozano et al. 2019) 
  Pig liver (Howard et al. 2018) 
  Chinese hamster ovary cell (Coleman et al. 2017) 
  Mouse astrocytes (Han et al. 2014) 
  Mouse hippocampi cell (Wiśniewski, Zougman & Mann 2009) 
 Amphibian cell Xenopus laevis embryos (Zhang et al. 2020) 

(Peuchen, Sun & Dovichi 2016) 
(McDowell, Gaun & Steen 2013) 

 Plant and Algal cell Whey protein (Xiong et al. 2020) 
  Barley (Wang et al. 2018) 
  Wheat root (Jiang et al. 2017) 
  Tomato fruit tissue (Szymanski et al. 2017) 
  Chlamydomonas reinhardtii  (Li, Cao, et al. 2017) 
  Sweet orange (Zeng et al. 2015) 
  Arabidopsis thaliana (Ledvinová et al. 2018) 

(Roitinger et al. 2015) 
 Microbial cell Escherichia coli (Zhao et al. 2016) 

(Nel et al. 2015) 
(Wiśniewski & Rakus 2014) 
(Erde, Loo & Loo 2014) 
(Tanca et al. 2013) 

  Klebsiella pneumoniae (HaileMariam et al. 2018) 
  Saccharomyces cerevisiae  (Wiśniewski, Zougman & Mann 2009) 
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Method Protocol Organism/ Tissue Reference 
Stop-and-go-extraction tips (StageTips) Human cell Human mesenchymal stem cell (Chien et al. 2020) 
  Human saliva proteome (Zhang, Sadowski & Punyadeera 2020) 
  Human breast cancer (Yanovich et al. 2018) 
  Human oral microbiome (Grassl et al. 2016) 
  Human monocyte (THP-1) (Weekes et al. 2010) 
  Human T lymphocyte (Jurkat) (Weekes et al. 2010) 
  Human B lymphocyte (Sultan) (Weekes et al. 2010) 
 Mammalian cell Mammalian lysosomes (Thelen et al. 2017) 
  Rat CTX TNA2 astrocytic cell (Ku et al. 2017) 
  Rat neuron tissue (Loh et al. 2016) 
  Mouse brain tissue (Loh et al. 2016) 
 Plant and Algal cell Solanum pimpinellifolium 

(Atacames tomato) 
Solanum lycopersicum 

(Hsu et al. 2018) 

  (Green Gage tomato)  
  Juncus effuses (common rush) (Chang et al. 2018) 
  Arabidopsis thaliana (Svacinova et al. 2012) 
 Microbial cell Pseudomonas aeruginosa (Yeung, Gadjeva & Geddes-McAlister 2020) 
  Saccharomyces cerevisiae  (Kulak et al. 2014) 
  Escherichia coli (Cox et al. 2014) 
  Magnaporthe oryzae (Gokce et al. 2012) 
Single-pot, solid-phase-enhanced sample 
preparation (SP3) 

Human cell Human skin proteome (Kaleja et al. 2020) 

  Human HeLa cell (Müller et al. 2020) 
(Dagley et al. 2019) 

  Human breast cancer cell (Yang et al. 2019) 
  Human proteinuric kidney (Höhne et al. 2018) 
  Human oocytes (Virant-Klun et al. 2016) 
 Amphibian cell Xenopus laevis  (Cagnetta et al. 2018) 
 Insect cell Drosophila (common fruit fly)  (Hughes et al. 2014b) 
 Plant and Algal cell Barley (Lewandowska et al. 2019) 
 Microbial cell Streptococcus suis 

Staphylococcus aureus 
(Blankenburg et al. 2019) 
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3. The cultivation of Symbiodinium  

 The first cultivation of dinoflagellates was performed back in 1883 (Stein 1883). So far, 
Symbiodinium cultivation is limited only to the bench scale, and not for commercial production. 
The main challenges with Symbiodinium cultivation are related to their slow growth, difficulty 
in scaling up, sensitivity to hydrodynamic force and lack of a specialised cultivation system 
(Benstein et al. 2014; Beuzenberg et al. 2012; Gallardo‐Rodríguez et al. 2012). Many studies 
have shown that Symbiodinium cultivation is influenced by four major cultivation factors 
including growth medium, cultivation temperature, photon illumination and dark/light cycle 
(Table 1-6). Generally, Symbiodinium samples were cultured by using f/2, IMK, Asp-8A and 
L1 mediums. These media have minor differences in nitrogen source (NO3-, NH4+), chelating 
substances, trace element composition and organic supplement (Frommlet et al. 2015; Krueger 
& Gates 2012). Isolated Symbiodinium samples are generally cultivated using seawater at 
temperatures from 23-26°C. For extreme temperature stress, the cultivation temperature might 
be increased up to 30-32°C to trigger the bleaching conditions (Grégoire et al. 2017; Pasaribu, 
Weng, Lin, Camargo, Tzen, Tsai, Ho, Lin, Wang, Chen, et al. 2015). Symbiodinium can grow 
under low photon density from 20 up to 800 μmol photons m-2 s-1 as well as over a wide range 
of dark/light cycles. This information is consistent with Indo-Pacific field studies performed 
over broad temperature gradients and various geographical ranges of Symbiodinium habitats 
(Goulet, Cook & Goulet 2005; Stat, Morris & Gates 2008). 

 

 

 

 

 

 



 

23 
 

Table 1-6. Symbiodinium growth condition experiments.  

Medium Symbiodinium Sample Temperature 
(°C) 

Photon flux density 
(μ mol photons m-2 s-1) 

Light 
Cycle 

References 

f/2 Symbiodinium sp. CS-156 25 80 14:10 (Jiang et al. 2012b) 
 Symbiodinium sp. clade C 25 70-80:120-130 12:12 (Krueger & Gates 2012) 
 Symbiodinium sp. 26 130-150 12:12 (Frommlet et al. 2015) 
 Symbiodinium sp. CCMP2467 25 75-80 12:12 (Nitschke et al. 2015) 
 Symbiodinium sp. clade B 15, 25, 30 40 12:12 (Pasaribu, Weng, Lin, Camargo, 

Tzen, Tsai, Ho, Lin, Wang, 
Chen, et al. 2015) 

 Symbiodinium sp. 24 80 14:10 (Silva-Lima et al. 2015) 
 Symbiodinium sp. CS-156 26 20 12:12 (Rehman et al. 2016) 
 Symbiodinium sp. clades A, B, C, D, F 27 150 14:10 (Grégoire et al. 2017) 
 Symbiodinium sp. 26 70-90 14:10 (Klueter et al. 2017b) 

IMK Symbiodinium spp. OTcH-1, CS-73 25 40 - (Takahashi et al. 2008b) 
 Symbiodinium sp. 25 Daylight fluorescence Lamp 16:8 (Wakahama et al. 2012) 
 Symbiodinium sp. clade C, D 24 20:50 12:12 (Yuyama & Higuchi 2014) 
 Symbiodinium spp. CS-73 25 50 12:12 (Levin et al. 2017) 
 Symbiodinium tridacnidorum 25 80 12:12 (Takeuchi et al. 2017) 
 Symbiodinium sp. clade C 

Symbiodinium sp. 
26 
25 

50 
20 

14:10 
12:12 

(Weynberg et al. 2017) 
(Ishii et al. 2018) 

ASP-8A Symbiodinium microadriaticum 26 300 14:10 (Chang, Prezelin & Trench 1983) 
 Symbiodinium sp. clade A, B, F 26 100:650 14:10 (Hennige et al. 2009a) 
 Symbiodinium sp. clade C 25 70-80:120-130 12:12 (Krueger & Gates 2012) 
 Symbiodinium sp. 26 130-150 12:12 (Frommlet et al. 2015) 
 Symbiodinium kawagutii 25 80 12:12 (Ortiz-Matamoros et al. 2015) 

L1 Symbiodinium sp. clade C 25 70-80:120-130 12:12 (Krueger & Gates 2012) 
 Symbiodinium microadriaticum 25 20 14:10 (Lee et al. 2015) 
 Symbiodinium kawagutii 23 250:600 12:12 (Rodriguez et al. 2016) 

ASP-12 Symbiodinium voratum clade E 
Symbiodinium voratum CCAC 0047 

23 
23 

85 
200 

14:10 
14:10 

(Benstein et al. 2014) 
(Langenbach 2016) 

Sea water Symbiodinium spp. 26-28 800 14:10 (Venn, Wilson, Trapido-
rosenthal, et al. 2006) 

K-medium Symbiodinium sp. clade C 25 70-80:120-130 12:12 (Krueger & Gates 2012) 
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4. Photobiology of Symbiodinium  

Photosynthesis is one of the most important processes linked to the optimisation of the 
growth and metabolism of microalgae. This process can transform light energy into chemical 
energy by synthesizing high energy intermediate molecules (ATP and NADPH), which are 
subsequently used for carbon fixation reactions. The photosynthetic machinery is located in a 
bilayer membrane organelle, called the chloroplast. The chloroplast components are enclosed 
with a double membrane of the chloroplast: outer membrane and inner membrane. The region 
between the outer membrane and inner membrane is the inter-membrane space (IMS). The 
inner membrane of a chloroplast folds out and forms a sac compartment called the thylakoid, 
which supports the photosynthetic machinery and light harvesting systems. At the thylakoid 
membrane, the photosynthetic machinery contains antenna protein complexes, enzymes and 
co-factors to perform energy conversion from light harvesting complexes through two reaction 
centres: photosystem I (PSI) and photosystem II (PSII). The necessary enzymes for carbon 
fixation and production of metabolites are abundant in a gel-like matrix inside the chloroplast 
called the stoma. Symbiodinium antenna complexes are composed of photosynthetic pigments, 
proteins and lipids. The pigment profile of Symbiodinium has been found to contain carotenoids 
peridinin, dinoxanthin, diadinoxanthin , diatoxanthin, β‐carotene, chlorophyll a, chlorophyll c2 

and phaeophytin (Venn, Wilson, Trapido-rosenthal, et al. 2006). HPLC analysis revealed that 
the major pigments of Symbiodinium are peridinin and chlorophyll a, while the minor pigments 
are diadinoxanthin, diatoxanthin, β-carotene, phaeophytin, dinoxanthin and diadinochrome 
(Ambarsari et al. 1997; Venn, Wilson, Trapido-rosenthal, et al. 2006). 

4.1 Light harvesting complex (LHC) 

LHCs, also called antenna proteins have major roles in light-harvesting and 
photoprotection. In Symbiodinium, the light-harvesting system can be divided into two 
associated complexes, the highly conserved core LHCs and variable periphery LHCs. 
Peripheral LHCs may be categorized by the large gene super-family based on associated 
pigments which form into three related groups of pigment-binding proteins. The first group 
binds chl a and b, the second binds chl a and c and the third group binds chl a and phycobilins. 
The chl a/c lineage of LHCs are additionally divided into the fucoxanthin-chl a/c and 
peridinin–chl a/c (PCP) complexes, which are found in dinoflagellates (Gierz, Gordon & 
Leggat 2016). 

In Symbiodinium two types of peripheral LHCs are found, PCP and acpPC. 
Dinoflagellate PCPs share no sequence similarity with other known LHCs and are water-
soluble complexes found on the luminal periphery of thylakoid membranes. In contrast, 
dinoflagellate acpPCs are integral thylakoid membrane complexes that share sequence 
similarity with the chl a/c subfamily of LHCs. Further, characterisation of Symbiodinium C3 
acpPCs and Symbiodinium A1.1 LHCs cluster sequences with three clades within the chl a/c 
binding LHC family, indicates high diversity of these proteins within those species (Boldt, 
Yellowlees & Leggat 2012) (Figure 1-10). 
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Figure 1-10. The schematic diagram represents the photosynthetic apparatus of Symbiodinium 
sp. The photosynthetic apparatus contains two forms of antenna complex (PCP and acpCP), 
two reaction centres (PSII and PSI), Cyt b6/f and ATP synthase enzyme (Einbinder et al. 2016). 

 

4.2 Role of stress physiology 

In Symbiodinium, the LHCs have been shown to decrease energy transfer and 
dissociate from the photosystem reaction centres following photoinhibition in order to protect 
cells during stress events (Allakhverdiev et al. 2008; Hill et al. 2012; Hill & Ralph 2006; 
Iglesias-Prieto & Trench 1994; Steck et al. 1990; Warner, Fitt & Schmidt 1996). Decreasing 
the number of peripheral LHCs available to absorb and transfer energy is a proposed 
photoprotection mechanism, as this reduces the amount of light reaching the PSΙΙ reaction 
centres and limits the risk of possible photodamage to the D1 reaction centre proteins. 
However, few studies have examined the effect of thermal stress on Symbiodinium acpPC 
expression (Gierz, Gordon & Leggat 2016). 

A large number of photosynthetic dinoflagellates occur naturally in low light 
environments, such as deep oceans and subtropical areas (Jovine et al. 1992; Roth 2014a). The 
success of dinoflagellates in these habitats is attributed to their photoadaptive ability by 
adjusting photosynthetic light harvesting complexes and responding to variations light energy 
(Fensome, Saldarriaga & Taylor 1999; Schnepf & Elbrächter 1992). Therefore, Symbiodinium 
spp. as a symbiotic dinoflagellate has become a model organism to study photoacclimation and 
photoinhibition under stress conditions (Krieger-Liszkay 2004; Takahashi et al. 2013). Under 
high light intensity, Symbiodinium showed strong non-photochemical quenching (NPQ) of the 
membrane antenna complexes associated with the reaction centres and acpPC (Kanazawa et al. 
2014a; Karim et al. 2015). In contrast, under low light intensity, Symbiodinium showed 
acclimation mechanism by increasing the antenna size and photosynthetic unit (PSU) to 
enhance light absorption (Einbinder et al. 2016; Lesser et al. 2010; Prezelin 1987) (Figure 1-
11).  
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Figure 1-11. The diagram of the photosynthetic apparatus of symbiotic dinoflagellates (A) 
under high light intensity (B) under low light intensity (Einbinder et al. 2016).

Under high temperature conditions, Venn, Wilson, Trapido-rosenthal, et al. (2006)
showed that 50% - 80% of coral were bleached, which is caused by the loss of their symbiotic 
dinoflagellates and a decrease in the major photosynthetic pigments. In Symbiodinium, 
increasing seawater temperature is a form of heat stress which stimulates photoinhibition by 
increasing oxidative damage to photosynthetic pigments and suppresses the PSII repair 
mechanism (Warner, Fitt & Schmidt 1999; Yamasaki et al. 2004). In 2008, Takahashi et al. 
published the first report on the acpPC light harvesting antennae of Symbiodinium sp. CS73 
under photobleaching conditions. The results showed that the thermal-induced photobleaching 
in Symbiodinium was attributed to the loss of photosynthetic antennae proteins, in particular 
acpPC (Figure 1-12). Additionally, the mRNA expression of acpPC decreased by 
approximately 30% during the transitional process under high temperature conditions 
(Takahashi et al. 2008b; Takahashi et al. 2013).

Figure 1-12. Diagram of photobleaching in thermal sensitive Symbiodinium sp. (Takahashi et 
al. 2008b).

In Symbiodinium, whilst the acpPC photoinhibition mechanism has been clearly 
demonstrated, some of the supporting studies lack the integration between the molecular 
response of PCP and its physiological regulation toward such stress conditions. Indeed, new
insights into the depletion of light harvesting antennae proteins (both acpPC and PCP) may 
provide an understanding of the stress physiology of Symbiodinium sp. with light stress. 
Furthermore, it may provide useful new knowledge about photoacclimation and
photoinhibition as mechanisms for preventing coral bleaching in response to global warming.
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4.3 Peridinin Chlorophyll Protein (PCP) 

PCP is a water-soluble light harvesting complex from marine dinoflagellates 
(Carbonera et al. 2014a; Jiang et al. 2012b). PCP plays a major function in the Symbiodinium 
photosynthetic apparatus by capturing blue-green light and transferring that energy to the 
reaction centres (Polívka & Hofmann 2014). The PCP gene family cassette is composed of 
1,095 base pairs including coding region and spacers. The primary structure of PCP has been 
identified using LC-MS/MS peptide sequencing which revealed that the PCP protein sequence 
consists of apoprotein 312 amino acids (Diederichs & Hofmann 1998). The protein sequence 
alignment shows that there are four major conservative regions including transit peptide, 
thylakoid target domain, chlorophyll a binding sites and peridinin binding sites (Figure 1-13). 

 

Figure 1-13. The identification of PCP protein sequence composes of the transit peptide 
(green), the thylakoid target domain (solid under lined sequence in green), chlorophyll a 
molecule binding sites (two white boxes) and peridinin binding sites (dotted underline 
sequence). 

To examine the PCP functional structure, the ratio of peridinin and chlorophyll 
molecules must be quantified. Hofmann et al. (1996) and Schulte et al. (2009) reported that 
PCP from Amphidinium cohorticula has two major forms based on composition; the main form 
PCP (MFPCP) and high salt form PCP (HSPCP) with a ratio of peridinin to chlorophyll of 8:2 
and 6:2, respectively. In other species such as Alexandrium cohorticula and A. carterae have a 
peridinin-chlorophyll molecule in the ratio of 12:2 and 9:2 (Ogata et al. 1994b). The PCP of 
Symbiodinium has been identified in two main oligomeric forms linked to the length of protein 
structure; a monomeric form (15 kDa) and a dimeric form (25-32 kDa). The PCP monomer 
consists of two pseudo-asymmetric structures of the polypeptide domains (Hofmann et al. 
1996). Each domain is found in the arrangement of peridinin and chlorophyll a bound with a 
fatty acid molecule as a co-factor (Hofmann et al. 1996; Zigmantas et al. 2004) (Figure 1-14). 
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Figure 1-14. The structure of PCP associated pigments and molecular structure of PCP (A) 
Peridinin (B) chlorophyll a (C) MFPCP complex of PCP from A. carterae (D) HSPCP complex 
of PCP from A. carterae. Chlorophyll represents as green and peridinin represents as yellow
(Di Valentin et al. 2008; Niedzwiedzki et al. 2014).

The secondary structure of PCP can be described by a two dimensional diagram as two 
flow pseudosymmetry axis (Figure 1-15). These two domains is contained with eight helices 
(N1 to N8 and C1 to C8). A large two intervening loops (N6-N7-N8 and C6-C7-C8) are
jellyroll loops with a β-hairpin loop at the tip (between N4 to N5 and C4 to C5). The ship 
analogy of the PCP structure consists of the stern (C1 and C8), deck (N2-N7 and C2-C7) and 
side of the ship (N3 to N6 and C3 to C6).

Figure 1-15. The secondary structure of PCP monomer topology diagram consists of two 
pseudosymmetrical domains with eight helices (N1 to N8 and C1 to C8). The ship analogy 
represents as a bow (pink), stern (green) and side (white) (Hofmann et al. 1996). 
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The tertiary structure of PCP was investigated using 2.0 Å X-ray crystallography 
(Hofmann et al. 1996). A stereo ribbon diagram shows the structure of PCP in two domains. 
Each domain is a combination of eight alpha helix segments along with protein helices, 
chlorophyll, peridinin and lipid. The NH2- terminal and COOH- terminal are located on the left 
(C) and right (N) of the structure in the vertical axis (Figure 1-16).

Figure 1-16. The structure of the main form peridinin chlorophyll protein (MFPCP) contains 
protein (yellow), chlorophyll (green), peridinin (orange) and fatty acid (light blue) (Polívka & 
Hofmann 2014).

The monomer of PCP forms a quaternary structure as a trimer complex with a diameter 
of 100 Å and height of 40 Å. Each PCP monomer axes is tilted approximately 20° at the stern 
(C1 and C8) and deck (N2-N7 and C2-C7) helices. A trimer plane occurred using hydrophobic 
interaction and a hydrogen bond between COOH- terminal and epoxycyclohexane of Per2 
which holds around three PCP monomer molecules (Figure 1-17). 

Figure 1-17. The characteristic of trimeric PCP complex from A. carterae. (A) The stereo 
ribbon diagram of trimeric PCP complex consists with three PCP monomers. Each PCP 
monomer consists of two chlorophyll molecules (green), two diacylglycerol lipid molecules 
(blue), eight peridinin molecules (red) and protein helices (grey). (B) Model of energy transfer 
within trimeric PCP complex. Three individual PCP monomer represents in dotted lines while, 
NH2- terminal and COOH- terminal are delineated on the right and the left corner of PCP 
monomer molecule. The polyene chain of peridinin absorbed light energy and transfer to 
chlorophyll (circled) (Hofmann et al. 1996; Wörmke et al. 2008b).



 

30 
 

The precise structure of PCP is one of the major factors supporting the high efficiency 
(88 to 100%) of energy transfer between peridinin to the chlorophyll a molecule (Bautista et 
al. 1999; Polívka & Hofmann 2014; Song et al. 1976). The presence of peridinin molecules 
within the PCP structure enables the photosynthetic dinoflagellates to harvest light energy in 
the spectral region of 450-550 nm, which is poorly absorbed by chlorophyll a (Carbonera et al. 
2014a). The excitation of peridinin acts as the main energy donor to chlorophyll a. Finally, 
energy passes to the membrane-bound light harvesting complexes and the reaction centre, 
respectively (Zigmantas et al. 2002).  

4.3.1 Potential applications of PCP 
 

4.3.1.1 Fluorescence labelling 

The main commercial application of PCP is PerCP fluorescence labelled for biomedical 
research. The commercial PerCP complex has a trimer structure with a molecular weight of 35 
KDa. PerCP provides a broad excitation spectrum with a maximum adsorption at 472-488 nm 
and a long Stokes shift with a maximum emission at 675-677 nm (Figure 1-18).  

 

Figure 1-18. The relative characterisation of excitation (blue) and emission (purple) spectra 
from PerCP conjugated to an affinity-purified secondary antibody (Ex-Max 488 nm/Em-Max 
675 nm) (©Jackson ImmunoResearch Inc.). 

For detecting PCP fluorescence, PCP can be used as a native PerCP or a PerCP-
conjugated with primary and secondary antibodies for a higher fluorescence signal. Due to the 
technical advances in photo-physics research and PerCP fluorescence detection, PerCP has 
become the subject of several biomedical investigation including human blood cells, human 
immune systems, leukaemia, HIV, diabetes, acute viral detection and Down syndrome research 
(Table 1-7). 

Table 1-7. Examples of biomedical research using PCP fluorescence labelling 

Research Fluorescence Labelled Reference 
Blood dendritic cell - PerCP-labelled mAb: CD3 (BD 

Biosciences) 
- PerCP- labelled anti-CD45 

Peridinin chlorophyll protein 
(PerCP)‐labelled anti‐HLA‐DR 

- Anti-CD1c PerCP-eFluor710 
human 

(Naranjo-Gomez et al. 
2011) 
 
(Rovati et al. 2008) 
 
 
(Goudot et al. 2017) 
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Research Fluorescence Labelled Reference 
Human native 
lymphocyte 

- Anti-CD19-PerCP-Cy5.5 (Ettinger et al. 2005) 

Cytokine expression in 
human blood cells 

- PerCP-labelled rat-anti-mouse-
CD45 (BD) 

(Ritter et al. 2005) 

Acute myeloid 
leukaemia 

- PerCP-labelled isotype-
matched irrelevant mAbs 

- streptavidin PerCP-labelled 
IgG1 and IgG2a 

(Poggi et al. 2009) 
 
(Westers et al. 2003) 

HIV chemokine 
receptor CXCR4 

- PerCP-labelled anti-human CD8 
mouse IgG 1 monoclonal 
antibody 

(Herbein et al. 1998) 

Acute coronary 
syndrome 

- PerCP-labelled anti-CD3 (clone 
SK7, BD Pharmingen) 

(Link et al. 2006) 

Diabetes type 1 - PerCP‐labelled anti‐CD4  (Lawson et al. 2008) 
Acute viral infection - Rat anti-mouse CD4-peridinin 

chlorophyll protein (CD4-
PerCP) 

(Crump et al. 2013) 

Children Down 
syndrome immunity 

- CD45 [peridinin chlorophyll 
protein complex (PerCP)‐
labelled mAb] 

(Broers et al. 2012) 

 
4.3.1.2 Pharmaceutical research 

Peridinin is a natural carotenoid (and structurally similar to fucoxanthin carotenoids) which is 
synthesized by the dinoflagellate Symbiodinium sp. (Sachindra et al. 2007). Marine carotenoids 
and chlorophyll are among the most abundant natural pigments in nature. The biological roles 
of these marine chlorophyll and carotenoids (astaxanthin, canthaxanthin, cryptoxanthin, 
fucoxanthin, zeaxanthin and violaxanthin), including antioxidant and anti-inflammatory 
activities, enhancing in vitro antibody production, and anti-tumor activity have received 
considerable attention as pharmaceuticals and nutraceuticals (Li, Ding & Li 2019; Pérez-
Gálvez, Viera & Roca 2020; Torregrosa-Crespo et al. 2018). Symbiodinium peridinin has been 
demonstrated to supress allergic inflammation by decreasing the eosinophils in the ear lobe and 
the peripheral blood of mice (Onodera et al. 2014). The butenolide rings within the peridinin 
molecule have been reported to have an anti-carcinogenic activity in HeLa cells and human 
malignant tumor cells (Maoka, Tsushima & Nishino 2003; Nishino et al. 2009). It also 
improves the inhibitory effect of a tumor promoter in Raji cells (Tsushima et al. 1995). 
Sugawara et al. (2007) reported that peridinin has a strong apoptotic effect on DLD-1 human 
colorectal cancer cells (Sugawara et al. 2007; Yoshida et al. 2007a). Ishikawa et al. (2016b) 
showed that peridinin can inhibit human T-cell leukaemia virus type 1 (HTLV-1) and reduce 
tumor growth in mice adult T-cell leukaemia (ATL). Barros et al. (2001) demonstrated the 
ability of peridinin to inhibit oxidative damage on liposome permeable membranes. 
Furthermore, Suzuki et al. (2003) found that peridinin isolated from Symbiodinium sp. of the 
Okinawa soft coral (Clavularia viris) contained the marine anti-tumor prostanoids and showed 
significant inhibitory impact on cancer cell growth. Understanding the PCP biosynthetic 
mechanism could be important for enhancing novel pharmaceutical properties of PCP as 
marine bio-products. 

 



32

4.3.1.3 Photo-biophysics research 

After the pioneering research on PCP purification and characterisation (Haxo et al. 
1976b; Prézelin & Haxo 1976), the isolated PCP from marine dinoflagellates have become a 
significant area of research interest. PCP complexes have been represented as a model system 
for photosynthetic energy transfer and pigment-pigment interactions. Spectroscopic properties 
showed that PCP from Symbiodinium sp. is excited by broad band wavelengths between 400-
550 nm with two shoulders at 420 nm and 520 nm, and three major absorption peaks of 438, 
476 and 670 nm (Figure 1-19 A). The maximum absorption peak was observed at 476 nm. The 
maximum emission spectra was observed at 675 nm (Figure 1-19 B).

Figure 1-19. The spectroscopic properties of Symbiodinium PCP. (A) The maximum 
absorption spectrum is 476 nm. (B) The maximum emission spectrum is 675 nm (Jiang et al. 
2012b).

PCP spectroscopic properties showed an extremely high quantum efficiency and a large 
Stoke shift between the maximum absorption and emission spectra (Redeckas et al. 2017). For 
this reason, the biophysical properties of PCP have been studied in two main areas: 
nanostructure and artificial light-harvesting complexes (Carbonera et al. 2014a). PCPs have 
been applied on semi-continuous silver films, gold nanoparticles and silica nanoparticles have 
been selected for studying the strong enhancement of the light energy conversion and 
fluorescence emission between a nanoparticle and a PCP molecule, such as a fluorophore 
(Mackowski 2010, 2012b). Furthermore, a Per-pyropheophorbide dyad has been synthesized 
for artificial light-harvesting complexes and the development of an artificial photosynthetic 
antennae (Redeckas et al. 2017). 

As the demand for commercial PCP products grows, the price of purified PCPs 
increases accordingly (REF). PCP is known as PerCP in commercial fluorescence products by 
several suppliers including Fivephoton Biochemicals, Prozyme, Columbia Biosciences, Santa 
Cruz Biotechnology, Biomol GmbH, Europa Bioproducts and Bertin Bioreagent. The biggest 
distributor is the BioLegend Company which produces 185 PerCP conjugated antibody 
products including 2nd Step detection, Flow Kit, conjugated primary antibodies and conjugated 
secondary antibodies for flow cytometry fluorescence detection. The value of PCP is US$ 35-
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176/mg for native protein or US$ 449-3,050/mg for conjugating protein with a specific 
antibody (Table 1-8). 

Table 1-8. Price of commercial PCP product and distributors (mg/US$) 

Products Prices Distributors 
Peridinin-Chlorophyll-Protein Complex (PerCP)  35 Fivephoton Biochemicals 
Peridinin-Chlorophyll-Protein Complex (PerCP) 41 ProZyme 
SureLight® Peridinin-Chlorophyll Protein Complex 
(PerCP) 

42 Columbia Biosciences 

Peridinin-Chlorophyll-Protein Complex (PerCP) 75 Europa Bioproducts Ltd 
SureLight® Peridinin-Chlorophyll Protein Complex 
(PerCP) 

83 Bertin Bioreagent 

Activated SureLight® Peridinin-Chlorophyll Protein 
(PerCP) 

84 Columbia biosciences 

Peridinin-Chlorophyll-Protein Complex (PerCP) 95 AAT Bioquest, Inc. 
Peridinin-Chlorophyll-Protein Complex (PerCP)  125 Santa Cruz Biotechnology, 

Inc. 
Peridinin-Chlorophyll-Protein Complex (PerCP)  176 Biomol GmbH 
PerCP-eFluor 710, eBioscienceTM Primary antibody 185 ThermoFisher Sciencetific 
True-Nuclear™ One Step Staining Human Treg Flow™ Kit 
(FOXP3 Alexa Fluor® 488/CD25 PE/CD4 PerCP) Flow kit 

200 BioLegend 

True-Nuclear™ One Step Staining Mouse Treg Flow™ Kit 
(FOXP3 Alexa Fluor® 488/CD25 PE/CD4 PerCP) Flow kit 

200 BioLegend 

AffiniPure F(ab’)2 PerCP Donkey Anti-chicken IgY, Anti-
goat IgG, Anti-guinea pig IgG, Anti-mouse IgG, Anti-rat 
IgM 

243 Jackson ImmunoResearch 

AffiniPure F(ab’)2 PerCP Goat Anti-rat IgG, IgM 243 Jackson ImmunoResearch 
Abhydrolase Domain Containing 12 (ABHD12) Antibody 
(PerCP) mouse monoclonal antibody (PerCP)  

449 Abbexa Ltd 

AHA1 Antibody (PerCP) rabbit polyclonal antibody 
(PerCP) 

522 Abbexa Ltd 

PerCP/Cy5.5® Conjugation Kit 782 Abcam Plc 
PerCP Mouse IgG1, IgG2a, IgG2b κ Isotype Ctrl Antibody 1800 BioLegend 
Anti-PerCP Antibody, ReserveAP™-Labeled 1920 Seracare Life Sciences,  Inc. 
PerCP Streptavidin 2nd Step  2250 BioLegend 
PerCP Goat anti-mouse IgG (minimal x-reactivity) 
Antibody 

2250 BioLegend 

PerCP anti-mouse IgD Secondary Antibody 2500 BioLegend 
PerCP primary antibody Anti-human IgD antibody 3050 BioLegend 

 

4.4 PCP purification 

In the past, the isolation and characterisation of light harvesting protein complexes from 
marine algae was poorly understood due to the complexity of the biochemistry and cell biology 
(Friedman & Alberte 1984). Early work on PCP extraction and purification has been reported 
from natural mixed dinoflagellate cultures and Gonyaulax polyedra using aqueous extraction 
(Bode 1961; Bode & Hastings 1963). PCP has also been found in other endosymbiotic 
dinoflagellates and unicellular dinoflagellates including Amphidinium sp., Alexandrium 
cohorticula, Cricosphera carterae, Gymnodinium sp., Peridinium foliaceum, Heterocapsa 
pygmaea and Symbiodinium sp. (Friedman & Alberte 1984; Iglesias-Prieto, Govind & Trench 
1991b; Jovine et al. 1992; Ogata et al. 1994b; Prézelin & Haxo 1976). The successful isolation 
of PCP has been achieved by aqueous extraction buffers with pH ranges of 6.8 – 8.4 and cells 

https://www.abbexa.com/
https://www.abbexa.com/
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broken by physical disruption methods such as mortar grounding, sonication and the French 
pressure cell. Ammonium sulfate salt precipitation has been used to remove unwanted proteins 
followed by desalination and concentration using chromatography (Table 1-9). After extraction 
and purification, the biochemical and biophysical properties of PCP complexes began to be 
characterized (REF). Several studies demonstrated that the brick-red solution of dinoflagellate 
PCP proteins are very diverse in terms of length, pigment content, sequence and spectroscopic 
properties even at the individual species level (Jiang et al. 2012b) (Table 1-10).  

Table 1-9. The comparison of dinoflagellate PCP characterisation and fluorescence emission 
spectra  

Organism PCP Form Length  
(kDa) 

Peak 
(nm) 

Reference 

A. carterae MFPCP monomeric 32 673 (Ilagan et al. 2006; Jiang et al. 2012b) 
A. carterae HSPCP monomeric 34 674 (Ilagan et al. 2006; Jiang et al. 2012b) 
A. carterae Plymouth monomeric 39 672 (Haxo et al. 1976b) 
S. microadriaticum monomeric 35 673 (Iglesias-Prieto, Govind & Trench 

1991b) 
S. kawagutii homodimer 15 676.5 (Iglesias-Prieto, Govind & Trench 

1991b) 
S. pilosum monomeric 35 673 (Iglesias-Prieto, Govind & Trench 

1991b) 
S. microadriaticum homodimer 15 676.5 (Iglesias-Prieto, Govind & Trench 

1991b) 
Symbiodinium CS-156 monomeric 32.7 675 (Jiang et al. 2012b) 
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Table 1-10. The comparison of PCP extraction and purification methods from marine dinoflagellates 

Organism Buffer Cell 
disruption 

Remove cell 
pallet 

Remove 
unwanted protein 

Dialysis Purification Reference 

Gonyaulax polyedra DW Stirring 15 min 
with 40 parts of 
DW 

10,000g 10 
min 

- 35% (NH4)2SO4 
- 65% (NH4)2SO4 

0.02M SPB 
(pH 6.0)  

- 42% (NH4)2SO4 
- 52% (NH4)2SO4 

(Bode & 
Hastings 1963) 

G. polyedra 0.01M phosphate 
buffer (pH 8) 

Sonicator bath  
6 min 

20,000g 30 
min 

streptomycin 
sulfate 

0.01M PB - (Haidak, 
Mathews & 
Sweeney 1966) 

Amphidinium 
carterae 
 

0.1 M tris-HCI buffer  
(pH 8.4) 

Mortar 
grounding 

10,800g 20 
min 

- - - Sephadex G100  
- DEAE column 

(Haxo et al. 
1976b) 

A. carterae 
Cricosphera 
carterae 
Gymnodinium 
splendens 
Glenodinium sp. 
G. polyedra 
Peridinium 
foliaceum 

0.01M Tris buffer  
(pH 8) 

Sonication 81,000g 180 
min 

-  - - Sephadex G100  
- DEAE column 

(Prézelin & 
Haxo 1976) 

Phaeodactylum 
tricornutum 

100 mM Hepes buffer 
10 mM EGTA 
1 mM PMSF  
(pH 8.0) 

French 
pressure cell 
(8,000 and 
12,000 p.s.i.) 

45,000g 30 
min 

240,000g 
16 h. 

- DEAE-Sephacel column (Friedman & 
Alberte 1984) 

A. carterae 50 mM tricine buffer  
20 mM KCl 
(pH 7.5) 

French 
pressure cell at 
67 MPa 

25000g - 70% (NH4)2SO4 
- 90% (NH4)2SO4 

- - PD10 Sephadex  
- Tris-acryl column  

(Steck et al. 
1990) 

Symbiodinium 
pilosum  
S. microadriaticum 
S. kawaguii 
 

TM buffer  
10 mM Tris-HCl  
2 nm MgCl2 
(pH 8.0) 

French 
pressure cell at 
8.3 × 107 Pa 

100,000g 2 h - 50% (NH4)2SO4 
- 100%(NH4)2SO4 

TMS buffer 
(TM with 500 
mM NaCl) 

Sephadex G-75 (Iglesias-
Prieto, Govind 
& Trench 
1991b) 
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Organism Buffer Cell 
disruption 

Remove cell 
pallet 

Remove 
unwanted protein 

Dialysis Purification Reference 

Heterocapsa 
pygmaea 

Phosphate buffered 
saline (PBS) 
(pH 6.8) 

Sonication  
30 s, 50-75 W 

27,000g 
120 min 

- Ultrafiltration  
 

- Sephadex G-75  
- DEAE-cellulose  

(Jovine et al. 
1992) 

Alexandrium 
cohorticula 
 

50 mM Tris-HCl 
buffer containing a 
protease inhibitor 
PMSF (1 mM) 
(pH 7.5) 

Sonication  10,000g 30 
min 

-  - - Sephadex G-100  
- Q-Sepharose column  

(Ogata et al. 
1994b) 

A. carterae 50 mM tricine  
20 mM KCI  
(pH 7.5) 

French 
pressure cell at 
80 MPa 

20,000g 30 
min 

- 70% (NH4)2SO4 
- 90% (NH4)2SO4 

5 mM Na 
acetate  
(pH 5.0) 

CM-Trisacryl column 
 

(Sharples et al. 
1996) 
(van Stokkum 
et al. 2009) 
(Krueger & 
Gates 2012) 

A. carterae 50 mM Tris–HCl  
1 mM EDTA  
25% sucrose 
(pH 8.0) 

French 
pressure cell at 
35 MPa 

67,000g 15 
min 

- 10% (NH4)2SO4 50 mM Tris–
HCl,  
1 mM EDTA 
(pH 8.0) 

- PD10 Sephadex  
- Tris-acryl column  

(Miller et al. 
2005b) 
(Polívka et al. 
2005) 
(Schulte et al. 
2009) 

Symbiodinium sp. 
CS-156  

50 mM tricine  
20 mM KCI  
(pH 7.5) 

French 
pressure cell at 
8.3 × 107 Pa 

20,000g 1 h - 70% (NH4)2SO4 20 mM Tris–
HCl (pH 8.0) 

- HiLoad™Superdex™ 200 
prep grade column 

- HiTrap™ Q 
Sepharose™ HP column 

(Jiang et al. 
2012b) 

Symbiodinium CS-
73, clade A 

TB buffer  
100 mM Tris–borate 
2 mM MgCl2 
2 mM Na2EDTA 
 1 mM phenylmethyl–
sulphonyl fluoride 
(pH 8.0) 

French 
pressure cell at 
8 × 107 Pa 

 500g 10 min  - 50% (NH4)2SO4  -  - (Kanazawa et 
al. 2014a) 
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5. Thesis Objective and hypothesis 

The increasing influx of genomic and transcriptomic resources for corals and 
Symbiodinium has shifted the “molecular horizon” and now provides unprecedented 
opportunities to investigate invertebrate–microalgal symbiosis. This influx may in turn uncover 
diagnostic tools for more targeted management of this vulnerable ecosystem. However, relative 
transcript abundances are not always a good proxy for phenotypic traits due to post-
transcriptional/translational regulation and modifications. Proteins serve as the ultimate 
effectors of the variation manifested within genomes and/or transcriptomes, and thus should be 
considered closest to the resulting phenotype. Consequently, proteomics studies may allow for 
a more realistic picture of the functional cellular response of an organism to environmental 
stress. However, to date the proteomics insights into cnidarian–microalgal symbiosis has 
largely stemmed from proteomes of the host invertebrate, and not the microalgal symbiont. 
Therefore, this thesis undertook high-throughput shotgun-based proteomics approaches to 
investigate and understand the molecular mechanism of light stress tolerance in 
Symbiodinium. 

The overall aim of this thesis is to investigate the molecular mechanisms of light stress/ 
tolerance in Symbiodinium using a high throughput proteomics approach. Additionally, given 
the fact that peridinin carotenoids have a high pharmaceutical activity, another aim of this thesis 
is to examine bioactivities of purified peridinin-chlorophyll-protein complex (PCP) isolated 
from Symbiodinium to explore their potentials for medicinal applications.  

The objectives of this thesis are to: 

1. Examine peridinin-chlorophyll-protein complex (PCP) protein accumulation in 
Symbiodinium under light limitation (CHAPTER 2) 
 

Hypothesis: PCP accumulates under low light conditions for enhanced light harvesting. 
 

2. Extraction and purification of PCP from Symbiodinium to explore its bioactivities with 
pharmaceutical applications (CHAPTER 3) 
 

Hypothesis: Purified PCP from Symbiodinium is a monomeric protein and exhibits high 
antioxidant, antibacterial, and anti-cancer activity.  
 

3. Understand the light stress tolerance behaviour between two Symbiodinium phylotypes; 
Breviolum sp. (Symbiodinium sp. clade B) and Durusdinium sp. (Symbiodinium sp. 
clade D) at a proteomic level (CHAPTER 4) 
 

Hypothesis: Symbiodinium phyloclades B and D regulate proteomic machinery 
differently to light stress and use distinct molecular pathways to tolerate light stress at 
protein level. 

 
Finally, Chapter 5 discusses the major findings of these experiments, the implication of the 
environmental regulation of proteins in the marine dinoflagellate Symbiodinium and explores 
future research directions. 
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Abstract 
 

The integrity of coral reef ecosystems worldwide rests on a fine-tuned symbiotic 
interaction between an invertebrate and a dinoflagellate microalga from the 
family Symbiodiniaceae. Recent advances in bottom-up shotgun proteomic approaches and the 
availability of vast amounts of genetic information about Symbiodiniaceae has provided a unique 
opportunity to better understand the molecular mechanisms underpinning the interactions between 
coral and Symbiodiniaceae. However, the physical resilience of the dinoflagellate cell wall as well 
as the presence of polyanionic and phenolics cell wall components, requires the optimization of 
sample preparation techniques for successful implementation of bottom-up shotgun proteomics. 
Therefore, in this study we compare three different preparative workflows; filter-aided sample 
preparation (FASP), single-pot solid-phase-enhanced sample preparation (SP3), and stop-and-
go-extraction tips (STAGETips, ST) to develop a high throughput proteotyping protocol for 
Symbiodiniaceae algal research. We used the model isolate Symbiodinium tridacnidorum. We 
show that the SP3 workflow outperformed ST and FASP with regard to robustness, digestion 
efficiency and contaminant removal which lead to the highest total number (3,799) and highest 
number of unique proteins detected from 23,593 peptides. Most of these proteins were detected 
with ≥2 unique peptides (73%), zero missed-tryptic peptide cleavages (91%) and hydrophilic 
peptides (>70%). To demonstrate the functionality of this optimized SP3 sample preparation 
workflow, we examined the proteome of S. tridacnidorum to better understand the molecular 
mechanism of peridinin-chlorophyll-protein complex (PCP) accumulation under low light 
condition (LL, 30 μmol photon m-2 s-1). Cells exposed to LL for 7 days upregulated various light 
harvesting complex (LHCs) proteins through the mevalonate-independent pathway; proteins of 
this pathway were at 2 to 6-fold higher level than control maintained at 120 μmol photon m-2 s-1. 
Potentially, LHCs were maintained in an active phosphorylated state by serine/threonine-protein 
kinase which were also upregulated to 10-fold over control level. Collectively, our results show 
that the SP3 method is an efficient high-throughput proteotyping tool for Symbiodiniaceae algal 
research.   
 
1. Introduction  

 

Invertebrate-microalgal symbiosis, and notably the association of corals (cnidarians) with 
endosymbiotic microalgae (Family Symbiodiniaceae), thrive throughout temperate to tropical 
marine ecosystems (LaJeunesse et al. 2018). This symbiosis is sustained through metabolic 
resource exchange between the partners. Stability of this symbiosis rests on metabolic 
‘compatibility’ relative to external resource provisioning (light, nutrients); however, this symbiosis 
often breaks down (“dysbiosis”) under unfavorable environmental perturbations or stress condition 
(Suggett & Smith 2020). Despite intensive efforts for several decades to understand the nature 
with which this symbiosis functions effectively (Oakley & Davy 2018; Suggett & Smith 2020), 
the underlying regulatory mechanisms still remain largely unknown. The increasing influx of 
genomic and transcriptomic resources for corals (Barshis et al. 2013; Fuller et al. 2020; Lin, Yu & 
Zhang 2019; Pinzón et al. 2015; Rosic et al. 2014; Shinzato, Inoue & Kusakabe 2014) and 
Symbiodinium (Bayer et al. 2012; González-Pech, Ragan & Chan 2017; Lin et al. 2015) has shifted 
the “molecular horizon” and now provides unprecedented opportunities to investigate 
invertebrate–microalgal symbiosis that may in turn uncover diagnostic tools for more targeted 
management of this vulnerable ecosystem (Parkinson et al. 2020). However, it is becoming 
increasingly apparent that relative transcript abundances are not always a good proxy for protein 
abundance, since many factors including post-transcriptional regulation, post-translational 
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modifications and protein degradation influences the final proteins which are produced from those 
transcripts (Vélez-Bermúdez & Schmidt 2014). The proteins translated by a cell are directly 
responsible for the resulting phenotype, thereby serve as the ultimate effectors of the variation 
manifested within genomes and/or transcriptomes (Manzoni et al. 2018). Therefore, proteomics 
studies allow for a more realistic picture of the functional cellular response of an organism to 
environmental conditions.  
 

To date the proteomics insights into cnidarian–microalgal symbiosis has largely stemmed 
from proteomes of the host invertebrate (Choksawangkarn et al. 2012; Eddhif et al. 2018; 
Goodman et al. 2018; Li, Cao, et al. 2017; Lin, Yu & Zhang 2019; Mayfield 2020; Reynolds et al. 
2020; Yu et al. 2012), and not the microalgal symbiont. Early investigations of immunoblot 
analysis of Rubisco, thylakoid D1 protein and heat shock protein (HSP)-like 75 kDa protein in 
Symbiodinium sp. isolated from thermally and light-stressed corals, have shown that the proteomic 
regulation of the coral’s tolerance to environmental stress and bleaching conditions (Castillo-
Medina, Islas-Flores & Villanueva 2019; Mayfield et al. 2014; Warner, Fitt & Schmidt 1999). 
Such proteomic analysis of Symbiodiniaceae has to date mostly relied on two-dimensional gel-
based approaches (Castillo-Medina, Islas-Flores & Villanueva 2019; Mayfield 2020; Medrano et 
al. 2019; Pasaribu, Weng, Lin, Camargo, Tzen, Tsai, Ho, Lin, Wang & Chen 2015). These 
approaches are time-consuming, manually intensive and are subject to variations in peptide 
extraction efficiencies. Additionally, variations amongst replicate gels, a limited protein molecular 
weight range, as well as protein co-migration continue to pose technical challenges with all gel-
based proteomic approaches. Moreover, the resilient algal cell wall and large amount of 
polyanionic compounds and secondary metabolites including phenolics, terpenes and pigments are 
all major technical challenges for successful implementation with all proteomic approaches (Awad 
& Brueck 2020).  

Given the inherent limitations to gel-based proteomic tools (Castillo-Medina, Islas-Flores 
& Villanueva 2019; Mayfield 2020; Medrano et al. 2019; Pasaribu, Weng, Lin, Camargo, Tzen, 
Tsai, Ho, Lin, Wang & Chen 2015) peptide-centric ‘shotgun’ LC-MS proteomics has become a 
widely used high-throughput tool to facilitate more robust and improved peptide separation, 
ionization and fragmentation in tandem mass spectrometry (MS) (Zhang et al. 2014). However, 
such advancements also pose additional challenges in sample preparation (including cell lysis, 
protein solubilization, protein and peptides clean-up and fractionation). Therefore, a dedicated 
sample preparation strategy is essential for a robust and sensitive quantitative bottom-up shotgun 
proteomics workflow, prior to LC-MS analysis. Sample processing steps include protein 
extraction, solubilization, denaturation, enzymatic digestion into peptides followed by their 
purification, fractionation and separation (Zhang et al. 2014). These steps employ a diverse array 
of salts, solvents, surfactants and chaotropes that affect peptide chromatography, ionization and 
ultimately the performance of mass spectrometers (Batth et al. 2019a; Eddhif et al. 2018; Sielaff 
et al. 2017). Removal of all these interfering contaminants is crucial to avoid signal interference 
during MS analysis. 

Recent advances in mass spectrometry technology have enhanced the proteome 
characterization capacity across a range of organisms and experimental settings which has 
delivered answers to key biological questions. For example, shotgun proteomic workflows in plant 
and animal proteomics have greatly benefited from innovative support-aided sample preparation 
workflows such as filter-aided sample preparation (FASP), single-pot solid-phase-enhanced 
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sample preparation (SP3), stop-and-go-extraction tips (STAGETips; ST) (Choksawangkarn et 
al. 2012; Hughes et al. 2014a; Hughes et al. 2019; Kulak et al. 2014; Ludwig, Schroll & 
Hummon 2018; Sielaff et al. 2017; Wiśniewski 2017; Wiśniewski et al. 2009; Zougman, Selby 
& Banks 2014). These methods have shown high efficiency at micro to nanoscale levels, 
reproducibility, low cost and excellent proteome coverage; however, they differ from others in 
regard to proteome coverage, accuracy and reproducibility (Sielaff et al. 2017). Moreover, each 
workflow exhibited some inadequacies; for example reagent compatibility, sample loading 
requirements, number of steps involved, consumable costs as well as throughput (Ludwig, Schroll 
& Hummon 2018; Sielaff et al. 2017). Therefore, developing a specific sample preparation 
procedure with minimal sample handling steps, low cost, robust, reproducible and compatible with 
different buffers and surfactants, as well as offering a high recovery of peptides still remains a 
challenge.  Previous studies with animal and plant-based systems have either modified and/or 
combined these protocols to build an optimal sample processing workflow suitable for their test 
organism (Choksawangkarn et al. 2012; Hughes et al. 2014a; Hughes et al. 2019; Kulak et al. 
2014; Ludwig, Schroll & Hummon 2018; Sielaff et al. 2017; Wiśniewski 2017; Wiśniewski 
et al. 2009; Zougman, Selby & Banks 2014). 
 

Here, we explore how recently introduced peptide purification and fractionation 
approaches, which have rapidly gained widespread popularity in plant and animal-based systems, 
can be potentially applied to Symbiodiniaceae algal research. In particular, we evaluate the 
performance of three support-aided workflows – FASP, SP3 and ST, using a model isolate 
Symbiodinium tridacnidorum. We hypothesized that one of the methods will outperform the others 
and potentially be implemented as a practical, sensitive, cost-effective and high-throughput 
workflow for Symbiodiniaceae proteomics. We further validate the successful application of the 
best performing method to understand the molecular mechanism of peridinin-chlorophyll-
protein complex (PCP) accumulation observed under low light exposure with Symbiodinium 
tridacnidorum. 
 
2. Materials and methods: 
 

2.1 Symbiodinium culture and maintenance 
 

Symbiodinium tridacnidorum (ITS2-type A3, CS73) cultures (three biological replicates) 
were maintained in 500 mL of IMK media using conical flasks under a white fluorescent lamp at 
an intensity of 120 μmol photon m-2 s-1 (control) within a climate-controlled incubator at 25 °C 
under 12:12 h light and dark condition, as described previously (Suggett et al. 2015).  The light 
intensity in the incubator was measured using a light meter (Licor Li-250) and a 4Pi sensor. The 
cell density was estimated spectrophotometrically by measuring the optical density at 680 nm 
(OD680) as well as using a hemocytometer. Algae were inoculated at an initial cell density of 
2 × 105 cells/mL and grown in the conditions described above until the end of the exponential 
growth phase. To establish an optimal sample preparation method for proteomic studies, S. 
tridacnidorum cultures grown under control light conditions and harvested in late exponential 
phase were examined using FASP, SP3 and ST based workflows.  
 
2.2 Sample preparation workflows for proteome profiling 

2.2.1 Protein extraction, alkylation-reduction and quantification 
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Cultures in late exponential phase (100 mL, three biological replicates for each sample 
preparation workflow) were centrifuged at 8,000×g for 10 min at 4 °C. The supernatant was 
decanted, and cell pellets were re-suspended in 400 µL of buffer containing 8 M Urea, 100 mM 
triethylammonium bicarbonate (TEAB) (pH 8.5), 1% Triton X-100, 10 mM dithiothreitol (DTT) 
and protease inhibitor cocktail (Pierce™, Thermo Fisher). Using an ultra-sonication probe, cell 
lysis was performed using cycles lasting 25 s, repeated 5 times, whilst remaining on ice to avoid 
excess heating during sonication. Subsequently, samples were centrifuged at 15,000×g for 15 min 
at 4 °C. Proteins in the supernatant were precipitated in 100% acetone at -20°C for 3-5 hr. Proteins 
were re-suspended in a buffer containing 8 M Urea and 100 mM TEAB (pH 8.5), alkylated and 
reduced using 10 mM tris(2-carboxyethyl) phosphine (TCEP) and 40 mM chloroacetamide (CAA) 
at room temperature for 30 min according to Goodman et al. (2018). Protein concentration was 
determined by SDS-PAGE and densitometry using bovine serum albumin as a standard (Kumar et 
al. 2017). An aliquot of 25 μg of protein was used for all subsequent steps. 

2.2.2 FASP, SP3, and STAGETips based clean up, digestion and fractionation:  

Filter aided sample preparation (FASP): Alkylated and reduced protein solution (25 µg) was 
processed through FASP filters (10 kDa molecular weight cut off; Pall, Nanosep). FASP filters 
were activated with 100 μL of 100 mM TEAB and centrifuged for 15 min at 13,000×g. Protein 
samples were subsequently loaded onto activated FASP filters and centrifuged at 15,000xg for 45 
min following Sielaff et al. (2017). The filters were washed twice each time, first with buffer 
containing 8 M Urea to remove detergents and later with 100 mM TEAB buffer to remove excess 
Urea by centrifuging filters at 12,000×g for 20 min each time. Later, proteins were digested 
overnight at 37 °C using trypsin (Sigma-Aldrich, USA; reconstituted in 50 mM acetic acid) at an 
enzyme-to-protein ratio of 1:25 (w/w). Peptides were recovered from the membrane by 
centrifuging for 20 min at 12,000×g. Peptides were eluted again using 100 μL of water for a second 
elution. Eluted peptides were pooled and vacuum dried.  
 

Single-pot solid-phase-enhanced sample preparation (SP3): SP3 digestion was performed 
according to Hughes et al. (2014a) with minor modifications. Briefly, alkylated and reduced 
protein (25 µg) in 48 µL were mixed with 2 µL of the SP3 bead mix without acidification. SP3 
beads were prepared by mixing hydrophilic and hydrophobic Sera-Mag Speed-Beads (GE 
Healthcare (Chicago, USA) in a ratio of 1:1 (v/v), reconstituted in water at a concentration of 20 
µg bead/µL and stored at 4 °C. Afterwards ethanol was added to a final concentration of 50% (v/v) 
to induce the binding of proteins to the beads. Samples were incubated on a vortex mixer (at 
slowest speed) for 10 min at room temperature.  Subsequently, beads were immobilized by 
incubation on a magnetic rack for 2 min until beads had migrated to the tube wall. The supernatant 
was discarded, and the beads were rinsed with 180 µL of 80% (v/v) ethanol, once the tubes were 
removed from magnetic rack. Tubes were incubated again on the magnetic rack for 5 min, with 
periodic mixing to enhance surfactant removal. The ethanol washing step was repeated twice to 
ensure maximum removal of surfactants followed by incubating tubes on the magnetic rack for 1 
minute. Later, beads were re-suspended in 100 µL of 200 mM ammonium bicarbonate 
supplemented with trypsin at an enzyme-to-protein ratio of 1:25 (w/w). Trypsin digestion was 
carried out overnight, followed by centrifugation at 20,000×g for 1 min. Samples tubes were placed 
back on the magnetic rack until the beads settled onto the tube wall. Supernatant containing 
peptides was transferred to a fresh tube and vacuum dried. 
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Stop-and-go-extraction tips (STAGETips, ST): Columns were manually prepared using Empore 
SDB-RPS (styrenedivinylbenzene reverse phase sulfonate) with an ordinary pipette tip according 
to Rappsilber, Ishihama & Mann (2003). These SDB-RPS based tips were used for peptide 
desalting/clean up. For peptides desalting, the trypsin peptides were first acidified with 0.1% 
trifluoroacetic acid (TFA) (final concentration) and pipetted into the top of a STAGETip column. 
Columns were centrifuged at 5,000 rpm for 1 min followed by washing first with 20 µL of 
isopropanol+1%TFA and again with 1% TFA, followed by centrifugation at 5,000 rpm for 1 min 
each time. Peptides were eluted using 5% ammonium hydroxide and 80% acetonitrile and finally 
vacuum dried.   

Protein/peptide recovery analysis: Purified peptides obtained from each workflow were 
quantified to assess their percentage recovery, while comparing their concentration with the initial 
protein concentration passed through each workflow using quantitative colorimetric peptide assay 
kit (Pierce™, ThermoFisher). 

High-pH Reversed-Phase (HPRP) Fractionation: Dried peptides obtained from all of the tested 
workflows were re-suspended in a buffer containing 2% acetonitrile and 0.2% trifluoracetic acid 
and fractionated using Pierce™ High pH Reversed-Phase Peptide Fractionation Kit (Thermo 
Scientific™).  
 

2.3 Implementation of outperformed SP3 workflow in S. tridacnidorum low light conditions. 

After screening these workflows, the optimal proteomic method of SP3 was used to 
investigate the molecular mechanism of peridinin-chlorophyll-protein complex (PCP) 
accumulation in S. tridacnidorum exposed to low light conditions. A total of six cultures were 
grown under control light conditions (120 μmol photon m-2 s-1) in laboratory conditions as stated 
earlier at a cell density (2 × 105 cells/mL) until late exponential phase. Subsequently, a set of three 
cultures were shifted to low light conditions (LL, 30 μmol photon m-2 s-1) for 7 days. 
Photosynthetic performance (Fv/Fm) were determined using a Phyto-PAM Phytoplankton 
Analyzer (Walz, Germany), where a 2 mL of the culture was dark-acclimated for 15–20 min before 
taking a measurement. Samples from both control and low light treatments collected after 7 days 
(post late exponential phase) were processed for proteome analysis following the SP3 workflow.  
 

2.4 LC-MS analysis of peptides:  

Using an LC-MS (Acquity M-class system, Waters, USA) 5 µL of each sample was loaded 
at 15 µL/min onto a nanoEase C18 trapping column (Waters, USA) with 2% acetonitrile and 0.1% 
formic acid for 3 min. The peptides were eluted from the trapping column onto a PicoFrit column 
(75 µm ID x 250 mm; New Objective, Woburn, MA) packed with C18AQ resin (3 µm; Michrom 
Bioresources, Auburn, CA). Repeated injections of standard samples (six bovine tryptic digest 
equal molar mix, New England Biolabs, USA) were used to monitor the instrument stability. 
Peptides were eluted from the column into the source of the mass spectrometer (Q Exactive Plus, 
Thermo Scientific) using the following program: 5- 30% MS buffer B (98% Acetonitrile + 0.2% 
Formic Acid) over 90 minutes, 30 ̶ 80% MS buffer B over 3 minutes, 80% MS buffer B for 2 
minutes, 80 ̶ 5% for 3 min. The eluting peptides were ionised at 2,000V. A data dependent MS/MS 
(dd-MS2) experiment was performed, with a survey scan of 350 ̶ 1,500 Da performed at 70,000 
resolution for peptides of charge state 2+ or higher with an AGC target of 3e6 and maximum 
injection time of 50 ms. The top 12 peptides were fragmented in the HCD cell using an isolation 
window of 1.4 m/z and an AGC target of 1e5 and maximum injection time of 100 ms. Fragments 
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were scanned in the Orbitrap analyser at 17,500 resolution and the product ion fragment masses 
measured over a mass range of 100 ̶ 2,000 Da. The mass of the precursor peptide was then excluded 
for 30 seconds. 

2.5 Statistical Analysis  

For proteomic analysis, the resulting raw MS files from each analysis were searched 
against a customized proteomic database that combines the proteomic datasets of Symbiodinium 
microadriacticum downloaded from Uniprot (https://www.uniprot.org/proteomes/ UP000186817, 
accessed on 15 January 2021) and proteomic datasets for Symbiodiniaceae algae including 
Fugacium kawagutii, Breviolum minutum, Symbiodinium sp., and Cladocopium sp. 
(http://sampgr.org.cn/, accessed on 15 January 2021) using PEAKS Studio v8.5 (Bioinformatics 
Solutions, Waterloo, ON, USA) for protein identification. MS raw data files of each fraction 
obtained in a workflow were processed in PEAKS Studio v8.5 individually and also in 
combination. The search parameters were set as follows: tolerance of one missed cleavage of 
trypsin, oxidation (M) for methionine as the variable modifications, and carbamidomethyl (C) for 
cysteine as fixed modifications. Three missed cleavage sites were allowed, with a parent and 
fragment mass error tolerance of 20 ppm and 0.1 Da, respectively. The charge states of peptides 
were set to +2 and +3. The threshold selection for random protein sequences was a PEAKS 
probability-based ion score greater than 15 and false-discovery rate of 0.1%. Automated variance 
stabilization, normalization, isotopic correction, and median correction were selected as pre-setting 
parameters in PEAKS studio v8.5 software and to perform PEAKS ANOVA between replicate 
conditions to determine significance and fold change (>2-folds). A protein with at least one unique 
peptide was considered for protein identification, protein quantification, and regulation analysis.  

Functional descriptions of differentially expressed proteins were retrieved using Blast2GO 
(ver. 5.2, BioBam Bioinformatics Solutions, Valencia, Spain). The gene ontology (GO) 
classification was done using UniProt-GOA database and InterProScan software (European 
Bioinformatics Institute, Cambridgeshire, United Kingdom). Physiochemical properties of 
proteins and peptides including isoelectric point (pI), protein molecular weight (MW), and protein 
grand average of hydropathy (GRAVY) scores were calculated using the ProtParam tool from 
ExPASy (Artimo et al. 2012) using R-script that was developed in-house.  

For chlorophyll (Chl a) fluorescence and growth measurements, one-way ANOVA 
analysis at p < 0.01 and 0.05 was performed using IBM-SPSS Statistics 19 software, and the values 
were represented as the mean of three biological replicates with standard deviation (n = 3 ± S.D.) 

 

3. Results and Discussion 
 

To minimize the sample handling and keep the experimental parameters constant between 
the workflows of each technique, proteins were 1) extracted in a urea-based lysis buffer using an 
ultrasonic probe, 2) samples were alkylated and reduced outside the filters or paramagnetic beads, 
and 3) an aliquot of 25 µg protein was tested for each workflow followed by fractionation using a 
high pH reversed-phase peptide fractionation column.  
 

3.1 Sample processing timing workflow for protein sample preparation methods 
 

In the present study, proteins that were common in all three biological replicates of each 
workflow were used for statistical and proteomic analysis.  Both SP3 and ST workflow resulted in 

http://sampgr.org.cn/
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>89% identification match amongst the biological replicates; however, FASP exhibited only ~78% 
protein match (data not shown) confirming the high reproducibility of the other workflows. Figure 
2-1 shows the experimental time required to complete each workflow, wherein ST was the 
quickest, followed by SP3 and FASP. In each workflow, three steps including protein extraction 
and precipitation, alkylation and reduction and digestion were the major time-consuming steps 
representing >70% of the total protocol execution time for each workflow. FASP appeared to be 
the slowest workflow which required nearly 16 h, with extended protein desalting and peptide 
recovery steps (3 h) compared to 30 min in SP3 and 20 min in ST. Compared to FASP and ST, the 
SP3 workflow required a longer time (20 min) in column preparations and activation for 
hydrophilic and hydrophobic beads, followed by ethanol equilibration to induce protein binding 
with beads.  

 
Figure 2-1. Schematic description of the workflow timing for filter - aided sample preparation 
(FASP), single-pot solid- phase-enhanced sample preparation (SP3), and stop-and-go-extraction 
tips (STAGETips, ST) based protein sample preparation methods. 
 

FASP has been shown to be a lengthy preparation process, due to repetitive centrifugation 
steps which involved about 20 min per cycle to pass 200 μL of solution through a 10-30 kDa 
MWCO membrane at high ultra-centrifugal speed, then draining off interfering substances and 
finally recovery of peptides after digestion (Wiśniewski et al. 2009). Therefore, to shorten the 
FASP processing time in this study, we alkylated and reduced the proteins outside of the filters to 
remove some of the centrifugation steps. Further, in this step, we replaced iodoacetamide (IAA) 
and dithiothreitol (DTT) with tris(2-carboxyethyl) phosphine (TCEP) and chloroacetamide 
(CAA), respectively for the alkylation reduction of proteins.  By combining the alkylation and 
reduction step using TCEP and CAA, we could further shorten this process from 90 to 30 min and 
prevented over-alkylation and modification of undesired amino acid residues (Goodman et al. 
2018). Similar approaches in performing alkylation and reduction step prior to protein loading on 
to FASP filters was demonstrated recently with mammalian neuroblastoma cell line proteomics 
using the detergent-free Filter-Based Protein Digestion (FPD) strategy (Stepanova, Gygi & Paulo 
2018). 
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New innovations designed to shorten the original FASP processing time have recently been 
developed and tested in mammalian cells proteomics. These innovations include suspension 
trapping; S-Trap (HaileMariam et al. 2018), enhanced FASP; eFASP (Erde, Loo & Loo 2014) and 
modified FASP; mFASP (Ni et al. 2017) methods. These methods have been developed by either 
replacing membrane filters with a stack of quartz fibers or using commercial detergent removal 
spin column (DRSC) or replacing urea with sodium deoxycholate (SDC). Such modifications have 
considerably reduced the centrifugation time and also enhanced the effectiveness of the trypsin 
digestion. Recently, Li, Cao, et al. (2017) successfully implemented mFASP methodology with 
the microalgae Chlamydomonas reinhardtii by replacing urea with SDC. Therefore, these 
modified FASPs protocols individually or in combination should be tested with marine microalgal 
species in the future. 

Tryptic digestion of proteins is a fundamental step for bottom-up proteomics sample 
preparation. Protein digestion efficiency depends on the type of enzymes, protein-to-enzyme ratio, 
temperature and incubation time. Based on our previous experience (Kumar et al. 2017), we 
incubated the protein lysate overnight at 37°C at an enzyme-to-protein ratio of 1:25 for all the 
workflows tested.  In the present study, these conditions appeared to be optimal for all the 
workflows, as >86% peptides were detected with zero missed cleavages. However, studies have 
demonstrated that the cleavage time can be reduced by accelerating the enzyme activity using 
microwave irradiation (Yu et al. 2012). Increasing protein concentration or the trypsin-to-protein 
ratios, as well as adding LysC during digestion has been found to reduce the missed cleavage sites 
and enhancing digestion efficiency (Hildonen, Halvorsen & Reubsaet 2014). Overall, in the 
present study both SP3 and ST were found to be quicker in terms of workflow processing time. 
Recently, exclusion of the reduction/alkylation steps and reducing protein fixation incubation time 
on paramagnetic beads to 2 min with the SP3 based sample preparation method was found to 
shorten the time without impacting the digest quality (Hayoun et al. 2019; Moggridge et al. 2018). 
 
3.2 Differences in protein and peptides identified and their quality parameters in different 
protein sample preparation workflows 
 

Among the three tested workflows, substantial differences were observed in proteins and 
peptide detection, protein sequence match (PSM) and unique peptide numbers in each sample 
preparation technique. We were able to detect between 1,552 - 3,799 proteins encoding from 1,302 
to 3,191 annotated genes and with peptide detection rates ranging from 5,413 to 23,593 amongst 
different sample preparation techniques (Figure 2-2 A and 2-2 B). Total PSM number among the 
techniques ranged from 7,153 to more than 98,000 (Figure 2-3).  The PSM score distribution in 
both SP3 and ST illustrated the data was of high quality and so yielding confidence in our 
inference, compared to FASP, with very few decoys matches in the high score region. 
Additionally, the majority of the PSM were found to be of high scoring points as they were 
centered on the mass error of zero (Figure 2-3). 

 
SP3 outperformed FASP and ST with 1.5 to 4.5-fold (p<0.05) higher proteins and peptides 

detected. FASP was least effective for protein and peptide detection numbers and followed a trend 
where SP3>ST>FASP. A large proportion of identified proteins were found to be overlapping 
(28%) among all of the methods (Figure 2-2 Aa).  SP3 and ST showed a greater number of unique 
protein identifications over FASP. Specifically, SP3 only identified around 33% of unique proteins 
(1,447) compared to ST and FASP, whereas only 10% and 2% of unique proteins were detected, 
respectively (Figure 2-2 Aa).   
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Like proteins, a similar trend was observed for peptide identification, where SP3 exhibited 
the highest number (11,225 correspond to >39%) of uniquely identified peptides (Figure 2-2 Ab). 
However, only a small fraction (4,151 peptides) corresponding to 14% of total peptides, were 
found to overlap with all the methods. These results were substantiated using gene annotations, 
with highest number of total and unique gene annotations observed in SP3, followed by ST and 
FASP (Figure 2-2 Ac). Interestingly, both ST and SP3 resulted in the majority of proteins identified 
with more than two unique peptides with corresponding values of 82% and 73%, respectively. 
However, in the FASP method, only 63% of proteins were detected with >2 unique peptides and 
37% of proteins with the on unique peptide (Figure 2-2 C)   

 
The exceptional performance of SP3 in identifying the highest percentage of total and 

unique proteins and peptides could be attributed to its greater efficiency for purifying protein and 
peptides with high yield that was not observed in other methods. In the present study, both SP3 
and ST workflows recovered peptides to >87%, compared to FASP with only 69% peptides 
recovery (Figure 2-4).  

 
Figure 2-4. Protein/peptide recovery from filter - aided sample preparation (FASP), single-pot 
solid-phase-enhanced sample preparation (SP3) and stop-and-go-extraction tips (STAGETips, 
ST) based protein sample preparation workflows in Symbiodinium tridacnidorum combined from 
three biological replicates (n=3±S.D). 

 
In line with our findings, both SP3 and ST-based sample preparation workflows performed 

better than FASP in human cervix carcinoma cell lines (Sielaff et al. 2017). In the original FASP 
workflow (Wiśniewski 2017; Wiśniewski et al. 2009), typically 60-70% protein to peptide yield 
was suggested using 10-100 μg of starting protein sample. However, protein sample loss associated 
with FASP digestion workflow has been observed with protein quantity-limited samples (Fuller et 
al. 2020; Shinzato, Inoue & Kusakabe 2014; Sielaff et al. 2017). Further, filter type and shape have 
been shown to influence the FASP performance. Filters with low molecular weight cut-off 
(MWCO; 3-10 K) not only add to the centrifugation time during protein and peptide clean-up, but 
also lead to poor peptide recovery (Artimo et al. 2012; González-Pech, Ragan & Chan 2017; 
Rappsilber, Ishihama & Mann 2003; Sielaff et al. 2017). Considering this, the use of 10K MWCO 
filters with protein sample size of 20 μg could be the reason for poor FASP performance in this 
study. Therefore, using filters with 30K MWCO together with a larger starting quantity of protein 
and sequential digestion with multiple enzymes should be considered in the future to improve the 
FASP performance (Sielaff et al. 2017; Wiśniewski 2017; Wiśniewski et al. 2009).   
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Figure 2-2. Comparison of protein and peptides numbers identified in filter - aided sample preparation (FASP), single-pot solid- phase-
enhanced sample preparation (SP3) and stop-and-go-extraction tips (STAGETips, ST) based protein sample preparation workflows. 
(A) Venn diagram showing the overlap of proteins (a), peptides (b), and annotated genes (c); total number of identified proteins and 
peptides (B); Percentage of unique peptides among proteins identified with 1 and ≥2 unique peptides (C); Percentage of identified 
peptides containing zero, one, and two missed tryptic cleavages (D) for each workflow combined from three biological replicates (n=3). 

(A) 

(B) (C) (D) 

(a) (b) (c) 
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Figure 2-3. Distribution of protein sequence match (PSM) score plots in filter aided sample preparation (FASP), single-pot solid- phase-
enhanced sample preparation (SP3) and stop-and-go-extraction tips (STAGETips, ST) based protein sample preparation workflows 
in Symbiodinium tridacnidorum combined from three biological replicates (n=3). 
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We further investigated if the higher number of unique peptides observed in SP3, and ST 
were merely artefacts arising from high missed tryptic cleavage during digestion. Interestingly, all 
the methods showed high trypsin digestion efficiency, wherein >90% of peptides were identified 
with no missed-cleavages in both SP3 and FASP workflows (Figure 2-2 D).  However, peptides 
identified in ST had a slightly lower percentage of no miss-cleavage (85%), while only 14% of 
peptides contained one miss-cleavage. Higher total peptide yields were accompanied by a 
reduction in peptides with missed cleavages. 
 

Gene ontology (GO) analysis also revealed a bias toward a specific protein class with 
biological, molecular and cellular function (Figure 2-5).  A large proportion of proteins belonging 
to Biological Process, including protein chromophore linkage, carbohydrate metabolism and 
calcium ion binding, were enriched in both SP3 and ST workflows compared to FASP. Similarly, 
proteins linked to Molecular Processes, including ATP binding and protein kinase, were detected 
more readily using SP3.  Interestingly, proteins linked to Cellular Processes, including integral 
component of membrane proteins was the major class detected in all the three workflows (Figure 
2-5).  

The observed biases for enriching certain classes of proteins in SP3 and ST, but not in 
FASP could be related to protein loss in FASP during the clean-up process. We outlined earlier 
that the loss of a significant amount of proteins and peptides (>30%) during FASP workflow in 
this study. FASP and SP3 involve the digestion on filters and beads, respectively; whereas ST does 
the same in solution; i.e outside filters. Therefore, the digestion process and kind of filters/beads 
used in the sample preparation process could lead to a GO bias for certain protein groups. Contrary 
to this idea, Sielaff et al. (2017) did not identify any bias toward a specific protein class or sub-
cellular localization in the HeLa cell lysates using similar workflows. However, we should 
consider that HeLa cells and marine microalgal cells have completely different cellular matrices 
and cell wall properties. 
 
3.3 Physiochemical properties of proteins and peptides detected different protein sample 
preparation workflows 
 

We further investigated the physio-chemical properties of our extracted proteins including 
isoelectric point (pI), molecular weight (Mw) and grand average of hydropathy (GRAVY) score 
of the proteins and peptides detected in each workflow to identify any bias towards specific pI/Mw 
values, or hydrophobic or hydrophilic proteins (Figure 2-6). Interestingly, no specific bias was 
observed regarding these physio-chemical properties for the proteins identified in this study. All 
the workflows displayed a propensity to enrich proteins of pI 5-9; Mw 50-400 kDa, and GRAVY 
score negative 0-0.5 (i.e. hydrophilic proteins) (Figure 2-6 A).   
 

In contrast, considerable differences were observed at the peptide level (Figure 2-6 B). In 
both SP3 and ST workflows, peptides were enriched with pI values between 6-7 (>43%, p<0.01) 
compared to FASP, where only 29% of total peptides were detected in this range. Further, the 
majority of identified peptides in SP3 and ST exhibited Mw in the range of 1-2 kDa with their 
corresponding proportion of 53% and 77% respectively, compared to 69% in FASP. Interestingly, 
a significant proportion of peptides (29%) identified in SP3 were from Mw range of 2-2.5 kDa. 
Occurrence of these large peptides could possibly be correlated with membrane proteins extracted 
in this workflow that might be precipitated and digested well in the SP3 workflow.  
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Figure 2-5. Gene ontology (GO) assignment involve in biological, molecular and cellular functions with GO count > 10 for the proteins 
identified in filter-aided sample preparation (FASP), single-pot solid- phase-enhanced sample preparation (SP3), and stop-and-go-
extraction tips (STAGETips, ST) based protein sample preparation workflows in Symbiodinium tridacnidorum.  

(A) (B) (C) 
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Figure 2-6. Distribution of isoelectric point (pI), molecular weight (Mw) and grand average of hydropathy (GRAVY) score for the 
proteins (A) and peptides (B) identified in filter - aided sample preparation (FASP), single-pot solid- phase-enhanced sample preparation 
(SP3), and stop-and-go-extraction tips (STAGETips, ST) based protein sample preparation workflows in Symbiodinium 
tridacnidorum combined from three biological replicates (n=3). 
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Regarding peptide GRAVY scores, >73% of identified peptides in SP3 were hydrophilic 
with peak values observed with scores of –0.5-0 (45%) compared to ST, where nearly 60% of 
peptides were hydrophobic with peak value scores of +0-0.5 (44%) (Figure 2-6 B).  However, in 
FASP, peptides were slightly more hydrophilic (54%) compared to hydrophobic (46%). These 
results are in line with the findings of Dimayacyac-Esleta et al. (2015) who demonstrated the 
enhanced coverage of hydrophobic peptides with GRAVY scores of 0.25−0.5 in the peptides 
purified using HpH-RP STAGETip (Hp-RP-ST) columns. Unlike our findings, cellular digests 
processed with SCX STAGETips, and High-/Low-pH reversed phase fractionation (Kuljanin et al. 
2017) and OFFGel pre-fractionation (Magdeldin et al. 2014) was shown to be rich in hydrophilic 
peptides with a loss of a significant proportion of hydrophobic peptides during sample handling 
procedures. In contrast to our findings, no discernible differences were observed in physio-
chemical properties of peptides detected in FASP, SP3 and iST workflows, with 10-20 μg of yeast 
(Sielaff et al. 2017; Wiśniewski et al. 2009) and HeLa cell protein lysate (Ludwig, Schroll & 
Hummon 2018). Like our observations, a comparable distributions of protein Mw and GRAVY 
scores (negative) were observed in the identified proteins and peptides processed through SP3 
beads and MagReSyn hydrophilic interaction chromatography (HILIC) beads (Kallsten et al. 2020; 
Moggridge et al. 2018). Therefore, these reports support our findings for the loss of hydrophobic 
peptides to some extent in SP3 and their considerable retention with ST workflows.  
 
3.4 Evaluation of Single-Pot Solid- Phase-Enhanced Sample Preparation (SP3) workflow to 
reveal proteome regulation in Symbiodinium tridacnidorum under low light growth 
 

Since SP3 outperformed the ST and FASP, we tested this workflow to examine the 
proteome regulation in S. tridacnidorum cultured under laboratory condition at 30 µmol photons 
m-2 s-1 (low light, LL) compared to 120 μmol photons m-2 s-1 (control) light intensities. Our 
preliminary observations suggested a slow growth, but higher photosynthetic performance (Figure 
2-7) and a 4-fold accumulation of peridinin-chlorophyll-protein complex (PCP) when cultures 
shifted from control light to low light in late exponential growth phase for 7 days (Figure 2-8 A 
and 2-8 B). In this study, we successfully employed the SP3 workflow to better understand the 
molecular mechanism of PCP accumulation at the proteomic level in symbiotic dinoflagellate cells 
exposed to low light. 
 

 
 

Figure 2-7. Photosynthetic performance (Fv/Fm) of Symbiodinium tridacnidorum (n=3±S.D).  
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Figure 2-8. Time courses of cell density of cultures (A) and peridinin-chlorophyll-protein complex 
(PCP) accumulation in cultures grown under varying light conditions. Before being transferred to 
30 µmol m−2 s−1 (low light, LL), cultures were developed under 120 µmol m−2 s−1 (control). Light 
shift was performed at the late exponential phase (day 14), after cells acclimated to control light 
(n=3 ±SD).  

 
The SP3 protocol enabled us to identify on average 2,682 proteins and 20,763 peptides 

among the three cultures. However, only 91 proteins (with >1,600 peptides detected) were found 
to be differentially expressed (DEPs) with >2-fold regulation (p<0.05) in these cultures (Figure 2-
9 A and B). Among these DEPs, 22% of proteins belonged to photosynthesis and energy 
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metabolism followed by carbohydrate (19%), genetic information and processing (11%) and stress 
response (11%) (Figure 2-9 A). Interestingly, a significant proportion of DEPs (22%) was 
identified as uncharacterised proteins due to limited availability of S. tridacnidorum proteome 
information in the Uniprot database. Further, the GO analysis of these DEPs revealed a significant 
enrichment of Molecular Function GO term including– photosystem, chlorophyll, ATP and heme-
binding proteins (Figure 2-10 B) evaluated to be localised primarily to integral membrane 
components, thylakoid and plastids (Figure 2-10 C).  

      
 

Figure 2-9. Proteome profiling in Symbiodinium tridacnidorum.; differential expressed proteins 
with their functional classification (A); and heat map of differentially expressed proteins (DEPs) 
(B) in Symbiodinium tridacnidorum grown under control (120 μmol photon m-2 s-1) and low light 
(30 μmol photon m-2 s-1) conditions for 7 days from three biological replicates (n=3). 

(A) 

(B) 
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Figure 2-10. Gene ontology (GO) assignment involve in biological (A), molecular (B) and cellular (C) functions for differentially 
expressed proteins (DEPs) identified in Symbiodinium tridacnidorum cultures grown under control (120 μmol photon m-2 s-1) and low 
light (30 μmol photon m-2 s-1) stress condition for 7 days from three biological replicates (n=3). 
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3.4.1 Low light stress lead to accumulation of light harvesting proteins including 
chlorophyll a/c2-peridinin-protein-complex (acpPC) possibly through mevalonate 
independent pathway  

A range of proteins belonging to photosystems and energy metabolism were abundant 
under LL conditions. Various subunits of photosystem I (PSI; PsaD, PsaF) and photosystem II 
(PSII; PsbA, PsbD and PsbV), ATP synthases, ferredoxin NADP reductase (FNR) and light 
harvesting proteins including fucoxanthin chl a/c binding protein (FCPs) were found to 
increase in abundance by 2 to 4-fold (p<0.05) (Figure 2-11). Higher abundance of PSI proteins 
suggests optimal excitation energy transfer to PSI, preventing reactive oxygen species 
generation that may cause photoinhibition of PSII (Busch & Hippler 2011). However, the 
increase of PsbA (D1), PsbD (D2) and PsbV (Cytc550), which are the core proteins of PSII 
and involved in its biogenesis and maintenance, suggests that PSII–LHCII supercomplex 
remained intact under low light condition and it moderates the transfer of light energy from 
LHCII to PSI.  

 

Figure 2-11. Schematic description for accumulation of light harvesting proteins in 
Symbiodinium tridacnidorum under low light growth (D) indicating upregulation of 
mevalonate – independent pathway and mitochondrial biogenesis for isoprenoid based 
photosynthetic pigments biosynthesis. STN- Serine/threonine-protein kinase; LHC- light 
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harvesting complex; GA3P- glyceraldehyde phosphate; GA3PDH- glyceraldehyde phosphate 
dehydrogenase; PGK- phosphoglycerate kinase; PEP-phosphoenol pyruvate; OAA-
oxaloacetate; PGA- phosphoglycerate; FCPs- fucoxanthin Chl a/c protein complex; acpPC- 
chlorophyll a–chlorophyll c2–peridinin-protein-complex; PS- photosystem; P- 
phosphorylation.  

In our present study, the upregulation of FCPs and chlorophyll a/c2-peridinin-protein-
complex (acpPCs) under low light conditions is similar to the findings of Bobeszko (2017) 
which demonstrated the light harvesting role of these proteins to transport light energy to the 
photosynthetic apparatus. The adaptative capacity of LHC to light, thermal and nutrient stress 
have been explained previously, wherein LHCs improve the energy capturing in low light, and 
induces the thermal dissipation of excess energy absorbed under high light conditions (Buck et 
al. 2019; Gierz, Forêt & Leggat 2017; Gierz, Gordon & Leggat 2016). In contrast to our 
findings, Xiang et al. (2015a) observed accumulation of transcripts encoding acpPC in 
Symbiodiniaceae (form the genera Clodocopium and Durusdinium) cultures when transferred 
from LL (40 μmol photons m-2 s-1) to moderate and HL (100-500 μmol photons m-2 s-1).  

Interestingly, we observed higher abundance of serine/threonine-protein kinase (STN 
protein) (>10-folds; p<0.0) together with significant increases in the abundance of photosystem 
II (PSII) D1 and D2 proteins and cytochrome c6 under LL conditions, which suggests light-
induced dynamic modulation and phosphorylation of photosystem (Figure 2-11). These 
findings were correlated well with the photobiology observations, wherein photosynthetic 
efficiency of PSΙΙ (Fv/Fm) was found higher in cells cultured in LL. It is suggested that 
activated STNs via binding of plastoquinol to the cytochrome b 6 f complex to phosphorylate 
PSII D1, D2, CP4 and LHCII subunits under low light intensities (Trotta et al. 2016). STNs 
mediated LHCII phosphorylation is essential to regulate the distribution of excitation energy 
between PSII and PSI under low light condition, where the thermal dissipation of excitation 
energy is low and energy transfer from LHCII to the photosystems must be efficient (Tikkanen 
et al. 2012). However, significant accumulation of serine/therionine protein phosphatases (PP) 
under growth light (control) in the present study also suggests their role in PSII core 
dephosphorylation and degradation of damaged D1 protein for PSII repair and ROS 
homeostasis (Puthiyaveetil et al. 2014).  
 

The abundance of both phosphoenol pyruvate synthase (PEPS; 2.2-fold, p<0.05) and 
lactate dehydrogenase (3.9-fold, p<0.01) were significantly increased along with a decreased 
abundance of phosphoenol pyruvate carboxykinase (PEPCK; 0.4-fold, p<0.05) also observed 
under LL condition. PEPS catalyzes an essential step in the Calvin cycle and converts pyruvate 
into phosphoenolpyruvate (PEP). This suggest the induction of PEP synthesis in cells for its 
utilization either as an energy source for the phosphotransferase system of sugar uptake under 
stress conditions (Babele, Kumar & Chaturvedi 2019) or as a precursor for isoprenoid 
molecules such as fucoxanthin/peridinin (major component of light harvesting complexes- 
fucoxanthin/peridinin chl-binding protein; FCPs/PCPs) under LL conditions (Dizengremel et 
al. 2012). A range of FCPs and PCPs were found to have increased in abundance (2-5 folds, 
p<0.05) under LL conditions. Further, a significant increase (3.8-fold, p<0.01) of plastid 
localized 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD) was observed in LL 
conditions. IspD is an essential enzyme in the mevalonate-independent pathway (MEP) used 
to supply isoprenoid precursors for photosynthetic pigments (Hunter 2007) (Figure 2-11). All 
these results suggest that LL conditions favor isoprenoid precursor synthesis for photosynthetic 
pigments and fucoxanthin. A significant increase of GAPDH (7 folds, p<0.01) and 
phosphoglycerate kinase (PGK) (2.8 folds, p<0.05) was observed in LL compared to control 
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sample. GAPDH and PGK together convert glyceraldehyde-3-phosphate (GAP) into 3-
phosphoglycerate (3-PG) through glycolysis and Calvin cycle, playing critical roles in i) carbon 
and nitrogen metabolism via phosphorylated pathway of serine biosynthesis (Igamberdiev & 
Kleczkowski 2018), and ii) providing isoprenoid precursors in the mevalonate-independent 
pathway (Hunter 2007) (Figure 2-11).   
 

In the present study, increased abundance of mitochondrial acetylCoA carboxylase and 
Malonyl-CoA-acyl carrier protein transacylase suggests LL favors mitochondrial fatty acid 
synthesis (mtFAS) that is essential for mitochondrial biogenesis. It appeared that mtFAS under 
LL conditions is required for respiratory chain assembly and function, and lipoic acid synthesis 
(co-factor of several mitochondrial enzymes) to meet increased metabolic demand possibly for 
isoprenoids synthesis (Figure 2-11) (Welchen et al. 2014). Furthermore, the upregulation of 
mitochondrial cytochrome c-peroxidase (mtCcP) under LL conditions, indicates its role in 
detoxifying the reactive oxygen species (ROS) that would have been generated due to enhanced 
respiratory processes under LL conditions during mitochondrial biogenesis. In symbiotic 
cnidarians, the regulation of mitochondrial integrity and associated cell-signaling pathways has 
been proposed as a component of their response to acute abiotic stressors such as low light 
(Hawkins et al. 2016).  
 
4. Conclusion  

 
In this work, for the first time we compared the performance of three sample preparation 

techniques (FASP, SP3 and ST) for bottom-up shotgun proteotyping in Symbiodiniaceae. 
Among the three tested workflows, SP3 outperformed FASP and ST with a total sample 
processing time of nearly 6 h starting from protein extraction to injecting samples into the LC-
MS (excluding trypsin digestion). SP3 provides better quality peptide detection with high i) 
number of unique peptides, ii) percentage of zero-miss tryptic cleavage peptides, iii) protein 
sequence match scores, and iv) percentage of uniquely identified proteins. Further, in the SP3 
workflow, sample preparation was carried out in a single reaction vessel, therefore preventing 
sample loss during transfer, and required only a small amount of protein lysate. The SP3 
workflow successfully revealed the proteome regulation in Symbiodinium exposed to low light 
stress. It appeared that algal cells in LL, upregulated their light harvesting complex proteins, 
namely fucoxanthin chl a/c binding protein (FCPs) and chlorophyll a/c2-peridinin-protein-
complex (acpPCs); and various other proteins associated with PSI and PSII to capture more 
light and yield more photosynthetic electron transfer. Cells maintained their regular supply of 
these photosynthetic pigments from the mevalonate-independent pathway by utilizing carbon 
and nitrogen reserves for isoprenoid precursor biosynthesis. Furthermore, cells modulated their 
mitochondrial fatty acid synthesis (mtFAS) and TCA-cycle to maintain proper respiratory 
chain assembly and function to meet enhanced energy demand possibly for pigments synthesis 
under LL conditions. Overall, the SP3-based sample preparation workflow was found to be 
robust and provides a high-throughput bottom-up proteotyping tool for Symbiodiniaceae-based 
algal research to better understand the molecular mechanism underpinning the coral-
Symbiodinium association.    
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Abstract 

Peridinin-Chlorophyll a-Proteins (PCPs) are the major light harvesting proteins in 
photosynthetic dinoflagellates. PCP shows great variation in protein length, pigment ratio, 
sequence and spectroscopic properties. PCP conjugates (PerCP) are widely used as fluorescent-
probes for cellular and tissue analysis in the biomedical field. PCP consists of a peridinin 
carotenoid, thereby it can potentially be used as a bioactive compound in pharmaceutical 
applications. However, biological activities of PCPs are yet to be explored. In this study, we 
extracted, purified and partially characterised the PCP from Symbiodinium tridacnidorum (CS-
73) and explored its antioxidant, anti-cancer and anti-inflammation bioactivities. The PCP was 
purified using an ÄKTA™ PURE system and predicted to be of 17.3 kDa molecular weight 
(confirmed as a single band on SDS-PAGE) with an isoelectric point (pI) 5.6. LC-MS/MS and 
bioinformatic analysis of purified PCP digested with trypsin indicated it was 164 amino acids 
long with >90% sequence similarity to PCP of SymA3.s6014_g3 (belonging to clade A of 
Symbiodinium sp.) confirmed with 59 peptide combinations matched across its protein 
sequence. The spectroscopic properties of purified PCP showed a slight shift in absorption and 
emission spectra to previously documented analysis in Symbiodinium species. Purified PCP 
consisted of a 19 amino acid long signal peptide at its N terminal and 9 helixes in its secondary 
structure with several protein binding sites and no DNA/RNA binding sites. Further, purified 
PCP at a concentration of 0.1 - 0.8 mg/mL exhibited moderate to high antioxidant, anti-cancer 
and anti-inflammation bioactivities against tumor macrophage (RAW 264.7), human 
metastatic breast adenocarcinoma (MDA-MB-231) and human colorectal (HTC-15) cancer cell 
lines. Together, all these findings present PCP as a promising candidate for continued 
investigations for pharmaceutical applications to cure chronic diseases, apart from its existing 
application as a fluorescent-probe.   

 
1. Introduction 

Peridinin-Chlorophyll a-Protein (PCP) is a water-soluble light harvesting complex 
(LHC) protein in photosynthetic dinoflagellates (Carbonera et al. 2014b). PCP plays an 
important photoprotective role by quenching the triplet state chlorophyll a and singlet oxygen, 
which otherwise may damage photosynthetic LHC and thylakoid membrane under abiotic 
stress conditions (Carbonera et al. 2014b; Mirkovic et al. 2017). Therefore, reduced levels of 
PCP in thermally sensitive Symbiodinium dinoflagellates exposed to thermal stress is possibly 
linked to coral bleaching (Takahashi et al. 2008a) . These photosynthetic pigments are believed 
to be central to photoprotection in jellyfish and coral-associated Symbiodinium, by stabilization 
of the chloroplast thylakoids, and are vital to the prevention or quenching of reactive oxygen 
species (ROS) in the host cnidarian (Leone et al. 2013). Apart from photoprotection and light 
harvesting roles, PCP is also commercially used for fluorescent immunolabelling in medical 
research for fluorescent activated cell sorting (FACS). PCP spectral characteristics include 
excitation by a 488 nm argon laser, large stokes shift, and emission at 675 nm which suit its 
conjugation with antibodies, proteins and peptides for use in multicolour flow cytometry 
experiments. For example, Peridinin Chlorophyll Protein-Cyanin5.5 (PerCP-Cyanin5.5) and 
PerCP-vivo700 based PCP tandem conjugates are commercially available with a range of 
antibodies to label human cells (Mackowski 2012a). The PCP complex has recently been used 
to probe plasmonic interactions in various nanostructures such as functionalised silver 
nanowires for real-time bioconjugation sensing (Mackowski 2012a; Szalkowski et al. 2018).  
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PCPs in dinoflagellates shows a great variation in lengths, pigment contents, amino acid 
sequences and spectroscopic properties (Jiang et al. 2012a; Jiang et al. 2015) . Generally, there 
are two types of PCPs – a homodimer (15 kDa monomeric units) and a monomer (32-35 kDa) 
that have been identified from Symbiodinium species (Miller et al. 2005a; Weis, Verde & 
Reynolds 2002) . Most dinoflagellates express only one size class of PCPs, although a few 
express both. For example, both monomeric and homodimeric PCPs have been identified in S. 
microadriaticum; however, S. kawagutii possesses a monomeric PCP and S. pilosum possess a 
homodimeric PCP only (Iglesias-Prieto, Govind & Trench 1991a). In the dinoflagellate 
Amphidinium carterae a trimeric PCP complex has been reported, which is formed by three 
copies of the monomeric PCP (Wörmke et al. 2008a). However, this trimeric PCP may not 
necessarily function as a light-harvesting complex (Jiang et al. 2014). Protein sequence of 
monomeric units are quite similar in a homodimer PCP matches (Hiller et al. 2001; Jiang et al. 
2012a). Furthermore, genomic and transcript analysis of PCP genes in A. carterae, Gonyaulax 
polyedra, Heterocapsa pygmaea and Symbiodinium sp. revealed that PCP genes are nuclear-
encoded, intron-less and exist in tandem arrays (Jiang et al. 2012a; Jiang et al. 2014). Therefore, 
PCP gene heterogeneity is believed to be the source of multiple PCP isoforms in dinoflagellates 
with large variation in pI values (Jiang et al. 2012a). 

Carotenoids and chlorophyll are among the most abundant natural pigments in nature. 
The pigments are ubiquitously distributed in nature, especially in marine algae. The biological 
roles of these marine chlorophyll and carotenoids (astaxanthin, canthaxanthin, cryptoxanthin, 
fucoxanthin, zeaxanthin and violaxanthin), including antioxidant and anti-inflammatory 
activities, enhancing in vitro antibody production, and anti-tumor activity have received 
considerable attention as pharmaceuticals and nutraceuticals (Li, Ding & Li 2019; Pérez-
Gálvez, Viera & Roca 2020; Torregrosa-Crespo et al. 2018). Dinoflagellates represent a 
potential source of peridinin carotenoids in the form of PCP, which has a structure similar to 
that of fucoxanthin; however, its biological activities have not been explored sufficiently. 
Sugawara et al. (2007) reported that peridinin from the dinoflagellate Heterocapsa 
triquetra induced apoptosis of human colorectal cancer cells by activating both caspase-8 and 
caspase-9. Recently, peridinin from Symbiodinium sp. also showed potential in inhibiting 
eosinophils cells, thereby suppressing allergic inflammatory responses in mice (Onodera et al. 
2014).  

The presence of chlorophyll and peridinin carotenoid in Symbiodinium PCPs suggests 
wider applications for its commercialization; however, PCP extraction from Symbiodinium sp. 
has largely focused on spectroscopic properties and photosynthetic energy transfer analysis. 
The bioactive potential of PCP as an antioxidant, anti-inflammatory and anti-cancer agent 
remains to be explored. Although Symbiodinium LHCs are of considerable significance, the 
molecular level understanding of these protein-pigment complexes is limited compared to that 
of their counterparts in higher plants, green algae, diatoms and photosynthetic bacteria. 
Therefore, it is imperative to purify and characterise PCPs from Symbiodinium sp. which 
exhibits multiple forms of PCPs, exploring its biological activities to enhance its 
pharmaceutical applications as marine bio-products. This study describes the extraction and 
purification of PCP from the marine dinoflagellate Symbiodinium tridacnidorum (ITS2-type 
A3, CS-73) using the ÄKTA™ PURE system. The spectroscopic properties of purified PCP 
and the amino acid sequence of purified PCP was then determined using mass spectrometry, 
along with bioinformatic analysis used to predict its structure and functional domains. 
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Furthermore, bioactivities of the purified PCP including antioxidant, cytotoxicity, and anti-
inflammation are examined for its potential use in pharmaceutical applications. 

 
2. Materials and Methods 

2.1 Algal Culture  

Symbiodinium tridacnidorum (ITS2-type A3, CS-73) cells were cultured in 500 mL of 
IMK media using glass conical flasks. The cultures were maintained under a white coloured 
fluorescent lamp at an intensity of 120 μmol photons m-2 s-1 within a climate-controlled 
incubator at 25 °C. The light cycle was set to 12:12 h of light and darkness. The light intensity 
in the incubator was measured using a light meter (Licor, Nebraska) and a 4Pi sensor. The 
culture was harvested in the late exponential phase and used for PCP extraction, purification 
and bioactivity analysis.  

2.2 Extraction and Isolation of PCP 

A PCP extraction procedure was performed according to Ogata et al. (1994a) with 
minor modifications. Briefly, Symbiodinium cultures were harvested by centrifugation at 
8000× g for 10 min at 4 ◦C. An algal pellet was re-suspended in 50 mM Tris-HCl buffer pH 7.5 
and cell lysis was performed using an ultra-sonication probe (Q55 Sonicator, Thomas 
Scientific, Swedesboro, NJ, USA) with cycles lasting 25 s, repeated 5 times with 25 s off-time 
between each sonication cycle, while remaining on ice to avoid excess heating during 
sonication. The resulting lysate was centrifuged at 15,000× g for 15 min at 4 ◦C to remove the 
cell debris and unbroken cells. Ammonium sulphate salt was added into the resulting 
supernatant at 50% saturation to precipitate PCP overnight at 4°C, followed by centrifugation 
at 8000× g for 10 min at 4 ◦C. The orange-coloured supernatant containing the water-soluble 
PCP was desalted using Sephadex G-25 in a PD-10 desalting column and later concentrated 
using 10 kDa centrifugal filters (Amicon® Ultra). The resulting PCP was passed through a 
HiTrap® Q HP column using ÄKTA™ PURE system and the fractions were eluted by 20 mM 
Tris-HCl (pH 8.0) with a linear gradient of NaCl from 0-0.5 M in the same buffer. The deep 
orange coloured fraction containing the water-soluble PCP was collected and stored at -20 °C 
in complete darkness for further use. 

2.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was used to analyse Symbiodinium PCP under denaturing conditions. The 
purified PCP was diluted with a 2X Laemmli sample buffer (4% (w/v) SDS, 0.2% (w/v) 
bromophenol blue, 20% (v/v) glycerol, 200 mM DTT) and 5% (v/v) β-mercaptoethanol. The 
PCP was boiled for 5 min at 95°C using digital dry baths (AccuBlock™) and separated using 
an electrophoresis system (Bio-Rad Mini-PROTEIN®) in 5-12% TGX Stain-Free™ Precast 
Gels. The protein was separated using a tri-glycerol-SDS (TGS) electrophoresis buffer at 230 
V for 30 min. Coomassie Brilliant Blue R-250 was used to stain proteins in SDS-PAGE gels. 
Gels were placed in a fixing solution (50% methanol, 10% glacial acetic acid) for 30 min and 
incubated in Coomassie stain (50% methanol, 10% glacial acetic acid, 0.1% (w/v) Coomassie 
Brilliant Blue G-250) for 12 h at room temperature, while gently shaken. The gel was de-
stained in a solution of 40% methanol, 10% glacial acetic acid for 3 h. The PCP sample, PCP 
standard and Precision Plus Protein™ WesternC standard protein marker were run on the gel 
and visualized using ChemiDoc™ MP Imaging System (Bio-Rad). 
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2.4 Protein digestion and LCMS/MS analysis 

2.4.1 Protein digestion and peptide recovery 

The Coomassie blue-stained band of purified PCP was excised from the gel and in-gel 
digested with trypsin. The band was excised and chopped into small pieces and de-stained in 
200 µL of 1:1 acetonitrile (ACN) and 100 mM ammonium bicarbonate solution at room 
temperature for 10 min. De-stained gel pieces were dehydrated with 200 µL of 100% ACN at 
room temperature for 10 min. 15 ng/µL of Trypsin digestive enzyme in 100 mM ammonium 
bicarbonate was added to the gel piece and the enzymatic reaction was performed overnight at 
37 °C in an incubator. Later, digested peptides were extracted twice using an extraction solvent 
(50 µL of acetonitrile/ 2% formic acid) for 10 min in a digitally controlled ultrasonic water 
bath. The extracted peptide solution was dried in a vacuum concentrator (SpeedVac DNA120) 
until it reached 10 µL volume. The peptide solution was centrifuged at 14,000 g for 10 min to 
remove any insoluble material prior to LC/MS/MS analysis.  

2.4.2 LCMS/MS analysis of peptides 

Trypsin digested peptides were analysed by LC-MS/MS according to Supasri et al 
(2021). Peptide solution (20 uL) was loaded at 15 µL/min onto a nanoEase C18 trapping 
column (Waters, Milford, MA, USA) with 2% acetonitrile and 0.1% formic acid for 3 min. The 
peptides were eluted from the trapping column onto a PicoFrit column (75 µm ID × 250 mm; 
New Objective, Woburn, MA, USA) packed with C18AQ resin (3 µm; Michrom Bioresources, 
Auburn, CA, USA). Repeated injections of standard samples (six bovine tryptic digest equal 
molar mix, New England Biolabs, USA) were used to monitor the instrument stability. Peptides 
were eluted from the column and into the source of a mass spectrometer (Q Exactive Plus, 
Thermo Scientific) using the following program: 5–30% MS buffer B (98% acetonitrile + 0.2% 
formic acid) over 90 min, 30–80% MS buffer B over 3 min, 80% MS buffer B for 2 min, 80–
5% for 3 min. The eluting peptides were ionized at 2000 V. A data dependent MS/MS (dd-
MS2) experiment was performed, with a survey scan of 350–1500 Da performed at 70,000 
resolution for peptides of charge state 2+ or higher with an automatic gain control (AGC) target 
of 3 × 106 and maximum injection time of 50 ms. The top 12 peptides with high AGC value 
were fragmented in the higher-energy collisional dissociation (HCD) cell using an isolation 
window of 1.4 m/z and an AGC target of 1 ×105 and maximum injection time of 100 ms. 
Fragments were scanned in the Orbitrap analyzer at 17,500 resolution and the product ion 
fragment masses measured over a mass range of 100–2000 Da. The mass of the precursor 
peptide was then excluded for 30 s.  

Raw MS files from each digest analysis were searched using PEAKS Studio v8.5 
(Bioinformatics Solutions, Waterloo, ON) against a customised proteomic database that 
combine the proteomic datasets of Symbiodinium microadriacticum downloaded from Uniprot 
(https://www.uniprot.org/proteomes/UP000186817) and proteomic datasets for 
Symbiodiniaceae algae including Fugacium kawagutii, Breviolum minutum, Symbiodinium sp. 
and Cladocopium sp. (http://sampgr.org.cn/) (Yu et al. 2020) for protein identification. The 
search parameters were set as follows: tolerance of one missed cleavage of trypsin, oxidation 
(M) for methionine as the variable modifications, and carbamidomethyl (C) for cysteine as 
fixed modifications. Three missed cleavage sites were allowed, with a parent and fragment 
mass error tolerance of 20 ppm and 0.1 Da, respectively. The charge states of peptides were set 
to +2 and +3. The threshold selection for random protein sequences was a PEAKS probability-
based ion score greater than 15 and false-discovery rate of 0.1%. Automated variance 
stabilization, normalization, isotopic correction and median correction were selected as pre-

https://www.uniprot.org/proteomes/UP000186817
http://sampgr.org.cn/
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setting parameters in PEAKS Studio v8.5 software. A protein with at least one unique peptide 
was consider for protein identification and for protein quantification and regulation analysis. 
Peptides were further validated by manual inspection of the MS/MS spectra for the peptide to 
ensure the b- and y-ion series were sufficiently extensive for an accurate identification.  
 

2.5 Bioinformatics analysis of protein sequence 

Theoretical isoelectric point and molecular weight of the purified PCP protein that 
matched with high confidence to PCP amino acid sequence of SymA3.s6014_g3 (belonging to 
clade A of Symbiodinium sp.) were predicted by ExPaSy PeptideMass 
(https://web.expasy.org/peptide_mass/). The signal peptide analysis was conducted by Phobius 
software (https://phobius.sbc.su.se/). Further, several bioinformatic tools including QUARK, 
COACH and I-TASSER were used to predict the 3-dimensional structure of protein molecules 
from the amino acid sequence, and to deduce their biological function based on the sequence-
to-structure-to-function. Furthermore, PredictProtein was used to predict secondary structure, 
solvent accessibility, transmembrane helices and globular regions (https://predictprotein.org/). 
 

2.6 PCP Spectroscopic Properties 

The absorption spectra and fluorescence emission spectra were also investigated using 
microplate spectrophotometers (Tecan Infinite M1000 PRO, Tecan Group Ltd. Männedrof, 
Switzerland). The absorption spectra were measured across the range 400-800 nm with a 2 nm 
wavelength step size at room temperature. The fluorescence emission spectra were excited at 
480 nm and measured from 550 to 800 nm. 
 

2.7 Bioactivity assays  

2.7.1 ABTS radical scavenging assay 

Free radical scavenging activity of PCP was determined by 2, 2’-azino-bis3-
ethylbenzthaioline-6-sulfonic (ABTS) radical cation decolorization assay according to Re et 
al. (1999). ABTS·+ cation radical was produced by the reaction between 7 mM ABTS in water 
and 2.45 mM potassium persulfate (1:1), stored in the dark at room temperature for 12-16 h 
before use. ABTS·+ solution was then diluted with methanol to obtain an absorbance of 0.700 
at 734 nm. After the addition of 5 μL of PCP (concentration ranged from 0.2- 1.4 mg/mL) to 4 
mL of diluted ABTS·+ solution, the absorbance was measured 30 min after initial mixing. An 
appropriate solvent blank was run in each assay. All of the measurements were carried out at 
least three times. Ascorbic acid was used as a standard. Percentage inhibition of absorbance at 
734 nm was calculated by the following equation: 

%inhibition = [(A0 – A1)/A0] x 100 

A0 expresses the control; A1 expresses the absorbance of the purified PCP.  

 

2.7.2 Cytotoxicity and anti-inflammation assay 

2.7.2.1 Cell culture preparations 

https://web.expasy.org/peptide_mass/
https://predictprotein.org/
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Various cells including Abelson murine leukemia virus induced tumor macrophage 
(RAW 264.7), human metastatic breast adenocarcinoma (MDA-MB-231) cancer cell lines and 
human colorectal (HTC-15) cancer cell lines were prepared as described previously 
(McCauley, Zivanovic & Skropeta 2013). Briefly, cell lines were cultured in RPMI 1640 
medium supplemented with 10% (v/v) fetal bovine serum (FBS), L-glutamine and incubated 
in a humidified incubator at 37C in a 5% CO2 atmosphere. Cells were treated with purified 
PCP dissolved in dimethyl sulfoxide (DMSO), added to the culture medium at a concentration 
ranged 12.5- 400 mg/mL and incubated for 24 h. The concentration of DMSO in PCP applied 
to cells did not exceed 1% (v/v). 

2.7.2.2 MTS Cytotoxicity Assay 

Cytotoxicity was determined using 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium) (MTS) colorimetric assay 
according to previous studies (McCauley, Zivanovic & Skropeta 2013; McCauley et al. 2015). 
Cells (HTC 15; MDA-MD 231 and RAW 264.7) were seeded (25,000 cells/well) in a 96-well 
plate and kept at 37 °C and 5% CO2. After 24 h, cell lines were treated with purified PCP (12.5-
400 µg/mL) followed by incubation at 37C and 5% CO2. After 24 h, 10 L of MTS reagent 
was added into each well and incubated for 2 h. Finally, the absorbance at 490 nm was read 
using microplate reader. The percent cytotoxicity of various concentrations of purified PCP 
was calculated against positive growth control (1% DMSO) and kill control (10% DMSO). 
Cytotoxicity percentage was plotted as a function of purified PCP concentration to illustrate its 
cytotoxic potential.   

2.7.2.3 Anti-inflammatory activity 

The murine RAW 264.7 macrophage cell, a widely used model for inflammatory 
studies were used to test the anti-inflammatory potential of PCP protein. RAW cells stimulated 
with lipopolysaccharide (LPS) derived from Escherichia coli was used to induce NO synthesis 
(McCauley et al. 2015). The cells were seeded (25,000 cells/well) in 96 well-plates and 
incubated at 37 °C and 5% CO2. When the cells were fully adhered after 24 h, they were treated 
with various concentrations of purified PCP (12-400 µg/mL) reconstituted in DMSO and 1 
mg/mL LPS for 24 h. Finally, an aliquot of the conditioned medium was mixed with an equal 
volume of Griess reagent (1% sulphanilamide and 0.1% N-(1-naphthyl) ethylenediamide 
dihydrochloride solution). After 10 min incubation at room temperature, the absorbance was 
determined at 540 nm. Sodium nitrite, diluted to concentrations of 0-100 µM, was used to 
generate a standard curve. Data was expressed as a percentage of nitrite production compared 
to positive control (1% DMSO) and kill control (10% DMSO) (Jin et al. 2006; Takahashi et al. 
2019). 

2.8 Statistical analysis 

All assays were done in triplicate and the data was expressed as mean  standard 
deviation (SD; n=3). Data were analyzed by one-way analysis of variance (ANOVA) with 
Turkey’s multiple comparisons to determine significant differences of mean values using 
GraphPad Prism version 8.00 (GraphPad Software, USA). 
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3. Results and discussion

3.1 PCP extraction and purification 

Our previous studies showed PCP accumulation under low light condition (30 μmol 
photons m-2 s-1) in S. tridacnidorum cultures (Supasri et al. 2021) . Therefore, algal cultures 
grown under low light conditions were harvested in their late exponential phase. Subsequently, 
PCP extraction and purification procedures using the AKTA™ PURE (Figure 3-1) was 
successfully achieved with a yield of 6.2 mg/L algal culture obtained after ammonium salt 
precipitation and desalting processed through an intuitive ion-exchange chromatography
ÄKTA™ PURE system. A highly purified PCP protein with an absorbance peak at 484 nm 
was eluted as a clarified deep-orange solution (Figure 3-2)

Figure 3-1. Chromatogram of S. tridacnidorum purified PCP using ÄKTA™ PURE system.

Figure 3-2. Symbiodinium tridacnidorum (ITS2-type A3, CS73) cultures in incubator and 
purified PCP (orange solution) using ÄKTA™ PURE system.
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The purity of the PCP was examined by SDS-PAGE (Figure 3-3) that resolved the PCP 
into a single band of molecular weight (MW) between 15 and 20 kDa, which was determined 
theoretically to be 17.3 kDa based on protein sequence coverage. PCPs in dinoflagellates occur 
mainly in two different forms, a short-form with each monomeric unit mass of 14–16 kDa 
(homodimeric form) and a long-form with a mass of 30–35 kDa (monomeric form), possibly 
due to gene duplication (Iglesias-Prieto, Govind & Trench 1991a; Jiang et al. 2012a). 
Exceptionally, A. carterae (Hofmann et al. 1996) and Symbiodinium sp. (CS-156) (Jiang et al. 
2012a; Jiang et al. 2014) exhibited three monomeric PCPs assembled into a trimeric complex. 
In present study, SDS-PAGE analysis suggested the possible occurrence of a short-form of 
PCP in S. tridacnidorum with a monomeric unit of molecular mass of ~15-20 kDa. The 
occurrence of such monomeric units in a homodimeric PCP have been suggested to be similar 
in amino acid sequence and configuration (Hiller et al. 2001). Similar to our findings, Weis, 
Verde & Reynolds (2002) identified a short-form of PCP in S. muscatinei, a symbiotic 
dinoflagellate resident in the sea anemone Anthopleura elegantissima. However, in 
Symbiodinium sp. (CS-156), a monomeric PCP of Mw 32.7 kDa was identified (Jiang et al. 
2012a) . Both monomeric and homodimeric PCPs have been detected in S. microadriaticum, 
while S. kawagutii and S. pilosum possessed only a single form of PCP, monomeric and 
homodimeric forms, respectively (Iglesias-Prieto, Govind & Trench 1991a). Compared to 
water soluble PCPs, thylakoid intrinsic chlorophyll a/c2-peridinin-protein complexes (acpPCs) 
of 18–20 kDa have also shown abundance in Symbiodinium cells with their N-terminal region 
similar to the LHCs of higher plants. Jiang et al. (2014) highlighted the existence of a functional 
trimeric acpPCs (Mw – 18.3 kDa of each monomeric unit) in Symbiodinium sp. (CS-156). 
However, PCP identified in this study did not match with acpPC sequence, thus excluded its 
existence as acpPC.

Figure 3-3. SDS-PAGE demonstrated marker protein (lane M), PCP commercial standard 
(lane 1), PCP crude extraction (lane 2), PCP desalination (lane 3) and a single band of purified 
PCP from S. tridacnidorum at molecular mass 15 kDa after ÄKTA™ PURE system (lane 4). 

Purified PCP resolved as a single band by SDS-PAGE was excised and digested with 
trypsin enzymes to determine PCP amino acid sequence. In LC–MS/MS analysis of proteins, 
the protein digestion is a critical step, wherein trypsin is the preferred digestion enzyme by 
most researchers.
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Trypsin being a serine protease, cuts PCP protein at the carboxyl side of arginine and 
lysine residues, resulting in smaller peptides (700-1,500 Da) which are ideal for LCMS 
analysis. Trypsin-based digestion of PCP and subsequent MS analysis identified a total of 59 
peptides with two unique peptides and a peptide score -10lgP value >220) that covered >91% 
of protein sequence matched to accession SimA3.s6014_g3 (Symbiodinium clade A) (Figure 
3-4). Earlier, Jiang at al. (2012) and (2014) also performed the trypsin-based digestion for PCP 
sequence analysis in Symbiodinium sp. (CS-156) and concluded the occurrence of monomeric 
PCP (Mw 32.7 kDa) and a trimeric PCP (apcPC; Mw 18.3 kDa of each subunit).

Figure 3-4. Trypsin-based PCP digestion and MS analysis. Sequence coverage, total and 
unique peptide identified in PCP protein (A); PCP sequence identified using PEAKS 8.5 

(A)

(B)

(C)
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software. Dark shaded sequence defines the identified peptides across the protein sequence (B); 
Total peptides (blue lined) and unique peptides (*) identified in MS analysis (C). Subscript 
letters (d) and (o) on identified peptides denotes deamidation and oxidation post-translational 
modifications (PTMs). 

The bioinformatic analysis of PCP sequence inferred from Figure 2 identified 164 
amino acids with theoretical Mw 17.13 kDa and isoelectric point (pI) 5.60. Regardless of PCP 
size that an individual dinoflagellate species expresses, multiple PCP isoforms with distinct pIs 
have been observed in various dinoflagellates. Most isoforms from A. carterae, 
Glenodinium (Heterocapsa) sp. and S. microadriaticum exhibited a basic pI 7.2-7.7 (Haxo et 
al. 1976a; Jiang et al. 2012a; Reichman, Wilcox & Vize 2003). However, several symbiotic 
dinoflagellates produced predominantly acidic PCP isoforms with pI ranges similar to the 
predicted in the present study, including S. goreauii (Trench & Blank 1987), 
Symbiodinium from Montastrea annularis, and M. cavernosa (Chang & Trench 1982). In 
addition, the calculated pI of PCP in G. polyedra and Symbiodinium from A. formosa were 
registered as 6.28 and 5.28, respectively. Furthermore, differences in spectroscopic properties 
of isoforms between inter- and intra- species has also been observed (Haxo et al. 1976a; 
Iglesias-Prieto, Govind & Trench 1991a; Prézelin & Haxo 1976). However, whether PCP 
isoform variation is due to post-translational modification, protein degradation, or genetics 
remains unclear. The nuclear genes that encode PCPs are identified as intronless and exist in 
multigene families set in tandem arrays (Shoguchi et al. 2018a). Evidence has mounted to 
suggest that the expression of distinct PCP isoforms is primarily due to genetic diversity among 
gene copies in PCP arrays (Boldt, Yellowlees & Leggat 2012; Hiller et al. 2001; Shoguchi et 
al. 2018a). The functional significance of PCP isoform diversity is suggested to help algae in 

harvesting photonic energy more efficiently, while adapting to a variety of habitats with low light intensities and 

poor nutrient (Stomp et al. 2007). 

The identified PCP protein sequence inferred from Fig. 2 appeared to contain a signal 
peptide of 19 amino acids. This signal peptide comprised of (i) a hydrophilic and a positively 
charged n-region (1-3 amino acids), (ii) a central hydrophobic h-region at 4-14 residues and 
(iii) a c-region from 15-19 amino acids with the cleavage site for signal peptidase (SPase) 
followed by a long non-cytoplasmic protein sequence region (from 20-164 amino acids) 
(Supplementary Figure 3). The comparison of the translated PCP sequences with peptide 
sequencing using LC–MS/MS, revealed that the mature protein starts at Asp53 (D). Protein 
sequence alignment of F. kawagutii V1, V2 and V3; S. microadriacticum, C. goreaui, 
Symbiodiniaceae clade C, Symbiodiniaceae clade A, and B. minutum PCPs; and the identified 
sequence in this study showed that all mature PCPs begin at Asp53, and most of them share a 
sequence of DKIDDAAK at the N terminus (Jiang et al. 2012a; Yu et al. 2020). Additionally, 
the hydrophobic h-region of the signal peptide (SP) was found to be rich in A (Alanine) residues 
(predicted by  ExPASy ProtScale tool) similar to other Symbiodiniaceae family PCPs 
(Supplementary Figure 4), which is a common feature of various SPs of nuclear encoded 
thylakoid proteins (Balsera, Soll & Bölter 2009). This SP sequence analysis is in agreement 
with co-crystallization of PCP and digalactosyl diacyl glycerol (DGDG) (Le et al. 1997), which 
is mostly found in the inner thylakoid membrane (Jiang et al. 2012a), supporting that PCP is 
located in the thylakoid lumen (Jiang et al. 2012a; Jiang et al. 2014; Le et al. 1997). 
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3.2 Secondary structures, topology and protein binding features of PCP protein sequence 

We further characterised the PCP sequence using diverse protein structure 
bioinformatic tools to predict its secondary structure and other features. Protein prediction tools 
provided in-depth information about its secondary structure, solvent accessibility, topology 
features and protein/DNA/RNA bindings domains (Figure 3-5 A). Interestingly, a 164 amino 
acid long PCP sequence possessed 11 helixes that covered >56% of structure and 45% random 
coiled structures with 55% of exposed and 39% buried structural domains (Figure 3-5 B and 
C). Further, based on the degree of flexible and rigid residues in the protein sequence, the 
identified PCP was suggested to have an intermediate level of flexibility/rigidity with most of 
residues (>80%) appeared in PROFbval (35-70) and only 10% each in the score value of <30 
and >70. Further, the PCP protein sequence was found to have only protein binding domains 
(scoring RI value 0-35 with >70%) with zero DNA /RNA binding domains (Figure 3-5 A). 

Figure 3-5. PredictProtein tools depict information on secondary structures, solvent 
accessibility and topology and protein binding features based on identified PCP protein (from 
S. tridacnidorum) sequence. 

(A)

(B) (C) (D)
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The flexibility of residues is strongly correlated with secondary structures and solvent 
accessibility (Ludington, 2015). A regular secondary structural element such as alpha helices 
and beta strands tend to be more stable than random coils. Buried segments tend to be less 
flexible than exposed ones. Consequently, this analysis suggested that the identified PCP is a 
more flexible and stable protein (Kozlowski & Bujnicki 2012). Further, understanding of the 
protein binding residues allows structure-based drug design. Drug molecules usually affect the 
interaction between the target protein and its normal ligand (Ludington 2015). However, less 
than 0.36% of all proteins of known sequence in UniProt correspond to a known experimental 
3D structure in the Protein Data Bank (PDB) (Breuza et al. 2016). Therefore, it is essential to 
use computational tools to reliably and rapidly identify protein-, DNA- and RNA-binding 
proteins or residues. Our analysis of the protein binding capacity of PCP with no DNA/RNA 
binding domains, supports its suitability in designing diverse protein-conjugates including 
PerCP/Cyanine5.5 Streptavidin and PerCP-eFluor 710 for indirect immune-fluorescent 
staining as used in biotechnology applications (Dray, Ousley & McKim 2021; Du et al. 2020; 
Wang, Li & Guo 2020).

Further, we explored I-TASSER and COACH to predict 3D model of predicted PCP 
protein sequence (Figure 3-6 A and B). I-TASSER (Iterative Threading ASSEmbly 
Refinement) is a hierarchical approach to protein structure prediction and structure-based 
function annotation. To predict the 3D model of the PCP protein in the present study, it first 
identified structural templates from the Protein Data Bank (PDB) by the multiple threading 
approach LOMETS, with full-length atomic models constructed by iterative template-based 
fragment assembly simulations. I-TASSER only uses the templates of the highest significance 
in the threading alignments, the significance of which are measured by the Z-score.

Figure 3-6. Secondary structure prediction of identified PCP protein sequence matched to 
accession SimA3.s6014_g3 (A), 3D model with ligand binding sites depicted by I-TASSER 
and COACH (B), I-TASSER based PCP protein (from S. tridacnidorum) sequence alignment 
to template IpprM with highest matching scores (C).
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Based on this analysis, the predicted PCP sequenced matched close to 1pprM of 
PERIDININ-CHLOROPHYLL-PROTEIN OF AMPHIDINIUM CARTERAE from RCSB 
PDB (protein databank; https://www.rcsb.org/structure/1ppr) with a Z-score 2.8, C-score 1 and 
TM score 0.75 (Figure 3-6 C). C-score is a confidence score for estimating the quality of 
predicted models and TM-score is a scale for measuring the structural similarity between two 
structures by I-TASSER (Yang & Zhang 2015). Subsequently, biological annotations of the 
predicted PCP protein by COFACTOR and COACH programs were performed based on the I-
TASSER structure prediction. COFACTOR and COACH determine protein functions (ligand-
binding sites, EC and GO) using structure comparison and protein-protein networks (Zhang, 
Freddolino & Zhang 2017). As suggested by COFACTOR, it predicted that the PCP protein 
belongs to the biological process (protein-chromophore linkage – GO:0018298) and cellular 
component (light-harvesting complex – GO: 0030076). COACH predicted 19 ligand binding 
sites in the predicted PCP protein sequence with peridinin (PID) as major ligand with C-score 
0.51 and cluster size 30 (Table 3-1).

Table 3-1. Ligand binding site residues prediction in PCP protein (from S. tridacnidorum) 
sequence by COACH considering 1pprM as a template model - PID denotes peridinin.
(https://www.rcsb.org/structure/1ppr)

3.3 Spectroscopic properties of PCP

The absorption spectrum of PCP measured at room temperature (Figure 3-7 A) 
consisted of a broad band between 400-540 nm with major peaks at 442, 484 and 674 nm. 
These spectral peaks were assigned to be of Chl a Soret band (at 422 nm), broad peridinin band 
(at 484 nm) and a Chl a Qy band (at 674 nm). These peaks were in close proximity to PCPs
from Symbiodinium species and A. carterae (Iglesias-Prieto, Govind & Trench 1991; Ilagan et 
al. 2006; Jiang et al., 2012; Jiang et al., 2014) with a slight shift of 4 nm for Chl a; 8 nm for 
peridinin and a 4 nm for Chl a Qy band. Furthermore, the maximum fluorescence emission 
(Figure 3-7 B) of purified PCP differed slightly to that of the previously studied species of 
Symbiodiniaceae (Jiang et al., 2012) with a maximum and vibronic peak at 676 and 735 nm.

Figure 3-7. Absorption (A) and fluorescence emission (B) spectrum of S. tridacnidorum PCP.

(B)(A)

https://www.rcsb.org/structure/1ppr
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The observed variations in both absorption and emmision spectrum in the present study 
could be explained on the basis of amino acids sequence analysis. In this study, the predicted 
PCP sequence was best modelled with A. carterae PCP (PDB ID: 2X1Z_M; IpprM) (Figure 3-
6 B and C) as supported by COACH and I-TASSER prediction tools. These prediction models 
suggested a region at 100-108 amino acid sequence, amongst other regions as possible 
peridinin binding sites. It was evident earlier that the possible Chl a binding sites in 
the Symbiodinium sp. and A. carterae  PCPs lies in a region LKAAAEAHHKAIGSIDA in 
which Histidine interacts with Chl a through a water molecule (Schulte, Hiller & Hofmann 
2010) and VNAALGR for peridinin binding. Both these regions match well (>95% amino acids 
match) in Symbiodinium sp. and A. carterae (Jiang et al. 2012a); however, this varied 
significantly in S. tridacnidorum which was examined in the present study (Figure 3-8). These 
and other differences in the sequences (responsible for putative Chl a and peridinin-binding) 
could possibly explain the observed differences in absorption and emmision spectrum of PCP 
in S. tridacnidorum when compared to other species of Symbiodinieceae.   
 

 

Figure 3-8. Predicted PCP protein sequence allignment of S. tridacnidorum (query) and  A. 
carterae (subject). Query sequence matched to subject protein sequence with score 110 bits, 
expected value 3e-25, identity (73/155; 47%) and gaps (1/155; 9%). The solid lined peptide 
sequence is a possible Chl a binding site and dotted lined sequence is a possible peridinin-
binding site in S. tridacnidorum (query) and A. carterae (subject). 
 
3.4 Antioxidant, cytoxicity and anti-inflamation bioactivities of PCP 

 
3.4.1 Antioxidant potential of PCP 

In the present study, the purified PCP from S. tridacnidorum exhibited significant 
antioxidant activity by inhibiting the radical cation ABTS•⁺ in a dose-dependent manner. The 
purified PCP scavenged >50% ABTS•⁺radicals at a concentration of 0.8-1 mg/mL (Figure 3-9) 
which is presumed to be primarily associated with peridinin present in PCP. Peridinin is a 
unique allenic oxi-carotenoid and highly abundant in dinoflagellates (55% of total carotenoids) 
which extends the range of absorption for light harvesting. Consistent with earlier reports, 
peridinin extracted from the marine algae Gonyaulax polyedra exhibited singlet oxygen 
quenching potential, albeit with low potency (5 folds less) than that of ß-carotene (Pinto et al. 
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2000). Lower quenching potential of peridinin compared to carotene is suggested to be due to 
less conjugated double bonds present in their chemical structure (Foote et al. 1970).  
Fucoxanthin, a carotenoid with a structure similar to peridinin has also been reported to be 10 
folds less effective than ß-carotene in scavenging reactive radicals, but exhibited 13 fold higher 
hydroxyl radical scavenging activities than that of α-tocopherol (Sachindra et al. 2007). 
Interestingly, fucoxanthin and similar carotenoids such as peridinin have shown high 
antioxidant potential under anoxic conditions, whereas other carotenoids, such as β-carotene 
and lutein, shown little to no quenching activities in such chemical assessment systems 
(Nomura et al. 1997). 

Peridinin was found to mitigate atherosclerosis by inhibiting nonenzymatic bilayer lipid 
peroxidation in liposomes and in primary human endothelial particularly in patients with 
deficiencies of anti-lipoperoxidant protein function (Haley et al. 2018). Additionally, 
chlorophylls of green seaweeds and microalgae have been identified as a rich source of edible 
antioxidant with strong radical-scavenging activities and reducing power due to pheophorbide 
content in their structure (Pérez-Gálvez, Viera & Roca 2020). Reactive nitrogen and oxygen 
species have been shown to promote various chronic diseases including diabetes, cancer and 
Alzheimer’s disease (Ishikawa et al. 2016a); the inclusion of chlorophyll and carotenoid-based 
formulations (sourced from micro and macroalgae) in human diets has emerged recently to 
promote a healthy lifestyle (Pérez-Gálvez, Viera & Roca 2020). Therefore, algal PCPs enriched 
in peridinin and chlorophyll could possibly be considered a promising antioxidant and anti-
lipoperoxidants, and may serve as more effective biological probes and/or therapeutics.  

 

Figure 3-9. Antioxidant activity of the purified PCP from S. tridacnidorum on ABTS radical 
scavenging activity. Results represent the mean ± SD of three replicates. Different superscript 
letters on column bars denotes significant difference at p<0.05.  

3.4.2 Cytotoxicity and anti-inflammation potential of PCP from S. tridacnidorum 

In this research, for the first time we explored the cytotoxicity and anti-proliferation 
potential of purified PCP extracted from S. tridacnidorum. Cytotoxicity potential of PCP was 
examined by assessing the viability of human colorectal (HTC-15), human breast 
adenocarcinoma (MDA-MD 231) cancer cells and tumor macrophage (RAW 264.7) cell lines. 
PCP significantly reduced the viability of these cells in a dose-depended manner (Figure 3-10 
A, B and C). However, its noteworthy that PCP responded differentially to these 
cancerous/tumor cells. For example, PCP at concentration 100 µg/mL reduced viability of 
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HTC-15 to nearly 25% (p<0.01), whilst MDA-MD 231 cell to 48% (p<0.05) (Figure 3-10 A 
and B). However, PCP reduced the cell viability of tumor macrophage RAW 264.7 to only
64%, albeit at much higher concentration (400 µg/mL, Figure 3-10 C). These results suggested 
moderate to-high cytotoxicity potential of PCP to cancerous cell lines. Earlier, numerous 
studies have shown the cytotoxicity potential of carotenoid pigments and categorized their 
toxicity as non-toxic (if ≥70% cell viable), weak toxic (50-70%), moderate toxic (30-50%) and 
highly toxic (≤30%) (Araújo et al. 2013; Mashjoor et al. 2016). So far, marine carotenoids 
including fucoxanthin and its metabolite fucoxanthinol and chlorophyll derivatives have shown 
multiple bioactivities and considerable potential for prevention and treatment of cancer 
(Ishikawa et al. 2016a; Rokkaku et al. 2013; Sugawara et al. 2007).

In support of our findings, Ishikawa et al. (2016a) demonstrated that peridinin dose-
dependently inhibited cell proliferation and viability of HTLV-1-infected T-cell lines by either 
arresting cells at G1 phase (at 5 µM) or by inducing apoptosis (at 10 µM). Sugawara et al. 
(2007) reported that peridinin (isolated from dinoflagellate Heterocapsa triquetra) induced 
apoptosis in human colorectal cancer cells by activating both caspase-8 and caspase-9. Further, 
Kim et al. (2010) reported fucoxanthin mediated reduction of proliferation of leukemic 
monocyte RAW264 cells by inhibition of NF-κB activation and the suppression of MAPK 
phosphorylation. Sakai, Sugawara & Hirata (2011) reported that fucoxanthin, astaxanthin, 
zeaxanthin and β-carotene cytotoxicity to leukemia 2H3 and mast cells by inhibiting antigen-
induced release of β-hexosaminidase and antigen-induced aggregation of the high affinity IgE 
receptor on mast cells. Several chlorophyll derivatives (e.g., Chl a, pheophytin a, pheophytin 
b, pheophorbide a) or phycobilins such as phycocyanin (Guerin, Huntley & Olaizola 2003)
have also been shown to reduce viability of cancerous cells. Interestingly, supplementation of 
peridinin (1 µmol) in dietary water suppressed skin tumours induced by 12-
otetradecanoylphorbol-13-acetate in mice (Nishino 1998). All together these findings 
supported our findings for PCPs (comprised of peridinin and chl) of S. tridacnidorum to be a 
potential cytotoxic agent towards tumour cell lines agent.

Figure 3-10. Effect of purified PCP treatment on cytotoxicity of human colorectal (HTC- 15) 
(A), human metastatic breast adenocarcinoma (MDA-MD 231) (B) and abelson murine 
leukemia virus induced tumor macrophage (RAW 264.7) (C) cancer cell lines. Result 
represents the mean ± SD of three replicates compared to positive control (1% DMSO) and kill 
control (10% DMSO). Different superscript letters on column bars denotes significant 
difference at p<0.05.
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Further, anti-inflammatory response of PCP was determined by assessing NO inhibition 
stimulated by LPS in macrophage RAW 264.7 cells. Among the various tested concentrations 
(Figure 3-11), only PCP at 400 µg/mL significantly reduced NO production to 10 µM, 
compared to 35 µM NO produced using 12.5 µg/mL PCP. Inhibition of cyclooxygenase-2 
(COX2), nitric oxide synthase 2 (NOS2) and NO production in LPS-stimulated RAW264.7 
macrophage cells represent a good screening system for various anti-inflammatory drugs. 
Macrophages being an important components of the mammalian immune system, they play a 
key role in the immediate defence against foreign agents prior to leukocyte migration and 
production of various pro-inflammatory mediators such as COX2, NOS2 and NO (Kawata et 
al. 2018). It is noteworthy that PCP (at 12-200 µg/mL) was moderately effective at reducing 
the viability of macrophage RAW 264.7 cells (Figure 8-3-10 C). Contrary to these results, 
Onodera et al. (2014) suggested peridinin was a potential agent for suppressing allergic 
inflammatory responses by inhibiting eosinophil cells in mice. Further, Kim et al. (2010) 
reported that a similar carotenoid (fucoxanthin) reduced the levels of pro-inflammatory 
mediators including NO, interleukin-1β/6 and tuber necrosis factor (TNF-α) in leukemic 
monocyte RAW264 cells via the inhibition of NF-κB activation and the suppression of MAPK 
phosphorylation. Observation of low anti-inflammation potential of PCP for NO reduction 
could possibly be due to chlorophyll masking peridinin in the PCP complex, thereby not 
allowing its interaction directly with inflammatory mediators.  Despite low anti-inflammatory 
response, high antioxidant activity and cytotoxicity of PCP towards different cancerous/tumour 
cell lines tested in this study suggested it as a potential bioactive agent for use in the 
pharmaceutical industry to treat various chronic diseases. 

 

Figure 3-11. Anti-inflammatory potential of purified PCP on lipopolysaccharide (LPS) 
stimulated NO production in RAW 264.7 macrophage cells. Results represent the mean ± SD 
of three replicates. Different superscript letters on column bars denotes significant difference 
at p<0.05.  

However, it is important to note that 400 µg/mL also reduced the cell viability by 63% 
as observed in the cytotoxicity assay (Figure 3-10 C). In contrast, other studies have observed 
various microalgal carotenoids such as β-carotene, lycopene and fucoxanthin exhibiting anti-
inflammatory activity with RAW264.7 cells, possibly as a result of their ROS-scavenging 
activity (Heo et al. 2010; Kawata et al. 2018; Su et al. 2019).  
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4. Conclusion  
 
 In this study, the purified PCP from S. tridacnidorum (CS-73) was extracted, purified 
and characterised. The molecular mass of PCP is 17.3 kDa, consisting of 164 amino acids with 
several protein binding regions and no DNA/RNA binding sites in its secondary structure. 
Secondary structure was composed of. This study is the first report of bioactivity from purified 
PCP towards tumor macrophage (RAW 264.7), human metastatic breast adenocarcinoma 
(MDA-MD 231) and human colorectal (HTC-15) cancer cell lines. The results indicated that 
purified PCP from S. tridacnidorum (CS-73) could be utilized as a novel bioactive compound 
for pharmaceutical, nutraceutical and cosmetic industries based on the observed bioactivities 
linked to antioxidant, anti-cancer and anti-tumour properties; however, more research in this 
space is warranted. 
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Abstract 

Free-living Symbiodinium dinoflagellates thriving in both the water column and benthic sediments, 
whilst experiencing considerable variation in irradiance due to changes in weather conditions as well 
as physical mixing and sediment re-suspension. Photoacclimation responses to changes in light stress 
for both free-living and in hospite Symbiodinium within corals distributed along natural spatial light 
gradients have been studied primarily at a physiological level (photosynthetic performance). 
Considering the low transcriptomic changes observed in Symbiodinium to environmental cues found in 
earlier reports, little is known about the molecular mechanisms of light stress tolerance/acclimation in 
Symbiodinium. Therefore, we examined the proteome response of two Symbiodinium phylotypes: 
Breviolum sp. (Symbiodinium minutum, clade B) and Durusdinium sp. (Symbiodinium trenchii, clade 
D) using isobaric tags for relative and absolute quantitation (iTRAQ) to assess their response to low (30 
μmol photon m-2 s-1) and high light (500 μmol photon m-2 s-1) stress. High light stress significantly 
decreased photosynthetic performance (Fv/Fm) and electron transport rate (ETR) in both Breviolum sp. 
and Durusdinium sp. Proteomics responses to light stress by clade B and D showed 288 and 80 
differentially expressed proteins (DEPs), respectively; suggesting a distinct stress tolerance strategy in 
each phyloclade. Proteins linked to amino acids, photosynthesis, energy and carbohydrate metabolism 
as well as genetic information and processes were primarily regulated under 12 h of light stress in both 
the phyloclades. In contrast to clade D cells and its low light stress response, clade B cells up-regulated 
branched-chain amino acids catabolism, Cytochrome b2/b6 and methylenetetrahydrofolate 
dehydrogenase for ATP generation. Additionally, S-adenosylmethionine synthetase, 
adenosylhomocysteinase and acetylglutamate kinase play an important role in modulating the nitrogen 
and carbon balance which in turn regulates cell growth and protecting photosystem II under high light 
stress. Interestingly, up-regulation of glycine cleavage system H protein together with phosphoglycolate 
phosphatase suggested the activation of photorespiration pathway in clade B possibly for NADH energy 
generation together with ammonia and CO2 to combat high light stress. Apparently, FCP-F together 
with PCPs and carotenoid-Chl c binding protein appeared to be the key light harvesting proteins up-
regulated in clade B cells; however, clade D cells primarily accumulated PCPs in response to light 
stress. Furthermore, in contrast to clade B under high light, the accumulation of cyclophilins, 
calmodulin, stress activated protein kinase involved in protein sorting, folding and maturation and ROS 
detoxification specifically in clade D signify enhanced tolerance to light stress compared to clade B 
cells. This proteomic analysis suggests distinct and unique light acclimation mechanisms in 
Symbiodinium B and D phyloclades. 

1. Introduction  

Symbiotic dinoflagellates from the family Symbiodiniaceae are key primary producers 
within coastal ecosystems. Symbiodiniaceae dinoflagellates thrive endosymbiotically in reef‐
building corals, and also as free‐living populations in the surrounding water column and 
benthic sediments (Suggett et al. 2015). Such contrasting lifestyles expose Symbiodinium to 
very different light regimes (Roth 2014b), wherein Symbiodinium can optimize its 
photosynthetic machinery to thrive in a stressful marine environment as well as provide the 
coral host with photosynthetically produced organic carbon and oxygen, crucial for coral 
calcification, development and metabolism (Stat et al. 2012). Incident irradiance can vary 
considerably and this is exacerbated due to changes in weather conditions as well as physical 
mixing/sediment re-suspension as part of their free-living lifestyles (Suggett et al. 2015). Light 
conditions for the endosymbionts are also modulated by skeletal architecture and tissue 
pigments of their hosts (Marcelino et al. 2013; Wangpraseurt et al. 2014). Therefore, 
Symbiodinium cells either constantly adjust to variable irradiances using dynamic acclimation 
processes, otherwise they will be restricted to narrowly defined light regimes as ‘ecotypes’ 
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(Suggett et al. 2015). Genus Symbiodinium appeared to be highly plastic in both their 
photoacclimation and photoadaptation potential, which contributes to their broad ecological 
success, whereby inhabiting a wide range of spatial and even temporal light environments. For 
example, from shallow to mesophotic coral reefs, free-living benthic to pelagic plankton as 
well as in hospite within non-coral invertebrate hosts (Warner & Suggett 2016).  

The photoacclimation/adaptation of Symbiodinium through photoregulatory processes 
including xanthophyll cycle; quenching of chlorophyll a (Chl a) fluorescence by peridinin–
protein‐complex (PCP) and other light harvesting complexes (LHCs); photosystems reaction 
centre repair; employment of linear and non-linear (alternative) electron flow, and antioxidant 
defence system to abate photosynthetic stress, thus governing their fitness to light stress 
(Kanazawa et al. 2014b; Krämer et al. 2013; Suggett et al. 2015; Warner & Suggett 2016). 
Light is suggested to be a key driver in regulating cell cycle progression of Symbiodinium, both 
for in hospite and free-living cells (Fujise et al. 2018; Smith & Muscatine 1999). The genus 
Symbiodinium comprises hundreds of genetically distinct types (LaJeunesse et al. 2018) which 
form nine phylogenetic clades. High functional diversity in light harvesting complexes (LHCs) 
composition and utilization amongst these clades illustrates how photobiological traits can 
define the ecological patterns of genetic diversity in nature. Recently, fast repetition rate 
fluorometry (FRRf) has revealed how light harvesting and utilization is governed by the 
interplay between phylogenetically dependent and independent traits (Suggett et al. 2015). 

Symbiodinium photoacclimation responses to changes in light stress have been thoroughly 
studied at a physiological level (photosynthetic performance) and in hospite with corals 
distributed along natural spatial light gradients (Iglesias-Prieto et al. 2004); including shallow 
to mesophotic (Cooper et al. 2011; Frade et al. 2008; Lesser et al. 2010) and clear to turbid 
waters (Hennige et al. 2009b; Suggett et al. 2012). Light availability is also considered a key 
factor in regulating the thermal sensitivity of reef building corals, where excessive excitation 
of photosystem II (PSII) exacerbates the pressure on photochemical pathways, which are 
already compromised by heat stress. Moreover, cell size is considered another key factor for 
both adaptive and acclimative differences observed in light‐harvesting characteristics in 
response to light variability (Finkel et al. 2010; Suggett et al. 2015). Recently, the observation 
of alternative photosynthetic electron flows (AEF) in Symbiodinium was suggested as a 
photoprotection mechanism and to the balance of energetic ratio between photo-produced ATP 
and NADPH during environmental stress (Dang et al. 2019).  

It has been suggested that different Symbiodiniaceae species may confer upon their host 
corals different levels of fitness as well as their ability to resist environmental stress and 
bleaching. Symbiodiniaceae are particularly tolerant to higher temperatures, both while free-
living and in hospite, potentially providing greater resistance to host bleaching (LaJeunesse et 
al. 2014). It has been proposed that corals may be able to adapt to climate change by ‘shuffling’ 
or ‘switching’ their symbiont assemblages, resulting in a more stress tolerant symbiont species 
as their dominant partner (Sproles et al. 2019). Flexibility within the symbiont assemblage can 
allow for adaptation to environmental change and will depend on the physiology and growth 
kinetics of the composite Symbiodinium genotypes (Fay & Weber 2012).  The growth and 
tolerance of a Symbiodinium species is often dependent upon an interaction between its intrinsic 
vital traits and the environment in which it is found. A detailed understanding of such 
information can significantly improve models that predict coral bleaching. To better understand 
the biological fitness of Symbiodinium inside and outside of symbiosis and to evaluate their 
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ability to adapt to given environments, we need detailed information about the molecular 
response to stress and how they are influenced by environmental factors. 

With the increasing influx of genomic and transcriptomic resources for corals (Barshis et 
al. 2013; Davies et al. 2018; Fuller et al. 2020; Traylor-Knowles et al. 2011) and Symbiodinium  
(González-Pech, Ragan & Chan 2017; Meyer & Weis 2012; Parkinson et al. 2016), these have 
shifted the “omics horizon” and provided unprecedented opportunities to investigate 
invertebrate–algal symbiosis at the molecular level, which may in turn provide diagnostic tools 
for more targeted management (Suggett & Smith 2020). Recent transcriptomic studies of some 
Symbiodiniaceae revealed that endosymbiotic photosynthesizing algae has a high 
transcriptional response toward hyperthermal condition in both free-living and symbiotic states 
(Bellantuono et al. 2019; Savary et al. 2021). Bellantuono et al.  (2019) identified enrichment 
for cell signalling pathways as well as transcripts relating to mitosis, meiosis, and motility in 
free living Symbiodinum cells under thermal stress, however, in hospite cells upregulated 
transcripts related to photosynthesis and carbohydrate transport as well as chromatin 
modifications and a disrupted circadian clock. Savary et al. (2021) demonstrated the 
exceptional heat tolerance of the common symbiotic reef-building coral Stylophora pistillata 
from the Gulf of Aqaba is based on a rapid gene expression response and recovery pattern when 
exposed to heat stress up to 32 °C.  

However, several studies of in hospite Symbiodinium has provided evidence of a stable 
gene expression in response to diverse climate change stressors (Barshis et al. 2014; Barshis et 
al. 2013; Bayer et al. 2012; Leggat et al. 2011; Shoguchi et al. 2013). Such a low transcriptomic 
response from Symbiodinium to environmental stress could be due to 1) presence of a lower 
number of transcription factors, 2) insufficient time of treatment to trigger a physiological and 
molecular response, 3) long-term acclimatization of Symbiodinium via phenotypic buffering 
and 4) their positions within host-derived tissue-bound spaces that buffer the Symbiodinium 
from external changes especially with respect to pH (Barott et al. 2015; Reusch 2014). 
Furthermore, this paucity of a transcriptional response from Symbiodinium in response to stress 
suggests that post-transcriptional regulatory mechanisms, including translational regulation 
and post-translational modifications could drive molecular stress responses in Symbiodinium. 
Moreover, the knowledge gained so far from coral-Symbiodinium symbiosis has stemmed 
mainly from transcriptomics and proteomics of the coral host only (DeSalvo, Sunagawa, 
Fisher, et al. 2010; Mies, Voolstra, et al. 2017a; Mohamed et al. 2019). Therefore, it is 
imperative to undertake proteomics investigations with cultured and/or isolated endosymbiotic 
Symbiodinium cells exposed to abiotic stress to understand the molecular pathways underlying 
abiotic stress acclimation such as light stress. 

To date the molecular mechanism that regulated light stress in Symbiodinium cultures 
remains unknown. Although it has been suggested that light stress may generate distinctly 
different pathomorphological changes in their chloroplasts when compared to heat stress. It has 
been suggested that photosynthesis and growth become uncoupled in clade A1 Symbiodinium 
cells and that the decline in growth might have resulted from high energy demand for protein 
repair and increased respiratory losses (Downs et al. 2013; Krämer et al. 2012; Robison & 
Warner 2006). Thus, environmental stress may act on different processes among the various 
types of Symbiodinium.  
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With the recent advances in mass spectrometry and chromatographic techniques for 
proteins separation and bioinformatics tools; proteomics research has provided unprecedented 
opportunities to better understand the molecular stress response in terrestrial plants and algal 
research. Specifically, isobaric tags-based shotgun proteomic approach (iTRAQ; chemical 
labelling) for both relative and absolute quantitation has been combined with multi-
dimensional liquid chromatography and tandem mass spectrometry (LC-MS/MS), providing 
new knowledge about the molecular mechanisms of stress responses (Cheng et al. 2020; Qiao 
et al. 2012; Yang et al. 2011). Here, we examined the changes in photo-physiology and 
proteome profile to understand the molecular mechanism of light stress at the proteomic level 
between two Symbiodinium phylotypes –Breviolum sp. (Symbiodinium minutum, clade B) and 
Durusdinium sp. (Symbiodinium trenchii, clade D) under high and low light conditions. We 
hypothesised that both Symbiodinium phylotypes regulate their proteomic machinery 
differently to tolerate these light extremes.  

2. Materials and Methods 
 

2.1 Symbiodinium cultivation and light stress treatment 

The Symbiodinium cultures, Breviolum sp. (Symbiodinium minutum, ITS2-type B1, 
CCMP3345) and Durusdinium sp. (Symbiodinium trenchii, ITS2-type D1a, CCMP3408) 
isolated from a sea anemone (Aiptasia pallida) were maintained in 500 mL of Daigo’s IMK 
media (Nihon Pharmaceutical Co., Ltd, Tokyo, Japan) using conical flasks under a white 
fluorescent lamp at an intensity of 100 ± 5  μmol photon m-2 s-1 (control) within a climate-
controlled incubator at 25 °C for 12:12 h light and dark period (Suggett et al. 2015). The light 
intensity in the incubator was measured by a light meter (Licor Li-250, Nebraska USA) and a 
4Pi sensor. Once the Symbiodinium growth rate reached the mid-exponential phase (cell density 
of 6 × 105 cells/mL; 14 days), cultures of Breviolum sp. and Durusdinium sp. were transferred 
into two experimental groups: high light treatment (HL, 500 μmol photon m-2 s-1) and low light 
treatment (LL, 30 μmol photon m-2 s-1) for 3 days and then returning to control conditions for 
two days to recover from light stress. Symbiodinium samples were collected on every alternate 
day for cell growth measurements. For proteome analysis, 50 mL of Breviolum sp. and 
Durusdinium sp. cultures from both low light and high light treatments at 0, 12, 48 hr and 
during post recovery (with two biological replicates) were harvested and a pellet collected by 
centrifugation at 10,000×g, 4 °C for 5 min. The pellets were transferred to 2 mL cryotubes, 
snap-frozen and stock in -80°C, until the further analysis. 

2.2 Determination of Symbiodinium cell density 

 Cell densities of Symbiodinium cultures were determined using 0.1 mm3, 0.1-mm-depth 
Improved Neubauer Hemocytometer (Fisher Scientific). Samples were harvested within one 
hour of the midpoint within the light cycle. Cultures were mixed thoroughly using a Pasteur 
pipette to detach adherent cells and evenly distribute Symbiodinium cells in IMK culture media. 
Cells were fixed with a glutaraldehyde solution (Sigma-Aldrich, St. Louis, MO) to stop cell 
swimming, reduce cell clumps and preserve cells (Fujise et al. 2018). A 10 µL aliquots of 
homogenate Symbiodinium cultures were added to the sample chamber of a Neubauer 
haemocytometer using the bright-field mode of a microscope (Nikon ECLIPSE Ci). The four 
corner and one centre squares (each 1 mm2) were counted, for a total ten counts. The cell 
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concentration of Symbiodinium (cell/ mL) was calculated according to method of Moheimani 
et al. (2013):  

𝐶𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 =
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
 × 1000 

2.3 Photosynthetic Measurement 

The photosynthetic parameters of Breviolum sp. (clade B) and Durusdinium sp. (clade D) 
were determined using an Imaging Pulse amplitude modulated (PAM) fluorometer (MAXI 
Imaging-PAM Walz, Effeltrich, Germany). For the measurement, 2 mL of the cultures (three 
replicates) were aseptically transferred to a 12-well plate and dark-adapted for 15 min before 
taking a measurement. The instrument settings during the measurement were: measuring light 
intensity 4, frequency 1, gain 3, damping 4 and saturation pulse intensity 10.  A routine protocol 
was used to measure slow induction and recovery consisting of 10 minutes exposure to the 
photosynthetically active radiation (PAR) at 997 µmol photons m-2 s-1 followed by 10 minutes 
of dark recovery period without actinic illumination. After irradiation, resulting images were 
analysed for the maximal quantum yield of PS II (Fv/Fm) and electron transport rate (ETR) 
using ImagingWin software (Walz, Effeltrich, Germany). 

2.4 Protein preparation and iTRAQ labelling 
 

2.4.1 Protein extraction  

The total protein from the Symbiodinium cell pellets were extracted according Li, Cao, et 
al. (2017) with minor modifications. The cell pellets were re-suspended in 400 µL of ice-cold 
lysis buffer containing 8 M Urea, 100 mM triethylammonium bicarbonate (TEAB) (pH 8.5), 
1% Triton X-100, 10 mM dithiothreitol (DTT) and protease inhibitor cocktail (Pierce™, 
Thermo Fisher). The pellet was disrupted by a 125-watt ultra-sonication probe using 35% 
output intensity (35 sec work/ 25 sec rest, 5 cycles), whilst remaining on ice to avoid excess 
heating during sonication. Samples were then mechanically broken with 50 1/S oscillations 
with a Tissue Lyser (Qiagen, Germany) for 5 min. The cell lysate was centrifuged at 15,000×g 
for 15 min at 4 °C. Proteins in the supernatant were precipitated in 100% acetone at -20°C for 
3-5 hr. Proteins were re-suspended in a buffer containing 8 M Urea and 100 mM TEAB (pH 
8.5), alkylated and reduced using 10 mM tris(2-carboxyethyl) phosphine (TCEP) and 40 mM 
chloroacetamide (CAA) at room temperature for 30 min, according to Goodman et al. (2018). 
Protein concentration was determined by densitometry using bovine serum albumin as a 
standard (Kumar et al. 2017).  

2.4.2 In-solution digestion and iTRAQ labelling 
 

After protein quantification, 50 μg of protein was digested with trypsin overnight at 37°C 
in a 1:25 trypsin-to-protein ratio. After digestion, peptides were re-suspended with 100 mM 
TEAB buffer, and labelled with 8-plex iTRAQ kit (AB Sciex, Framingham, MA, USA) 
following manufacture’s instruction. Briefly, units of iTRAQ reagent were thawed and 
reconstituted in 50 µL isopropanol. Digested peptides from light treatment were marked with 
different iTRAQ tags by incubation for 2 hr in the dark at room temperature. The Breviolum 
sp. samples (two biological replicates) under low light condition (LL) at 0, 12, 48 h and 
recovery phase were labelled with iTRAQ tags 121, 119, 118 and 117, while high light 
condition (HL) at 0, 12, 48 h, and recovery phase were labelled with iTRAQ tags 116, 115, 114 
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and 113 (Table 1). The Durusdinium sp. samples (two biological replicates) under low light 
condition (LL) at 0, 12, 48 h and recovery phase were labelled with iTRAQ tags 113, 114, 115 
and 116, while high light condition (HL) at 0, 12, 48 h and recovery phase were labelled with 
iTRAQ tags 117, 118, 119 and 121, respectively (Table 4-1). The peptide mixtures from each 
clade were combined separately and purified using SP3 clean up tips (see Chapter 2, page 65) 
followed by their drying in SpeedVac (Thermo Fisher Scientific, USA). The pooled mixtures 
of dried labelled peptides from each clade were separated by strong cationic exchange (SCX) 
chromatography. 

 

Table 4-1. iTRAQ 8-plex labelling of peptides from Breviolum sp. and Durusdinium sp. exposed to 
light stress. 

 LL HL 
Time (h) 0 12 48 Recovery 0 12 48 Recovery 
Breviolum sp. 121 119 118 117 116 115 114 113 
Durusdinium sp. 113 114 115 116 117 118 119 121 

 
2.4.3 hpRP chromatography 

High-pH reverse-phase fractionation (hpRP) chromatography was performed using a high-
performance liquid chromatography (HPLC Dionex UltiMate 3000) system with built-in micro 
collection options for auto-sampling and ultraviolet (UV) detection. iTRAQ-labelled tryptic 
peptide was reconstituted in buffer A (20 mM NH4HCO2, pH-10) and loaded onto a Gemini-
NX C18 column (3 μm, 2 × 150 mm, 110 A, Phenomenex) with 20 mM NH4HCO2 as buffer A 
and 80% acetonitrile (ACN) + 20% 20 mM NH4HCO2 as buffer B. The peptide was eluted at a 
flow rate of 200 μL/min with a gradient of 0–5% buffer B for 10 minutes and then 5–15% 
buffer B for 5 minutes. Elution with 15–50% buffer B lasted for 45 minutes, and that with 50–
90% buffer B lasted for 10 minutes (Liu et al. 2019). The eluent was monitored, based on an 
absorbance at 214 nm. The collected fractions were pooled to obtain 12 final fractions from 
each Breviolum sp. and Durusdinium sp. Each fraction was concentrated by vacuum 
centrifugation and reconstituted in 20 μL 2% methanol (v/v) and 0.1% formic acid (v/v). 
 

2.4.4 Nano-LC-MS/MS analysis  

Fractions were analysed using Nano-LC-MS/MS coupled to a mass spectrometer (Q 
Exactive Thermo Scientific, USA). Samples (10 μL) from each fraction was injected into the 
Nano LC-MS system. Mobile phase A was formic acid (0.1%) and mobile phase B was 80% 
ACN with 0.1% formic acid. The flow rate was set to 300 nL/min for the analytical columns, 
and the peptides were analysed with a 3-step gradient (80% ACN in 0.1% formic acid from 4% 
to 50% over 45 minutes, from 50% to 90% over 5 minutes and kept at 90% for 5 minutes) for 
65 minutes. The primary MS parameters included a scan range of 350 to 1,800 m/z with a 
resolution of 70,000 and a maximum injection time of 40 ms. The second-grade MS spectra 
were obtained at a resolution of 17,500 with a maximum injection time of 60 ms, and the 20 
top precursors per MS cycle were selected (Liu et al. 2019). 

 

2.4.5 Protein identification and data analysis 
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Raw MS files from each digested analysis were searched using PEAKS Studio v8.5 
(Bioinformatics Solutions, Waterloo, ON) against a customised proteomic database consisting 
of proteomic datasets of Symbiodinium microadriacticum downloaded from Uniprot 
(https://www.uniprot.org/proteomes/UP000186817) and proteomic datasets for 
Symbiodiniaceae algae including Fugacium kawagutii, Breviolum minutum, Symbiodinium sp., 
and Cladocopium sp. (http://sampgr.org.cn/) (Yu et al. 2020) for protein identification  
assuming the proteins were digested by trypsin. The PEAKS search was completed with a 
fragment ion mass tolerance of 0.020 Da and a parent ion tolerance of 10.0 ppm. Additionally, 
carbamidomethyl modifications of cysteine residues as well as iTRAQ 8-plex modifications of 
lysine residues and at the N-terminus were specified as fixed modifications. Peptides were 
considered to be correctly identified if they could be established at greater than 99.0% 
probability to achieve a false discovery rate (FDR) less than 1.0% according to the PEAKS 
FDR algorithm. To increase confidence levels, proteins with iTRAQ ratios above 20 or below 
0.05 were excluded, and only proteins with a reasonable ratio in all channels were considered 
quantifiable. Proteins were considered to be correctly identified if they could be established at 
greater than 99.0% probability to achieve a false discovery rate (FDR) less than 1.0% with at 
least one identified peptide. Data was normalized iteratively on intensities (across samples and 
spectra) according to the method reported by Oberg et al. (2008). The protein showing an 
average fold change of ≥ 2 or ≤ 0.5 in the experiment (p < 0.05) and with a minimum of one 
unique peptide matches were considered significantly differentially expressed. All the 
proteomic data from replicates was exported from PEAKS software and processed using an R-
script to generate heatmaps of differentially expressed proteins. Functional descriptions of 
differentially expressed proteins were retrieved using Blast2GO. The gene ontology (GO) 
classification was done using UniProt-GOA database and InterProScan software.  
 

2.4.6 Statistical Analysis 

The growth rate and the photosynthetic parameters of Breviolum sp. and Durusdinium sp., 
including Fv/Fm and ETR were compared for low and high light treatments. Growth analysis 
and photosynthetic measurements were done in triplicates and the data was expressed as mean 
 standard deviation (SD; n=3). Data were analyzed by independent t-test with GraphPad Prism 
(version 8.00, GraphPad Software) for comparing the LL and HL stress results. 
 

3. Result and discussion 
 

3.1 Growth and photosynthetic performance of Symbiodinium phylotypes under light 
extremes 

Understanding the mechanism of bleaching when triggered by environmental stressors is 
important for predicting both severity and consequences of coral bleaching. Expulsion or 
xenophagy (symbiophagy) of symbiotic dinoflagellates has been suggested to be the primary 
cause of coral bleaching under environmental stress conditions such as heat and light stress. 
Light stress may result in distinct pathomorphological changes in the chloroplasts when 
compared to heat stress in Symbiodinium cells leading to coral bleaching (Downs et al. 2013). 
Photosynthesis and growth may be uncoupled in phylogenetically distinct Symbiodinium cells 
under stress conditions where the decline in growth could be related to high energy demand for 

https://www.uniprot.org/proteomes/UP000186817
http://sampgr.org.cn/


 

117 
 

protein repair and increased respiratory losses. Therefore, environmental stress may act on 
different target processes amongst the various types of Symbiodinium cells. 

This study investigated the effect of low and high light stress on the growth and 
photosynthetic performance of Breviolum sp. (clade B) and Durusdinium sp. (clade D).  Both 
phototypes of Symbiodinium showed similar growth response to light stress, wherein cells 
maintained their high cell density (p<0.05) under high light stress compared to low light (Figure 
4-1 A and B). In Breviolum sp., the cell density did not vary significantly under light extremes, 
but cells grew slowly under low light stress (Figure 4-1 A). However, cells of Durusdinium sp. 
exhibited higher cell density (9.12×105; p<0.05) at high light compared to low light (5.62×105) 
(Figure 4-1 B). Further, cells from both Symbiodinium phylotypes recovered their growth rate 
from extreme light stress (specifically from low light stress) when the cultures were shifted 
back to control conditions (Figure 4-1 A and B). These results suggest that both Symbiodinium 
phylotypes can tolerate and grow well under high light (500 μmol photon m-2 s-1) compared to 
low light (30 μmol photon m-2 s-1) stress.  

Our results supported the findings of Suggett et al. (2015), wherein both the studied species 
in this study (Symbiodinium minutum, clade B1, CCMP3345; and Durusdinium sp. 
(Symbiodinium trenchii, clade D1a, CCMP3408) despite being classified into distinct clades 
were clustered together, based on the analysis of their photobiology traits. Sensitivity to light 
extremes differs amongst Symbiodinium phylotypes in culture and in hospite within corals 
(Karim et al. 2015). Symbiodinium phylotypes of clade B, with CCMP2459 have shown a 
greater high-light induced reduction in growth compared with CS-164 (Karim et al. 2015). 
Klueter et al. (2017a) reported the highest growth of S. psygmophilum (cp-type B224; clade B) 
among all the thermal and light stress treatments; however, in S. trenchii (clade D) increasing 
light levels resulted in a decrease in initial growth rate, and an increase in asymptotic density. 
Under natural conditions, Symbiodinium has the ability to adapt to a wide range of ecological 
niches due to modulations in their photosynthetic membranes (Díaz-Almeyda et al. 2011; 
Klueter et al. 2017a; Takabayashi et al. 2012). Breviolum sp. (clade B) phototype has been 
found to dominate various environmental conditions from temperate to tropical areas.  
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Figure 4-1. Cell density (cells/mL) of Breviolum sp. (A) and Durusdinium sp. (B) under LL (dashed 
line) and HL (solid line) stress conditions. Error bars represent ± standard deviation, n = 3. The 
statistical difference (independent t-test analysis) between experimental condition is indicated as * p < 
0.05 or ** p < 0.01.

We also investigated the photosynthetic performance (Fv/Fm) and electron transport 
rates (ETR) of Symbiodinium phylotypes (Figure 4-2). Interestingly, despite of their high cell 
densities in high light conditions, both phylotypes exhibited a significant decline in Fv/Fm 
under high light stress with no significant changes observed under low light stress.  Fv/Fm 
declined by 2-fold (p<0.01) after the first 8 h of high light stress with a value of 0.22 when 
compared to low light stress (0.42), but it improved gradually to a value of 0.34 after 72 h of 
high light stress with Breviolum sp. (Figure 4-2 A). Cells of Durusdinium sp. also showed a 
similar trend with lower Fv/Fm after the first 8 h (0.30; p<0.01), but improved later and were 
comparable to low light stress (0.40) and control values (0.42) after 72 h (Figure 4-2 B). 
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Figure 4-2. Photosynthetic performance (Fv/Fm) of Breviolum sp. (A) and Durusdinium sp. 
(B) under LL (dashed line) and HL (solid line) stress conditions. Error bars represent ± standard 
deviation, n = 3. The statistical difference (independent t-test analysis) between experimental 
condition is indicated as * p < 0.05 or ** p < 0.01.

Similar to Fv/Fm, both Symbiodinium phylotypes showed a similar trend for ETR under 
light extreme conditions (Figure 4-3 A and B). ETR was significantly reduced by 3-fold 
(p<0.01) at 8 h of high light stress with a value of 0.19 when compared to low light stress 
(0.58), but it improved gradually to a value of 0.48 after 72 h of high light stress in Breviolum
sp. (Figure 4-3 A). In contrast, cells of Durusdinium sp. exhibited a reduction in ETR after the 
first 8 h of both low and high light stress (p<0.01) with values 52.0 and 37.7, respectively. 
However, it improved later under both light conditions and were comparable to values at T0 
(58.7) after 72 h (Figure 4-2 B). 

Our results demonstrate that Breviolum sp. despite steady growth in both light extremes, 
is more sensitive to photoinhibition than Durusdinium sp. under high light conditions and that 
high light induced photoinhibition causes a decline in the ETR. These results suggest an onset 
of photoprotection and other cellular pathways in Breviolum sp. to repair PSII and sustain its 
growth under high light extremes. In contrast, Durusdinium sp. seemed to be more tolerant to 
low and high light stress conditions and thus showed higher growth under both these extreme 
conditions. Similar to our findings, Robison & Warner (2006) and Krämer et al. (2012)



120

suggested that photosynthesis and growth may uncouple in Symbiodinium phylotypes under 
environmental stress conditions.  

Figure 4-3. Electron transport rate (ETR) of Breviolum sp. (A) and Durusdinium sp. (B) under LL 
(dashed line) and HL (solid line) stress conditions. Error bars represent ± standard deviation, n = 3. The 
statistical difference (independent t-test analysis) between experimental condition is indicated as * p < 
0.05 or ** p < 0.01.

For corals growing under conditions of high-light exposure, harbouring a high-light 
tolerant Symbiodinium phylotype might be important for their growth and survival (Sproles et 
al. 2019). Similar to our findings, Symbiodinium phylotype clade B CCMP2459 was found to 
be more sensitive to photoinhibition compared with CS-164 under high-light conditions, and 
experienced a decline in the maximum photosynthetic activity, due to photoinhibition (Karim 
et al. 2015). Previously, it has been assumed that high light energy causes photodamage to PSII 
and that photoprotection mechanisms are associated with dissipating it, such as thermal energy 
dissipation, reactive oxygen-scavenging mechanisms and the photorespiratory pathway, 
alleviate photoinhibition either through suppressing photodamage to PSII (Melis 1999) or by 
inducing PSII repair (Takahashi & Badger 2011). Therefore, even in model photosynthetic 
organisms, mechanisms associated with photodamage to PSII caused by excess light absorbed 
by photosynthetic antenna pigments and its protection remain uncertain. Further research is 
required to understand the cellular mechanism and protein regulation that changes the 
sensitivity of PSII to photodamage across Symbiodinium phylotypes. 
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3.2 Proteomic regulation of in response to light extremes conditions 
 

3.2.1 Primary data and protein profiling 
PEAKS software was used to analyse all MS/MS spectra. In total, there were 128,142 

spectra, among which 53,829 spectra were quantified. Subsequently, 21,105 distinct peptides 
were found; based on these peptides, a total of 3,216 proteins, were identified both in clade B 
and D. The results of protein sequence and mass analysis indicated that approximately 89% of 
the identified proteins contained at least one peptide. More than 50% of the peptide sequences 
exhibited a sequence coverage of more than 10%, and more than 30% of the proteins exhibited 
a coverage of more than 20%, indicating high confidence in this data. Regarding the protein 
mass distribution, 93% of the mass values were between 10 and 140 kDa, indicating a wide 
molecular weight range of proteins were covered. To date, only two studies have described the 
proteomic changes and differences in cultures and freshly isolated Symbiodinium cells using 
1D-SDS and isoelectric focusing (IEF) techniques and identified only few hundred proteins 
(Pasaribu, Weng, Lin, Camargo, Tzen, Tsai, Ho, Lin, Wang & Chen 2015; Stochaj & Grossman 
1997). The present study is the first of its kind to explore the proteome profile in cultures of 
Symbiodinium phylotypes using shotgun proteomics. 

3.2.2 Differentially expressed proteins and GO enrichment in Symbiodinium cells of 
clade B 

Analysis of changes in protein profiles revealed differentially expressed proteins 
(DEPs) (p <0.05 and 0.01) in both Symbiodinium phylotypes to light stress. A total of 288 and 
80 proteins were found to be differently regulated in Symbiodinium clade B and D respectively, 
in response to low/high light stress and in recovery stage (Figure 4-4 and 4-5 A). These DEPs 
belonged to 10-18 functional categories (18 categories in clade B and 10 in clade D) with the 
majority of them fitted into categories including genetic information and processing, 
carbohydrate metabolism, photosynthesis, signalling and cellular processes, amino acid and 
secondary metabolite metabolism (Figure 4-4 and 4-5 A). Noticeably, in clade D, amino acid 
metabolism was least effected under light stress condition. Further, the heat map analysis of 
these DEPs showed dynamic changes in the proteome under low/high light that differs 
significantly with their exposure duration (Figure 4-4 and 4-5 B). Interestingly, 12 h of high 
light exposure showed major changes, wherein the majority of proteins (57% of DEPs) were 
found to be upregulated and their expression ranged from 2-15-fold higher than their expression 
in control light as observed at 0 h (T0) (Figure 4-4 B and 4-5 B). However, in clade D, cells 
only upregulated its proteome (40-48%) during 12 and 48 hr of high light exposure (Figure 4-
5 B).  
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Figure 4-4. Proteome regulation (A) and heat map analysis (B) in Symbiodinium clade B cells exposed to low and high light stress for 12 and 48 
h, and post recovery phase over control (T0). DEPs - differentially expressed proteins. 
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Figure 4-5. Proteome regulation (A) and heat map analysis (B) in Symbiodinium clade D cells exposed to low and high light stress for 12 and 48 
h, and post recovery phase over control (T0). DEPs - differentially expressed proteins. 
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 GO enrichment analysis indicated that photosynthesis (GO: 0015979) and ribose-
phosphate metabolic processes (GO: 0019693) are the major biological processes enriched in 
clade B and D Symbiodinium cells in response to light stress (Figure 4-6  and 4-7). Further, ion, 
anion and purine nucleotide binding (GO: 0043167; 0043168; 0017076) were also identified 
as major molecular functions with intrinsic and integral components of membranes (GO: 
0016021 and 0031224) as the foremost cellular components which were responsive to light 
stress (Figure 4-6 and 4-7). 

 
3.2.3 Proteome regulation to light stress in Symbiodinium cells of clade B and D 

A comparative analysis of proteome regulation linked to light stress over different 
exposure duration indicated that 57% of DEPs were upregulated under high light and only 20% 
in low light after 12 h exposure compared to control at 0 h (T0) (Figure 4-8 A’ and A). 
However, at 48 h of light stress only 28% and 22% of DEPs were found to be upregulated at 
high and low light exposure respectively, with most of the proteins (>62%) identified as non-
regulated in both light stress conditions when compared to their expression under control 
(Figure 4-8 B’ and B). Noticeably, cells recovered well from low light stress with most of 
DEP’s expression (80% DEPs) returning to their control level (Figure 4-8 C). However, 
recovery from high light stress, cells maintained their proteomic machinery in an activated 
mode with >20% of DEPs upregulated and 68% of DPEs returning to control level (Figure 4-
8 C’). Interestingly, there were only 12% or less DEPs that were downregulated among the 
light stress and recovery phase, except >26% of downregulated DEPs occurred at 12 h of low 
light exposure (Figure 4-6 A). 

On the other hand, in clade D, 45-49% of total 80 DEPs were upregulated under high 
light, compared to 25-32% DEPs upregulation in low light at 12 and 48 h exposure when 
compared to control (Figure 4-9 A’ and A). However, at both 12 and 48 h of light stress a 
significant proportion of DEPs (56-70%) was downregulated compared to control condition. 
Noticeably, similar to clade B, cells of clade D recovered well from low light stress with 87% 
of DEP’s expression back to their control level (Figure 4-9 C). However, in recovery from high 
light stress, cells kept their proteomic machinery in an activated mode with >20% of DEPs 
upregulated and 75% of DPEs returning to the control level (Figure 4-9 C’).  
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Figure 4-6. GO enrichment analysis of DEPs observed in Breviolum sp. exposed to light stress (low light, high light and recovery phase). 
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Figure 4-7. GO enrichment analysis of DEPs observed in Durusdinium sp. exposed to light stress (low light, high light and recovery phase). 
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Figure 4-8. Comparative proteome analysis in Symbiodinium clade B cells exposed to low and high light stress for12 and 48 h, and post recovery 
phase over control (T0). 

(A) (B) (C)

(A’) (B’) (C’)
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Figure 4-9. Comparative proteome analysis in Symbiodinium clade D cells exposed to low and high light stress for12 and 48 h, and post recovery 
phase over control (T0). 

(A) (B) (C)

(A’) (B’) (C’)
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Further comparative analysis of DEPs regulation among the treatments resulted in the 
identification of uniquely and common expressed proteins that were differently regulated at 12 
h, 48 h and during the recovery phase (Figure 4-10). Apparently, clade B cells employed a 
different strategy to tolerate high light compared to low light. The majority of proteome 
regulation was observed at 12 h of light exposure, specifically to high light. A total of 132 
DEPs (80% of total upregulated DEPs) were uniquely expressed in high light and only 35 DEPs 
(20% of total upregulated DEPs) were commonly expressed under both low and high light 
treatments at 12h of exposure (Figure 4-9 A). However, the proportion of commonly expressed 
proteins increased with the exposure duration and also during the recovery phase (Figure 4-10
B and C). A similar trend was observed for downregulated proteins in clade B Symbiodinium
cells under light stress (Figure 4-10 A’, B’ and C’), wherein the proteome was significantly 
downregulated at 12 hr of low light exposure.

On the contrary, in clade D, the proportion of downregulated proteome was 
significantly low in low light when compared to high light stress with only two proteins that 
were commonly downregulated (Figure 4-11 A’). Moreover, the proportion of commonly 
upregulated proteins decreases with light exposure duration and also in recovery phase (Figure 
4-11 A-C). 

Figure 4-10. Uniquely and commonly DEPs regulation in Symbiodinium clade B cells exposed 
to low and high light stress for12 and 48 h, and post recovery phase.
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Figure 4-11. Uniquely and commonly DEPs regulation in Symbiodinium clade D cells exposed 
to low and high light stress for12 and 48 h, and post recovery phase.

Amino-acids metabolism regulation:

In contrast to low light, clade B cells upregulated a range of proteins belonging to amino 
acid metabolism in response to high light (specifically at 12 h) exposure. S-adenosylmethionine 
synthetase (SAMS; 8 folds, p<0.01) and adenosylhomocysteinase (AHCY; 4 folds, p<0.01) 
were observed to be significantly upregulated under high light stress. SAMS and AHCY are 
key enzymes in the synthesis of S-adenosylmethionine (SAM), which is an important precursor 
for the polyamines and ethylene biosynthesis, and transmethylation, trans-sulfuration of DNA, 
RNA and these proteins are all found in plants and algae under stress (Sauter et al. 2013)
(Figure 4-12). SAMS is also considered as a housekeeping gene in Symbiodinium under 
combined heat and high light stress conditions (Rosic, Pernice, Rodriguez-Lanetty, et al. 2011). 
Polyamines are important metabolites that regulate cell growth and protect photosystem II 
under light stress (Senger, Humbeck & Schiller 2003).

Further, branched-chain amino acid (BCAA) breakdown proteins including 
methylcrotonyl-CoA carboxylase (MCC) and 3-hydroxyisobutyrate dehydrogenase (HBD) 
were significantly upregulated 2.3-2.6-fold (p<0.05) in high light stress (Figure 10). 
Upregulation of MCCC and HBD proteins suggested the oxidation of the BCAAs including 
leucine, isoleucine (Ile), and valine (Val) in the mitochondria could efficiently support energy 
production in the form of ATP by oxidative phosphorylation (Schertl, Danne & Braun 2017). 
In plants and algae, amino acid catabolism is relevant in metabolic stress situations wherein 
amino acids are used as alternative substrates for respiration. Together with the upregulation 
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BCAAs catabolism Symbiodinium cells and also the upregulated acetylglutamate kinase 
(AGK) which involves nitric oxide biosynthesis via arginine biosynthetic pathway and may 
induce antioxidant defence enzymes to enhance the abiotic stress tolerance as a second 
messenger (Winter et al. 2015). A significant increase in chloroplastic ascorbate peroxidase 
(APX; 3.5 fold upregulation, p<0.01) was possibly induced by AGK to minimize the 
photooxidative damage and trigger detoxification of reactive oxygen radicals during high 
light stress. Roberty et al. (2015) also demonstrated an increased level of APX in 
Symbiodinium cells exposed to combined heat and high light stress. Further, AGK upregulation 
could also be linked to modulating the balance of nitrogen and carbon by interacting with PSII 
signalling transduction proteins under abiotic stress condition (Li, Liu, et al. 2017). 

On the contrary, ketol-acid reductoisomerase involved in BCAA synthesis was 
significantly upregulated (>4 folds; p<0.01) under low light stress in 12 h and 48 h exposure. 
This enzyme is involved in pathways leading to the biosynthesis of hydrophobic amino acid 
including valine, leucine and isoleucine. Induction of these free amino acids as osmolytes in 
response to abiotic stress is thought to play a key role in plant stress tolerance (Joshi et al. 
2010). In contrast to clade B, only adenosylhomocysteinase (AHCY) (>2 folds; p<0.05) was 
found to be upregulated both in low and high light stress on clade D Symbiodinium cells and 
could possibly be involved in trans-methylation of DNA/RNA/proteins under stress (Sauter et 
al. 2013). 

Figure 4-12. KEGG mapping of major biological pathways differentially regulated under low 
and high light condition in Symbiodinium clade B. 
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Photosynthesis, carbohydrate and energy metabolism regulation:  

Photosynthesis: Light stress resulted in the down-regulation of many photosynthetic 
proteins in clade B Symbiodinium cells. Interestingly, fucoxanthin Chl a-c binding proteins 
(FCPs – D and B type), PsbP like 1 protein (PPL1), PSI subunits III (PSI-F) and XI (PSI-L), 
and ferredoxin—NADP(+) reductase (FNR) were significantly down-regulated (p<0.01) under 
both low and high light stress. However, phosphoribulokinase and LHC1-LH38 were 
exclusively down-regulated under low light conditions only (Figure 4-12).  Noticeably, FCP-
F together with PCPs and carotenoid-Chl c binding protein appeared to be key proteins to 
regulate light harvesting as these were significantly upregulated (3-5.6 folds; p<0.01) under 
both low and high light stress conditions. In contrast to low light, several proteins of PSI and 
PSII including thylakoid luminal (15 kDa), PSII biogenesis Psb29, and chlorophyll oxygen 
evolving enhancer were upregulated (3-4.1 folds, p<0.01) under high light stress in clade B 
Symbiodinium cells.  

Differential regulation of FCPs and PCPs under low and high light stress suggest their 
role in light harvesting under low light conditions and photoprotection under high light 
conditions. Regulation of FCPs and PCPs under light stress is similar to the findings of 
Bobeszko (2017) who suggested the light harvesting role of these proteins to transport light 
energy to the photosynthetic apparatus. The adaptation capacities of LHC to light, thermal and 
nutrient stress have been explained previously, wherein LHCs improves the energy capturing 
in low light, and induces the thermal dissipation excess energy absorbed in high light (Buck et 
al. 2019; Dimayacyac-Esleta et al. 2015; Gierz, Forêt & Leggat 2017; Gierz, Gordon & Leggat 
2016).  

Down-regulation of both PSI-L (involved in PSI assembly) and PSI-F (involved in 
plastocyanin docking), under high light in clade B suggested a lack of energy transfer from 
LHC1 to PSI reaction centre (Ihalainen et al. 2002). Moreover, the downregulation of FNR and 
PPL (involve in repair of photodamaged PSII) under high light suggested a lack of assembly 
and/or stability of PSII or the formation of PSII–LHCII super-complexes (Matsui et al. 2013).  
Similar to our findings, Takahashi et al., (2009) reported induction of a 15-kDa thylakoid 
associated protein in Symbiodinium, possibly involved in the protein synthesis-dependent 
repair of PSII. Further, upregulation of PSII biogenesis Psb29 under high light suggested its 
role in algal defence system against reactive oxygen species (Granlund et al. 2009).  

Apparently, clade D Symbiodinium cells accumulated mainly PCPs to tolerate both low 
and high light stress, while downregulating LHC1- LH38, and chloroplast oxygen-evolving 
enhancer protein under highlight stress condition (Figure 4-13).  

Carbohydrate: In clade B cells, under low light exposure, most of TCA cycle proteins 
(aconitate hydratase, citrate synthase, isocitrate lyase, fumarate reductase, malate 
dehydrogenase) were significantly down-regulated (2-3.5-fold; p<0.01 and 0.05). However, 
dihydrolipoyllysine- succinyltransferase (2.3-fold, E2 component of mitochondrial 
ketoglutarate dehydrogenase (KGDH) complex), succinate dehydrogenase (2.7 folds), and 
succinyl-CoA ligase (6 folds) were upregulated. Upregulation of these proteins suggests the 
accumulation of succinate, possibly to act as a precursor of BCAA synthesis such as isoleucine 
and its involvement in the GABA shunt. These results support the upregulation of ketol-acid 
reductoisomerase (>4 folds; p<0.01) observed in this study under low light that are also 
involved in BCAA synthesis and was found to be significantly upregulated. Recently, 
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isoleucine was found to serve as a precursor for the synthesis of β-alanine. In plants and algae, 
β-alanine is important for the synthesis of pantothenate, and subsequently coenzyme A, which 
is an essential coenzyme in lipid and carbohydrate metabolism (Parthasarathy, Savka & 
Hudson 2019). Moreover, BCAA pathway induction and their accumulation could be a strategy 
to reorganise actin cytoskeleton and actin-associated endomembranes under low light stress. 
Actin reorganisation and BCAA accumulation specifically isoleucine has been reported in 
Arabidopsis and Chlamydomonas under abiotic stress conditions (Cao et al. 2019).

Figure 4-13. KEGG mapping of major biological pathways differentially regulated under low and high 
light condition in Symbiodinium clade B. 

Further, a significant upregulation of acyl carrier and malonyl-CoA-acyl carrier protein 
transacylase (2-3 folds; p<0.05; Figure 10) under low light reflects fatty acid synthesis possibly 
to increase thylakoid membrane stacking (Klyachko-Gurvich et al. 2000). However, this needs 
further study, if such a FA synthesis resulted in an increase of n-3 PUFAs and consequently 
their accumulation in galactolipids to stabilize the thylakoid membranes.  

  Noticeably, upregulation of carbonic anhydrase under low light exposure (3 folds; 
p<0.01) possibly indicates the presence of a carbon-concentrating mechanism (CCMs) – a 
strategy that plays an important role in the acquisition of inorganic carbon for photosynthesis 
in many algae. Symbiodinium have been shown to use carbonic anhydrases (CAs) as part of a 
CCM during symbiosis, thermal and heavy metal stress (Bertucci et al. 2013; Graham et al. 
2015).

However, in contrast to low light, upregulation of several glycolytic and TCA cycle 
proteins (2.5-6 folds; p<0.05 and 0.01) signifies their contribution to glucose reduction, thus 
producing extra energy to cope with high light stress. Interestingly, despite the higher 
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expression of RuBisco under high light, glycine cleavage system H protein together with 
phosphoglycolate phosphatase (PGPase) suggested the activation of photorespiration pathway 
in clade B as a process that generated NADH energy together with ammonia and CO2 to combat 
high light stress. Induction of photorespiration in Symbiodinium has been investigated earlier 
wherein activity of PGPase was found to increase under ocean acidification conditions leading 
to higher productivity in Acropora formosa (Crawley et al. 2010). 

On the other hand, in clade D, UDP-glucose pyrophosphorylase (UGPase) which is 
essential for sucrose and storage polysaccharide synthesis was found to be significantly 
upregulated in both low and high light stress. UGPase produces UDP-glucose which is 
channelled to multiple metabolic pathways under abiotic stress conditions in plants (Meng et 
al. 2009). However, its upregulation exclusively in clade D under both low and high light 
conditions necessitates further investigation to explore its precise role in environmental stress 
condition in Symbiodinium.  Further, a considerable induction of D-lactate dehydrogenase (D-
LDH) especially in high light conditions in clade D signifies its role in detoxification of toxic 
metabolite methyglyoxal. D-LDH converts D-lactate (the end product of glyoxalase system) to 
pyruvate and thereby completes the detoxification process of methylglyoxal. D-LDH detoxifies 
and diverts the stress induced toxic metabolites, MG and D-lactate, towards energy production 
and thus, protects the cell from their deleterious effects (Jain et al. 2020). 

Energy:  

Apparently, clade B cells maintained low metabolic activity under low light to save 
energy by down-regulating ATP binding and casein kinases (>2-3 fold; p<0.05). In contrast to 
low light, proteins including Cytochrome b2/b6 involve in mitochondrial electron flux (>11 
fold upregulation; p<0.01) and methylenetetrahydrofolate dehydrogenase (MTHFD, 
bifunctional protein FolD 4; >5 fold upregulation) were significantly accumulated especially 
at 12 h, possibly to meet high energy demand through ATP/NADPH formation under high light 
exposure. MTHFD has been demonstrated to accumulate folate, improving cellular redox state 
and maintaining NADP/NADPH production under thermal stress in higher plants and algae 
(Busch 2020; Gorelova et al. 2017). However, none of these proteins were found upregulated 
in clade D in either of light stress condition. 

Genetic information processing and signalling (proteostasis, trafficking, and signalling):  

In the group of genetic information processing (GIP), most of the differentially 
regulated proteins belonged to protein folding, sorting and degradation functions. Clade D cells 
significantly upregulated their cyclophilin, and BiP proteins under both low and high light 
exposure. However, accumulation of cyclophilin was 2-fold higher in high light compared to 
its expression in low light. Cyclophilins (CYPs) are a subgroup of a large family of proteins 
called immunophilins, with a peptidyl-prolyl cis-trans isomerase (PPIase) activity that regulate 
protein folding and maturation (Abassi et al. 2017). Recent studies have shown that CYPs have 
diverse roles, including detoxification of reactive oxygen species (ROS), protein maturation 
processing, immune response and spliceosome assembly (Kumari et al. 2013). Perez & Weis 
(2008) suggested that CYP may help in the regulation of symbiosis between the sea 
anemone Aiptasia pallida and intracellular dinoflagellates. Interestingly, their study showed 
that the dinoflagellate symbionts (zooxanthellae) became heat sensitive when CYP was 
inhibited by cyclosporine and showed a loss of the symbionts from the host tissues.  However, 
regulation of BiP proteins seems to be a general response to light stress in Symbiodinium, 
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irrespective of phyloclade. BiP guides the co-translational translocation of nascent proteins into 
the ER, and chaperones protein folding and maturation (Herath et al. 2020). BiPs which have 
been shown to help protect against many abiotic stresses including heat, cold, salt, heavy metal 
and osmotic stresses in plants and algae (Herath et al. 2020). A significant accumulation of 
calmodulin and stress activated protein kinase JNK (belonging to mitogen activated protein 
kinase MAPK family) specifically in clade D under high light suggest their role in inducing 
upregulation of antioxidant enzymes to overcome ROS accumulation generated under high 
light.  Differential expression of diverse MAPK/JNK protein kinases have been demonstrated 
in apoptosis regulation in enhanced coral stress tolerance (Courtial et al. 2017). 

Several heat-shock and/or chaperone proteins, including Hsp70, chaperon-ClpB1, DnaJ 
and luminal binding protein 5 (BiP related proteins) were up-regulated under low light 
conditions in clade D. These proteins have been shown to participate in protein stabilization, 
folding, and assembly, preventing the aggregation of non-native proteins, thus assisting to fight 
abiotic stresses (Timperio, Egidi & Zolla 2008). Similar differential regulation for heat-shock 
and chaperones proteins was observed in clade B cells. However, clade B cells specifically up-
regulated putative E3 ubiquitin-protein ligase HERC1 in low light (>5 folds, p<0.01); and 
chaperonin GroL (11 folds, p<0.01) and putative vacuolar protein sorting-associated protein 
13A (>7 folds, p<0.01) under high light conditions.  

4. Conclusion 

We present the first in-depth proteome analysis of two Symbiodinium phototypes: 
Breviolum sp. (Symbiodinium minutum, clade B) and Durusdinium sp. (Symbiodinium trenchii, 
clade D). We identified 288 (clade B) and 80 proteins (clade D) with changes in their 
abundance as a direct response to light stress conditions which were linked to amino acid, 
photosynthesis, energy and carbohydrate metabolism and genetic information processing. The 
proteomic analyses revealed up-regulation of several major proteins in clade B under high light 
stress which responded to amino acid catabolism, energy metabolism, photosynthesis and 
specific enzymes involved in nitrogen/ carbon balance mechanism. In contrast, several major 
proteins related to protein sorting, folding and maturation and ROS detoxification were found 
to accumulate in clade D under light stress. The proteomic analysis suggested the presence of 
unique light acclamation mechanisms in these two different Symbiodinium phototypes and 
showed the first characterisation of Symbiodinium proteomic profiles related to two different 
light intensity.  
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1. Overview 

During the last few decades, it has become well known that marine dinoflagellates of 
the family Symbiodiniaceae form a symbiotic relationship with corals, which appears to be a 
key factor for the survival and also weakness of coral reefs (Baker 2003; Douglas 2003; Kemp 
et al. 2014; Venn, Wilson, TRAPIDO‐ROSENTHAL, et al. 2006). Numerous studies have 
investigated the symbiotic stress response of corals including thermal stress, high salinity and 
especially light stress underlying the coral bleaching phenomena (DeSalvo et al. 2008; 
DeSalvo, Sunagawa, Voolstra, et al. 2010; Rosic, Pernice, Dove, et al. 2011); however, very 
little is known about the specific molecular mechanisms controlling light regulation of 
Symbiodinium (Chapter 1). Therefore, this thesis aimed to study those molecular mechanisms 
of Symbiodinium sp. using a high-throughput proteomics approach to better understand the 
light acclimation response of Symbiodinium sp. at the molecular level.  

This thesis provides a comprehensive review of the coral-Symbiodinium relationship, 
information on -omics investigations in Symbiodinium and potential applications of peridinin-
chlorophyll-protein (PCP) light harvesting complex (Chapter 1). In Chapter 2, three different 
proteomic sample preparation techniques; filter-aided sample preparation (FASP), single-pot 
solid-phase-enhanced sample preparation (SP3) and stop-and-go-extraction tips 
(STAGETips, ST) were investigated to develop a high-throughput proteotyping protocol for 
Symbiodiniaceae algal research. Among the three techniques, SP3 showed the best 
performance with elevated detection of protein-peptides with the shortest operation time 
(Chapter 2). To demonstrate the functionality of this optimized SP3 sample preparation 
workflow, we successfully examined the proteome profile of Symbiodinium tridacnidorum, 
providing new insights into the light regulation mechanism. It appeared that light harvesting 
complex proteins as well as proteins linked to photosynthesis were upregulated when exposed 
to low light (30 μmol photon m-2 s-1) for 7 days (Chapter 2). The insights of Chapter 2 were 
further developed in Chapter 3, where PCP from S. tridacnidorum was successfully extracted, 
purified and characterised. Interestingly, we found that the purified PCP exhibited high 
antioxidant, anti-cancer and anti-inflammatory properties towards tumor macrophage (RAW 
264.7), human metastatic breast adenocarcinoma (MDA-MB-231) and human colorectal cells 
(HTC-15). In Chapter 4, this thesis was the first to expose two different Symbiodinium 
phylotypes (Breviolum sp. and Durusdinium sp.) to low light (LL, 30 μmol photon m-2 s-1) and 
high light (HL, 500 μmol photon m-2 s-1) and examine the resulting proteome. These results 
provided new information about main differentially expressed proteins and this lead to new 
insights about the divergent light acclimation strategies of Breviolum sp. and Durusdinium sp. 
(Chapter 4).  

 

2. Key findings 
 

2.1 Evaluation paramagnetic bead sample preparation workflows for high 
throughput proteome profiling of Symbiodinium 

The key to a successful proteomics study is efficient protein extraction, solubilisation 
and enzymatic digestion techniques. However, the main technical challenge is the sample 
preparation step which includes cell disruption, protein solubilisation, protein-peptide clean-
up and fractionation. In this study, three proteomics sample preparation techniques were 
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examined including FASP, ST and SP3 to investigate light stress response in Symbiodinium. 
Since these three techniques have been performed in both animal and plant-based cells, we are 
the first group to apply these techniques with the marine dinoflagellate Symbiodinium.  

 Starting with the FASP technique, although this technique is compatible with a range 
of biological sample types, it requires a low cell concentration and provides high resolution 
results (Erde, Loo & Loo 2014); however, this technique is limited due to its long operation 
time required with repetitive centrifugation steps (20 min/cycle) (HaileMariam et al. 2018). 
For example, in our experiment, FASP required the longest operation time, being 
approximately 16 h per sample, due to protein clean-up and 3 h for peptide recovery. For the 
ST technique, it has the advantages of a short sample handling time, highly compatible with a 
wide range of membrane materials and demonstrates high protein coverage (Hughes et al. 
2019; Rappsilber, Mann & Ishihama 2007). However, the compatible reagents for protein 
extraction and solubilisation are very limited, which needs to be considered for future work. 
Lastly, for the SP3 technique, which is similar to ST, the handling steps are simple whilst 
providing high protein-peptides coverage (Batth et al. 2019a; Hughes et al. 2019).  

In our experiments, SP3 outperformed FASP and ST with S. tridacnidorum for shotgun-
based proteomic analysis (Table 5-1).  Symbiodinium sample showed the best results using SP3 
with the highest total number of identified proteins (3,799) and unique proteins detected 
(23,593 peptides). The results showed SP3 has the highest detected proteins with ≥2 unique 
peptides (73%), zero missed-tryptic peptide cleavages (91%) and hydrophilic peptides (>70%) 
(Chapter 2). To achieve the best result from SP3, we suggest that samples should be digested 
before protein recovery to avoid losing material on the pipette tips or tube walls. Additionally, 
this technique is incompatible with some reagents and samples such as high salt concentration 
samples. Therefore, it is highly recommended that with SP3, one should perform a pre-test with 
standard protein before the actual experiment. 

Table 5-1. Comparison of three proteomics sample preparation methods used in this thesis. 

Criteria FASP ST SP3 
Operation time 16 hr 20 min 30 min 
Identified protein 1,552 2,699 3,799 
Identified peptide 5,413 16,163 23,593 
Unique protein detection 2% 10% >33% 
Unique protein (≥2 unique peptide identified) 63% 82% 73% 
Protein/peptide recovery 69% >87% >87% 

 

2.2 Light response mechanism of Symbiodinium 

Exposing S. tridacnidorum cells to light-limited condition (30 μmol photon m-2 s-1) for 
7 days demonstrated clear light acclimation responses and triggered changes in the proteome 
regulation (Chapter 2). It has been previously reported in Symbiodinium that photosynthetic 
acclimation occurs by simultaneously increasing the number and size of the photosynthetic unit 
(PSU) under low photon flux density (Iglesias-Prieto & Trench 1996, 1997; Iglesias-Prieto & 
Trench 1994). Therefore, we hypothesized that up-regulated photosynthetic proteins could be 
the major response mechanism of Symbiodinium to the changing of light intensity. 
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The results from the proteomic profiling of Symbiodinium found that 91 proteins have 
been detected as differentially expression proteins (DEPs) with >2 fold regulation. They belong 
to photosynthesis (22%), carbohydrate metabolism (19%), genetic and stress response (11%), 
stress response and signalling (11%) followed by growth and development (7%) (Chapter 2). 
Therefore, the up-regulation of major photosynthetic proteins operates as the main mechanism 
to protect against light limitation. Changes to the light harvesting complexes (LHCs) under 
different stress conditions has been previously reported in dinoflagellate and diatom (Bobeszko 
2017; Buck et al. 2019; Gierz, Forêt & Leggat 2017). Those reports showed that LHCs can 
modulate their expression in order to increase the ability for light absorption under different 
growth environments, including light stress, thermal stress and nutrient limitation conditions 
(Buck et al. 2019). 

S. tridacnidorum maintained its regular supply of LHCs through the mevalonate-
independent pathway (proteins of this pathways upregulated by 2-6 folds); and kept LHCs in 
an active phosphorylated state by upregulating serine/threonine-protein kinase (>10 folds). 
Furthermore, cells up-regulated mitochondrial fatty acid synthesis and tricarboxylic acid cycle 
proteins to meet the enhanced energy demand for LHCs proteins synthesis (Chapter 2). The 
highest expression enzyme was glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
followed by lactate dehydrogenase (LDH), phosphorene pyruvate synthase (PEP), 2-C-
Methyl-D-erythritol-4-phosphate cytidyltransferase (IspD), phosphoglycerate kinase (PGK) 
and phosphoenolpyruvate carboxykinase (PEPCK), respectively (Table 5-2). This would 
suggest that carbohydrate and energy metabolism can be considered as a key mechanism when 
Symbiodinium responds to light limitation conditions (Chapter 2). The activation of 
carbohydrate and carbon metabolism would have utilized any additional energy sources for 
sugar and glucose uptake to support photosynthetic protein synthesis under light limitation; 
this is similar to previous reports from higher plants (Dizengremel et al. 2012; Hunter 2007; 
Igamberdiev & Kleczkowski 2018)  

In Chapter 4, two different Symbiodinium phylotypes: Breviolum sp. (Symbiodinium 
minutum, clade B) and Durusdinium sp. (Symbiodinium trenchii, clade D) were exposure under 
low light (30 µmol photon m-2 s-1) and high light (500 µmol photon m-2 s-1) conditions. Our 
results showed that exposure to high light had damaging effects on photosynthetic performance 
(Fv/Fm) and electron transport rate (ETR), especially after 12 h of light exposure (Chapter 4. 
figure 4-2 and 4-3). It has been previously reported in Symbiodinium that high light irradiance 
directly affects the photosynthetic mechanism by inhibiting PSΙΙ and reducing the quantum 
efficiency which is in line with our results (Karim et al. 2015; Krämer et al. 2013). We 
hypothesis that down-regulation of photosynthetic performance might function as a defence 
mechanism in order to reduce photodamage and ROS production in Symbiodinium under light 
stress (Krämer et al. 2012; Krämer et al. 2013; Robison & Warner 2006).   

Based on the proteomics analysis, we found a significant upregulation of proteins from 
Breviolum sp. involved in amino acid catabolism, energy and carbohydrate metabolism 
together with carbon and nitrogen balancing under high light stress (Chapter 4. Figure 4-10). 
Furthermore, the results showed a significant increase in the abundance of major light 
harvesting proteins including FCP-F, PCP and carotenoid-Chl c binding protein.  It is thought 
that the activation of light harvesting proteins and photorespiration pathway were the main 
defence mechanisms to combat against high light stress in Breviolum sp. For Durusdinium sp., 
high expression of cyclophilins, cladmodulin and stress activated protein kinase were found in 
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our proteomic results, especially during the first 12 h of high light exposure (Chapter 4. Figure 
4-11). Our result demonstrated that the requirement of protein modification and detoxification 
process were the main mechanism that Durusdinium sp. employed in response to high light 
stress. Interestingly, based on three Symbiodinium phylotypes: Symbiodinium tridacnidorum 
(clade A), Breviolum sp. (Symbiodinium minutum, clade B) and Durusdinium sp. 
(Symbiodinium trenchii, clade D), we can conclude that each Symbiodinium phyloclade has its 
own unique and specific light accumulation mechanisms. They can regulate their cellular 
mechanisms differently in response to both low and high light environments. 
 

2.3 Structure and bioactivity of purified PCP from S. tridacnidorum 

Peridinin-chlorophyll a-protein (PCP) is the major light harvesting complex in 
photosynthetic dinoflagellates. Although several studies have attempted to investigate 
dinoflagellate PCP light harvesting complex, the characterisation of PCP among different 
Symbiodinium phylotypes is still limited, due to a large variation across the Family 
Symbiodiniaceae (Jiang et al. 2012a). In this thesis, high efficiency extraction and purification 
techniques were performed with S. tridacnidorum (CS-73). The protein molecular mass of the 
purified PCP was 17.3 kDa and is composed of 164 amino acids with 19 amino acids long as 
signalling peptides at the N-terminal. The purified PCP showed 91% matched with protein 
accession SimA3.s6014_g3 (Symbiodinium clade A) by nano-LC-MS/MS based analysis 
(Chapter 2. Figure 3-3).  

Since PCP consists of the carotenoid peridinin (Per) molecule which showed 
remarkable pharmaceutical properties towards human health (Ishikawa et al. 2016a; Yoshida 
et al. 2007b), we hypothesized that purified PCP from S. tridacnidorum would have a range of 
potential applications. Here we examined for the first time the role of purified PCP as an 
antioxidant, its cytotoxicity and anti-inflammatory properties. At a PCP concentration of 1.2 
mg/mL, we found that PCP represented an antioxidant potential equivalent to 70% ABTS 
scavenging activity. After 24 h incubation with a purified PCP solution, the cell viability of 
abelson murine leukemia virus induced tumor macrophage (RAW 264.7), human metastatic 
breast adenocarcinoma (MDA-MB-231) and human colorectal cancer cell lines (HTC-15) were 
reduced significantly when compared to negative control (1% DMSO) (Chapter 3. Figure 3-
15). These results support the theory that carotenoid and carotenoid metabolites provide 
positive biological functions for human health (Galasso, Corinaldesi & Sansone 2017; Yoshida 
et al. 2007b). Therefore, S. tridacnidorum PCP can be considered as a potential agent for 
antioxidant and suppressing viability and inflammatory responses of cancerous cell lines. 

In conclusion, the results in this thesis proved that SP3 sample preparation outperforms 
STAGEtips and filter aided methods for label and label-free shotgun-based proteomics by 
presenting Symbiodinium PCP accumulation mechanism under low light condition (Chapter 
2). To understand the light stress tolerance behaviour between two Symbiodinium phylotypes; 
Breviolum sp. (Symbiodinium sp. clade B) and Durusdinium sp. (Symbiodinium sp. clade D) at 
the proteomic level, both Symbiodinium phylotypes (Clade B and D) regulate their proteomic 
machinery differently to tolerate low and high light extremes (Chapter 4). Finally, Purified 
PCP from Symbiodinium exhibits high antioxidant, antibacterial and anti-cancer activity 
(Chapter 3). The syntheses from this thesis will provide the opportunity to define new future 
direction for the molecular ecology of coral reef studies in the future. 
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3. Future perspective  
 
3.1 Evaluation of high throughput proteomic method for future consideration 

The knowledge in Chapter 2 provided a better understanding of the molecular 
mechanisms of the Symbiodinium response to light. In this thesis, the paramagnetic bead aided 
sample preparation method showed the highest efficiency and outperformed filter and 
STAGEtips aided methods for proteomic studies with Symbiodinium. However, there are some 
limitations according to our experiments, regarding cell disruption and handling workflow that 
we suggest should be improved with the future work.  

In Chapter 2, a new sample preparation method was introduced and tested for the first 
time with Symbiodinium. We were able to improve the sample preparation protocol in our study 
by using SP3-based proteomic analysis. The highest number of identified proteins was found 
as 3,799 proteins (>33%) using SP3, following by ST (2,699 proteins, 10%) and FASP (1,552 
proteins, 2%). However, since the cell wall of marine dinoflagellates are very complex and 
thick, proper cell lysis is required for an improved protein extraction efficiency. Therefore, 
using repetitive probe sonication (more than 5 times) or using high-power input techniques 
such as French press are strongly recommended to enhance the Symbiodinium cell lysis. 

For the trypsin digestion step, the tryptic digestion ratio of trypsin: protein at 1:40 was 
examined in Chapter 2 and Chapter 3. However, this step needs approximately 6 h at a 
minimum, to complete digestion which represents 50% of the total sample preparation time. 
To overcome this bottle neck, we suggest examination of five alternate techniques to modify 
tryptic digestion protocol using (i) high temperature, (ii) ultra-sonication, (iii) infrared 
radiation, (iv) microwave and (v) immobilized trypsin (Capelo et al. 2009; Li et al. 2010; Reddy 
et al. 2010; Turapov et al. 2008; Wang et al. 2008; Yamaguchi et al. 2009). Furthermore, the 
combination of trypsin digestion with the filter aid Microspin column has been reported to 
reduce trypsin digestion time from 12 h (conventional digestion) to 15 min. Lastly, combining 
FASP with a tryptic digestion step is also recommended for the study of membrane proteins, 
N-glycoproteins and phosphoproteins (Leung, Man & Flores 2012; Ostasiewicz et al. 2010; 
Wisniewski, Ostasiewicz & Mann 2011; Wiśniewski et al. 2009; Zielinska et al. 2010) (Table 
5-2). Based on these suggestions, the combination of modifying enzymatic digestion 
techniques would be the best approach for reducing the digestion time to 1 h or less. 

Table 5-2. Modify tryptic digestion protocol for proteomic study 

Method Protocol Organism/Tissue Time Reference 
Heating 60°C heating - Lysozyme 

- BSA 
- Human haemoglobin 
- Human albumin  
- Human transferrin 

1 hr  (Turapov et al. 2008) 

Ultra-
sonication 

Ultrasonic 
bath 15-60 
seconds 

- BSA 
- Cytochrome C  
- Myoglobin  
- EA.hy926 cell line 

1 hr (Li et al. 2010) 
(López-Ferrer, Capelo 
& Vázquez 2005) 
 

Infrared 
radiation 

IR-assisted 
proteolysis 
system  

- BSA 
- Cytochrome C  
 

5 min (Wang et al. 2008) 
(Bao et al. 2008) 
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Microwave 37- 60°C - Cytochrome C 
- Myoglobin
- Lysozyme

15 min (Reddy et al. 2010)
(Liu et al. 2010)
(Hasan et al. 2010)

Immobilized 
trypsin

Micro-reactors - Immunoglobulin G
- BSA

6 min (Krenkova, Lacher & 
Svec 2009)
(Yamaguchi et al. 2009)

FASP Microspin 
column

- Membrane proteins
- N-glycoproteins 
- Phosphoproteins

15 min (Wiśniewski et al. 
2009)
(Zielinska et al. 2010)
(Wisniewski, 
Ostasiewicz & Mann 
2011)

3.2 Optimisation of Symbiodinium cultivation for high-yield PCP production

Beside the importance of Symbiodinium as a primary producer in marine ecosystem, 
this thesis has illustrated that the photosynthetic mechanism of Symbiodinium is able to 
acclimate under different light intensities (Chapter 2 and Chapter 3). This capacity of light 
regulation might provide an enhanced benefit with optimisation for high-value compound 
production, especially photosynthetic pigments for nutraceutical or pharmaceutical 
applications.

In Chapter 2, we reported a growth pattern of Symbiodinium for PCP production. 
Symbiodinium cultures grown under LL conditions, showed lower cell density when compared
with HL over the same experimental period. The highest cell density of LL was 1.1×106, while 
the high density of HL was 1.4×106 (1.5 times higher). Besides the fact that Symbiodinium 
showed lower growth rate under LL, the production of PCP was higher than HL with regards 
to light accumulation mechanisms, which up-regulated photosynthetic proteins and metabolic 
enzymes (Chapter 2). We suggested that Symbiodinium should be cultivated under HL 
conditions, in order to stimulate the fastest cell division and reduce the doubling time until the 
culture reaches late exponential phase (14 days). Then, the cultures should be shifted to LL 
conditions until late stationary phase (8 days) which could be an ideal condition for light 
harvesting protein synthesis (Figure 5-1). In our case, the highest PCP content was obtained 
from LL sample at the end of the cultivation period (late exponential phase: day 21), which 
showed 2.5 times higher accumulation than HL (Chapter 2, Figure 2-8).

Figure 5-1. The growth pattern of Symbiodinium cultivation for high content PCP production.
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3.3 Blue Native Polyacrylamide Gel-Electrophoresis (BN-PAGE) of PCP isoform 
characterisation for future consideration 

In this study, the purity and protein molecular mass of the purified PCP were measured 
with sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Although SDS-
PAGE is commonly used to separate crude protein mixtures, there is a limitation according to 
our experiment in regards to the initial denaturation of complex proteins that should be 
addressed with future work. The general procedure for SDS-PAGE involves protein 
denaturation with a strong anionic detergent and high temperature (> 95°C) for 5 to 8 min. This 
step is followed by electrophoresis through a porous acrylamide gel matrix for separating target 
protein based on their molecular weight. Because this technique relies on a protein denaturation 
step, the isoform and native structure of the protein are destroyed during the denaturation step 
(Nowakowski, Wobig & Petering 2014). In Chapter 3, we identified a single band of the 
purified PCP at approximately 17 kDa using SDS-PAGE (Chapter 3, Figure 3-2). Due to the 
fact that Symbiodinium PCP has two isoforms: a homodimer with a monomeric form (15 kDa) 
and monomer form (32-35 kDa) (Chapter 1, Table 1-9), the native form of the purified PCP 
in our experiment might have been changed under the denaturing and reducing condition of 
SDS-PAGE.  

Blue Native Polyacrylamide Gel-Electrophoresis (BN-PAGE) is preferred for protein 
characterisation of the native isoform proteins with high-resolution separation (100 kDa – 10 
MDa). BN-PAGE uses Coomassie Blue-G250 for visualisation and induction of negative 
charge on the protein complexes. Then, the protein complexes are separated based on molecular 
mass and charge. BN-PAGE has been extensively used for mitochondrial and chloroplast 
proteins in plants and microalgae (Table 5-3). Therefore, while denaturing protein is not 
required, BN-PAGE provides an excellent technique to retain native protein properties which 
is highly recommended for the future studies of PCP isoforms.  

Table 5-3. The studies of mitochondrial and chloroplast protein complex using BN-PAGE. 

Target Protein Organism Reference 
Chloroplasts and 
mitochondria 
proteins 

Arabidopsis thaliana  (Heinemeyer et al. 2004) 

H+-ATP synthase 
protein complex 

Chlamydomonas reinhardtii 
 

(Rexroth et al. 2004) 

Respirasomes Potato (Solanum tuberosum)  (Eubel, Heinemeyer & Braun 
2004) 

Mitochondrial 
complex I 

Arabidopsis thaliana 
Rice (Oryza sativa) 

(Heazlewood, Howell & Millar 
2003) 

Respiratory super 
complexes 
 

Arabidopsis thaliana 
Potato (Solanum tuberosum) 
Bean (Phaseolus vulgaris) 
Barley (Hordeum vulgare) 

(Eubel, Jänsch & Braun 2003) 

Etioplast membranes 
protein Barley (Hordeum vulgare) 

(Guéra, de Nova & Sabater 2000) 

Cytoplasmic male 
sterility (CMS) 

Brassica (Mihr et al. 2001) 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/synthase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/arabidopsis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oryza-sativa
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3.4 Genetic engineering and novel biomarker of Symbiodinium  

3.4.1 Metabolic engineering of PCP production in Symbiodinium 

 In Chapter 2, we successfully extracted, purified and characterised PCP from S. 
tridacnidorum. The result of the PCP content showed that under low light condition (30 µmol 
photon m-2 s-1) Symbiodinium can accumulate PCP 4-fold higher than under control conditions. 
Our proteomics analysis also revealed that Symbiodinium cells exposed to low light intensity 
upregulated their light harvesting proteins and PSΙ/PSΙΙ associated proteins in order to increase 
the light harvesting. These mechanisms are supported by several proteins in the mevalonate-
independent pathway, serine/threonine-protein kinase pathway, mitochondrial fatty acid 
synthesis and tricarboxylic acid cycle pathway (Chapter 2, Figure 2-11). We hypothesized that 
these proteins can be considered as target proteins for Symbiodinium genetic improvement 
especially for PCP production. However, no specific proteins or enzymes have been studies for 
the PCP metabolic engineering yet. Therefore, efforts towards solving this challenging issue 
will be an important aspect for the industrial production of PCP in the future. 

3.4.2 Novel biomarker for Symbiodinium health monitoring 

Due to a wide range of Symbiodinium habitats and the high diversity of genetic 
information, it is difficult to evaluate the health and viability of Symbiodinium cells or 
Symbiodinium in coral reef (Davies et al. 2018). Effective biomarkers are required to be used 
as warning parameters of environmental stresses in Symbiodinium (Hook, Gallagher & Batley 
2014). Regarding our results in Chapter 4, we demonstrated that light stress has a direct effect 
on the expression of several proteins. More specifically, amino acid catabolism proteins, 
Cytochrome b2/b6, methylenetetrahydrofolate dehydrogenase, S-adenocylmethionine 
synthetase, adenosylhomocysteinase and acetylglutamate kinase showed significant 
differential protein expression in Breviolum sp. In addition, stress activated protein kinase, 
cyclophilins and calmodulin also demonstrated a high potential to be considered as novel 
biomarker for Durusdinium sp. 

4. Conclusion remarks 

This thesis established SP3 based a high throughput shotgun-based bottom up 
proteomic too to investigate stress responses of Symbiodinium, discovering new knowledge on 
the molecular mechanism to abiotic stresses and their symbiosis with coral host. This tool based 
proteomic study supported our hypothesis of PCP accumulation under low light conditions and 
identified key biological pathways including mevalonate-independent pathway, mitochondrial 
fatty acid synthesis that were differentially regulated and allowed cells survival while meeting 
enhanced energy demand possibly for pigments synthesis under LL conditions.  

This new knowledge on PCP accumulation in low light conditions generated in this 
study is highly beneficial for pharmaceutical and nutritional industries who are actively 
exploring new marine bioactive compounds for commercial application. Our findings on PCP’s 
bioactivities wherein PCP exhibited significant anti-tumor and anti-inflammatory properties 
(against HTC- 116 and MDA-MD 231 cancerous cell lines), indicated it is not only a 
photoprotective and light harvester protein, but a novel bioactive compound for pharmaceutical 
industry use. It is, however, noteworthy that PCP displayed low bioactivity against RAW 264.7 
and therefore warrant to explore the molecular mechanism of PCP bioactivity.  We suggest 
examining its stability either as a free molecule or embedded as part of emulsions and 
encapsulations for its use in pharmaceuticals and cosmetic industries. Such futuristic studies 
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can speed up the progress towards its commercialization and incorporation of PCP in the global 
market.   

Lastly, our proteomic investigation in Symbiodinium phyoclades B and D to light stress 
supported our hypothesis that both phyloclades deployed distinct stress tolerance strategy by 
regulating specific biological pathways.  When FCPs and carotenoid-Chl c binding protein 
appeared to be the key light harvesting proteins up-regulated in clade B cells; clade D cells 
primarily accumulated PCPs in response to light stress. Moreover, cyclophilins, calmodulin, 
stress activated protein kinase were key ROS detoxification mechanism observed in clade D; 
enzymatic antioxidant system appeared to be major defence systems in clade B cells for 
enhanced tolerance to light stress.  Also, activation of photorespiration pathway uniquely in 
clade B only further supported our hypothesis of utilizing distinct light acclimation 
mechanisms in Symbiodinium B and D phyloclades. This new knowledge uniquely identified 
key stress biomarkers in Symbiodinium cells and laid foundation to further explore their 
involvement in Coral-Symbiodinium symbiotic association under stress condition.  
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