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 Abstract 

Dinoflagellates are an abundant clade of aquatic protists with a fascinating evolutionary history 

that led to enigmatic features within the nucleus. Dinoflagellates do not undergo typical 

eukaryotic mitosis and seem to lack many of the characteristic nuclear proteins of eukaryotes. 

Previously, it was believed that dinoflagellates lacked histones altogether, instead utilizing a 

variety of horizontally acquired proteins named dinoflagellate viral nucleoprotein, DVNP, and 

histone-like proteins, HLPs. Recent transcriptomics have shown the presence of histone genes 

within dinoflagellates. The species Oxyrrhis marina is an early branching dinoflagellate, making 

its phylogenetic position evolutionally valuable to determine what features are ancestral or 

derived in the dinoflagellate clade. The genome and nuclear proteome of Oxyrrhis, among other 

dinoflagellates, has remained challenging to analyze. This study aimed at a multi-omics approach 

to eliciting evolutionary features in O. marina. Nanopore sequencing was performed, the cellular 

proteome of Oxyrrhis was profiled, and a nuclei isolation protocol was developed to visualize the 

morphology and target proteomics of the intact nuclei. I found that the O. marina nuclear 

proteome contains all four canonical histones that make up the nucleosome as well as the DVNP 

protein. The analysis of this proteome also identified key nucleosome assembly proteins and 

canonical post-translational modifications along the histoneôs peptides. The presence of histones 

and an array of nucleosome-modifying proteins allude not only to a complex relationship with 

chromatin binding proteins but suggests that the original interpretations oversimplified the 

elimination of histones in dinoflagellate evolution.  
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Chapter 1 Introduction 

1.1 Dinoflagellates and their Ancestry 

Dinoflagellates are a group of marine single-cell eukaryotes belonging to the phylum 

Dinoflagellata. They are a diverse and ancient group of microorganisms with a rich evolutionary 

history dating back approximately 240 million years (Taylor, Hoppenrath & Saldarriaga, 2007). 

Dinoflagellates belong to the parent taxa Alveolata, which are still not fully phylogenetically 

resolved and thus have a variety of different grouping schemes (Fast et al., 2002). The group is 

generally split into three major groups: Apicomplexa, Dinoflagellata, and, ciliates. A minor group 

is Perkinsozoa, a sister group to dinoflagellates that together create the group Dinozoa. The 

entire alveolate group belongs within the phylogenetic supergroup, SAR or Harosa, which 

contains Stramenopila, Alveolata, and Rhizaria from where it gets its name (Burki et al., 2020). 

Studies have shown that stramenopiles and alveolates branch together diverging from rhizarians 

(Figure 1.1). Estimations show that SAR has half of the eukaryotic diversity and is an extremely 

abundant supergroup in marine environments (Grattepanche et al., 2018).  

The phylogenetics among dinoflagellates is still unclear. However, most phylogenetic 

analyses place Oxyrrhis as the earliest branching dinoflagellate, with few even placing it outside 

the group entirely. Oxyrrhis and Syndiniales are the only two classes that are excluded from the 

core dinoflagellates. The liquid crystalline chromosomes along with arched DNA fibrils and 

changed nuclear protein levels are generally used to classify the core dinoflagellates from the 

basal dinoflagellates (Janouġkovec et al., 2016). Within the core dinoflagellates, Gonyaulacales, 

Suessiales and Peridiniales make up a large portion of dinoflagellate sequencing data (Orr et al., 

2012).   
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Figure 1.1 - Phylogeny of dinoflagellates, their parent group, Alveolata, and their place 

within the SAR supergroup. The three groups of the SAR clade are shown, where the alveolate 

group is expanded to show the consensus phylogeny of dinoflagellate genera and other alveolate 

groups with a network where Suessiales and Peridiniales branch, indicating lack of resolution.  

Phylogenetic relationships taken from Gornik et al., (2019) 
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Figure 1.2 ï Illustrations showcasing SAR clade diversity. Symbols beside species name 

indicate Stramenopila (r), Alveolata (¹), and Rhizaria (Ã). Dinoflagellates (¸) are further 

separated from other alveolates.  
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1.2 Ecological Role of Dinoflagellates 

The dinoflagellate group is composed of a mix of autotrophs containing chloroplasts and 

predatory heterotrophs using phagocytosis (Roberts et al., 2010). Some dinoflagellates are 

parasitic in nature, namely Hematodinium and Amoebophyra. Photosynthetic dinoflagellates 

have importance in coastal ecologies, where Symbiodinium, among other genera, participate in 

the formation of reefs by engaging in mutualistic relationships with corals. This mutualism is 

vital for the growth and health of coral reefs, which are among the most diverse and productive 

ecosystems on Earth, supporting countless marine species and providing important ecological 

services. The ecological significance of dinoflagellates extends beyond their roles in coral reefs 

to include their involvement in harmful algal blooms (HABs), bioluminescence, and global 

carbon cycling. HABs, often triggered by environmental factors such as nutrient runoff and 

warming waters, can lead to mass mortalities of marine organisms and pose risks to human 

health (Taylor et al., 2007). This is in part to the accumulation of secondary metabolites, 

generated from dinoflagellates, in shellfish like molluscs. A number of these metabolites are 

particularly potent toxins (Wisecaver & Hackett 2011). A large production of 

dimethylsulfoniopropionate, which is essential to certain bacterioplankton as a reducing sulfur, is 

generated from dinoflagellates. DMSP content has been shown to dramatically change bacterial 

diversity and abundance in dinoflagellatesô microbiome (Lin et al., 2021).  

1.3 Spliced Leader Trans-splicing  

Spliced leader (SL) trans-splicing is a unique mechanism of mRNA processing that 

occurs in several eukaryotic lineages, including dinoflagellates. In this process, a small, spliced 

leader RNA (SL RNA) donates a short sequence to the 5' end of a pre-mRNA, resulting in a 

chimeric mRNA. This SL RNA contains a spliced leader exon, which is added to the pre-mRNA 
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via a trans-splicing reaction, mediated by the spliceosome. This process generates mature 

mRNAs with a common 5' leader sequence derived from the SL RNA, which can be crucial for 

mRNA stability, translation, and regulation of gene expression (Stover, Kaye & Cavalcanti 

2006). Within the alveolate clade, the phenomenon of spliced leader (SL) trans-splicing is 

predominantly observed in dinoflagellates. Lingulodinium polyedra, for example, uses SL trans-

splicing extensively, with a high proportion of its mRNAs undergoing this modification (Zhang, 

2007). The addition of the spliced leader sequence can help regulate the expression of genes 

involved in circadian rhythms, bioluminescence, and other critical cellular processes (Roy, Jagus 

& Morse, 2018). 

1.4 Intriguing Characteristics of Dinoflagellates  

Facets that separate dinoflagellates from other alveolates are the presence of 

Dinoflagellate Viral Nucleoprotein (DVNP), loss of bulk nucleosomes as DNA organizers, and 

highly condensed chromosomes. Characteristics that separate core dinoflagellates from basal 

ones are the presence and expression of HLPs (Histone-like proteins one and two) which have 

only been found thus far in core dinoflagellates (Janouġkovec et al., 2016). The organization of 

the dinoflagellate genome is one of the most significant aspects of the group. The nucleus has 

DNA in a large range of 3 to 250 pg, depending on the species (Gornik et al., 2012). This range 

and amount far exceed most eukaryotes. The dinoflagellate nucleus has just as large a range of 

chromosomes; certain parasitic dinoflagellates contain only 4 chromosomes whereas other 

species contain up to 270 (Spector, 1984).  

Most eukaryotes primarily condense their chromosomes through a complex process of 

folding and wrapping in which nucleosomes are a crucial element. A nucleosome is a complex of 

typically eight histones with two sets of H2A, H2B, H3 and H4 histone proteins that DNA wraps 
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around (Mari¶o-Ram²rez et al., 2005). This is the basis for the DNA organization hierarchy to 

form chromosomes. Dinoflagellates are not thought to use this as a primary organization, as 

many studies show they do not have a nucleosome-based organization. Their nucleofilament is 

far thinner than a normal eukaryote, and treatment with nucleases creates widely varying-sized 

pieces (Gornik et al., 2019). Within this treatment, only 10% of the DNA is digested. The 

dinoflagellateôs DNA is highly modified and permanently condensed, which means that some 

aspects of transcription could have mechanisms different from those of the typical eukaryote. 

One transcriptional mechanism proposed is that Z-DNA (left-handed helical DNA), which can 

occur in condensed areas, creates the boundaries for transcriptional zones. The region where a Z 

to B DNA transition occurs results in the B DNA (right-handed or ñcommonò helical DNA) 

forming an outward loop on the outskirts of the packed DNA, allowing for the binding of 

promoters, enhancers, and other nucleoproteins (Soyer-Gobillard et al., 1990). Evidence of this 

originated from the presence of loops during the G1 cell phase and the absence of loops during 

the G2 phase, where the cell reduces transcription in preparation for cell division (Fukuda & 

Suzaki, 2015).  

Dinoflagellates have developed permanently condensed chromatin with a deficient 

protein concentration (Rill et al.,1989). An intrinsic feature of the dinoflagellate nucleus is the 

high concentration of divalent cations and transition metals. Studies have shown that Mg2+ and 

Ca2+ occur at a ratio of 3:1 in the nucleus, and divalent cations are about a 1:2 ratio per base pair 

(Levi-Setti, Gavrilov & Rizzo, 2008). Although necessary in all eukaryotes, levels seen in 

dinoflagellates are far above other eukaryotes, where small deviances in bivalent cations can 

have significant effects on chromatin superstructure and can cause precipitation of segments of 

DNA and repressed expression (Aaronson & Woo, 1981). In humans, Ca2+ ions have a 1: 12.5-20 
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ratio per base pair, and Mg2+ is in even lower proportions (Gornik et al., 2019). The current 

model of nuclear organization for core dinoflagellates is the liquid crystalline model. This 

proposes that the large, condensed chromosomes are stacked as liquid crystals/discs, and discs 

are connected by intermediate filaments that form lateral loops (Wong, 2019). These loops lie 

facing the nucleoplasm, and the resulting negative charge on the naked DNA is neutralized by 

divalent cations (Levi-Setti et al., 2008). Efforts to remove proteins with reducing agents cause 

the chromosomes to de-condense. This underlines that dinoflagellates may be using many 

different strategies to organize the nucleus (Gornik et al., 2019).  

Dinoflagellates have a different form of mitosis than most eukaryotes; this resembles 

typical mitosis in the G1, S, and G2 phases but changes in the M phase. The nuclear envelope 

never degrades, although its thickness changes throughout the M phase (Fukuda & Suzaki, 

2015). Chromosomes connect to the nuclear envelope, and all mitotic proteins involved must 

either penetrate the envelope, work within the nucleus or attach to the outer nuclear envelope 

(NE). Originally, dinoflagellates were thought not to encode histones and simply carried HLPs 

and DVNP. This was corrected when research found transcriptomes and expression of eukaryotic 

histones. The dinoflagellates alkaline nuclear proteins, HLPs and DVNP differ between core and 

basal dinoflagellates. Core dinoflagellates contain more HLPs than any other nuclear protein, 

which results in a more liquid crystalline DNA. Early branching dinoflagellates like Oxyrrhis 

and Hematodinium contain more DVNP, which is the predominant nuclear protein. The 

differences between these proteins result in different nuclei morphology and signify a difference 

in complexity and evolution (Janouġkovec et al., 2016).  
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Figure 1.3 ï Current model for typical eukaryotes and dinoflagellate chromatin 

organization. Higher eukaryotes, as seen on the left, have hierarchical steps to produce 

chromosomes starting from naked DNA which is wrapped around nucleosomes. Nucleosomes 

form the 10 nm fiber, which in turn condenses to a 30 nm fiber, loop domains and then 

chromosomes. Dinoflagellates, as pictured on the right, are thought to forgo these steps, instead 

relying on superhelical modules (SPMs); these chromosomes have a dense core with a less 

condensed surface, possessing peripheral chromosomal loops. The dinoflagellate model 

displayed is adapted from Wong (2019). 
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1.5 Introduction to Oxyrrhis marina 

Oxyrrhis is somewhat of an outlier in terms of core dinoflagellate characteristics. This 

genus has a minimum of 38 genetically divergent strains but currently only contains one species, 

although genetic data suggests O. marina might represent more than one species (Lowe, 2011). It 

is a predatory organism and thus heterotrophic and can be cultured on a diet of eukaryotes or 

grow with communities of prokaryotes, making its diet highly flexible (Ammermann et al., 

2017). Closely related apicomplexan parasites have been shown to have a non-photosynthetic 

plastid called the apicoplast (Waller & McFadden, 2005). O. marina has been shown to contain 

some genes relating to plastidic functions with plastid-targeting sequences, but a physical plastid 

has not been proven (Slamovits & Keeling, 2008). Furthermore, plastidial membrane lipids were 

not found in Oxyrrhis nor were the enzymes integral to the final forms of these lipids (Leblond, 

Dodson, & Dahmen, 2013).  

1.6 Dinoflagellate Nucleoprotein (DVNP) 

Dinoflagellate viral nucleoproteins were first isolated from O. marina by nuclei isolation 

and H2SO4 extraction (Kato et al., 1997). It was given the name np23 (nucleoprotein 23) due to 

its appearance at 23 kDa during gel electrophoresis. Np23 was isolated from Hematodinium sp., 

and its amino acid identity was determined by sequencing data (Gornik et al., 2012). Analysis of 

Np23 sequences revealed that the closest similar proteins were in viruses and were henceforth 

called dinoflagellate viral nucleoprotein (DVNP). The dinoflagellate DVNP protein is 10-20 kDa 

in size and has a strong positive charge owing to its composition, where 30-40% of the amino 

acids are either lysine or arginine (Gornik et al., 2019).  The protein has no obvious homology to 

histones or any other nucleoprotein in prokaryotes or eukaryotes but can be found in all 

dinoflagellates. Although sequence homology is lacking, DVNP does have some similarities to 
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DNA binding proteins in structure. Dinoflagellate DVNP has a long N-terminal tail that is 

generally predicted to be disordered (Figure 1.3). This has many parallels in histone proteins, 

which also contain intrinsically disordered regions at the N-terminal. The DVNP protein domain 

can be found in two groups of large marine viruses, namely Phycodnaviridae, which is known for 

infecting marine algae, and Mimiviridae. Gornik, Ford, Mulhern, Bacic, McFadden and Waller 

(2012) theorized that the origin of DVNP in dinoflagellates came from an evolutionary event 

involving ancestral dinoflagellates which retained the DVNP gene via gene transfer during a 

viral infection. DVNP variants all have a homologous core region that is believed to be a DNA-

binding region. Dinoflagellate DVNP differentiates from viral DVNP in their N-terminals, where 

dinoflagellates have lysine-rich extensions.  

 

Figure 1.4 ï AlphaFold structures of representative DVNP from dinoflagellates and EsV-1. 

Species names are below the predicted DVNP structure, with the corresponding UniProt 

identifier above the structure, whose surface and secondary structure are shown.  
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DNVP is highly expressed in early branching dinoflagellates. This protein compacts DNA 

at very fast rates (50 Õm/sec) and changes the structure, resulting in condensed and accessible 

zones of DNA (Hu & Waller, 2019). Transfected DVNP proteins expressed in other eukaryotic 

systems other than dinoflagellates exhibit elevated levels of toxicity through loss of chromatin 

function. It was found that DVNP remodels chromatin by having a higher affinity for 

nucleosome sequence sites than histones, which results in histone displacement (Irwin et al., 

2018). The toxic effect of DVNP in yeast could only be partially remediated by repressing 

histone expression. Many questions about DVNPôs function are still left unanswered, especially 

concerning the viral counterpart, where it is unknown if it is used to remodel host transcription or 

organize the viral genome.  

As can be seen, there are many enigmas still left unsolved about dinoflagellateôs 

evolution. These include how and why they acquired DVNP, the change and losses in the nuclear 

proteome, and the organization of the chromosome. The complete deviation from typical nuclear 

morphologies and machinery is a residing facet that shows how unique this group of organisms 

is. This research focused on proteomics, genomics and high-resolution microscopy of O. marina. 

Using its unique phylogenetic position within the dinoflagellate clade; the aims were to 

determine whether nuclear features previously reported are multilateral and how accurate the 

current model of dinoflagellates. These aims relied on an isolation of intact nuclei protocol 

optimized for dinoflagellates to enrich nuclear proteins and visualize the nuclei. Nanopore 

sequencing was done to assess its viability as a long-read sequencing technique for dinoflagellate 

genomes. The proteomics portion of this study aimed to determine an optimized methodology for 

the identification of nuclear proteins in O. marina and to visualize modifications and processes 

within the nuclei, developing ways to annotate dark genes.  



12 

 

Chapter 2 Multi-omics Analysis of Oxyrrhis marina  

2.1 Introduction 

 2.1.1 Genomics: 5hmu Modifications in Dinoflagellates  

5-Hydroxymethyluracil (5hmU) is a thymine modification present in the DNA of various 

organisms, including mammals, kinetoplastids, and dinoflagellates. This modification is 

introduced post-replicatively via the hydroxylation of thymine, a reaction catalyzed by ten-

eleven translocation (TET) dioxygenases in mammals and J-binding proteins (JBPs) in 

kinetoplastids (Kawasaki et al., 2017). In dinoflagellates, 5hmU can constitute a significant 

portion of thymine bases, with its levels varying across species. This modification is believed to 

play a role in the regulation of gene expression and chromatin structure, potentially impacting 

the organism's response to environmental stress (Li et al., 2023). Quantification studies using 

techniques such as liquid chromatography-mass spectrometry (LC-MS) have revealed that 5hmU 

is present in low abundance in many other eukaryotes, making up approximately 0.08% of 

thymine bases in embryonic stem cells (Lamadema, Burr, & Brewer, 2019). In dinoflagellates, 

5hmu can replace up to 70% of thymine (Wong, 2019).  

In dinoflagellates, the synthesis of 5hmU involves both TET and JBP enzymes. These enzymes 

hydroxylate thymine residues in the DNA, converting them into 5hmU (Li et al., 2023). This 

process is part of a broader set of epigenetic modifications that also includes base J, another 

modified base found in these organisms (Kawasaki et al., 2017). Dinoflagellates utilize a unique 

enzymatic machinery that includes homologs of TET and JBP proteins to introduce these 

modifications, which are critical for their genomic organization and function. The high levels of 

5hmU and its distribution within the genome suggest a specialized role in maintaining genome 
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stability and regulating gene expression in response to environmental changes Gornik et al., 

2019). 

 2.1.2 Genomics: Nanopore Sequencing 

Nanopore sequencing technology offers significant advantages for studying dinoflagellate 

genomes. Due to the large size, as previously iterated, and high complexity of their genomes, the 

ability of nanopore sequencing to produce ultra-long reads is particularly beneficial. This 

technology allows for the resolution of repetitive regions and the assembly of highly contiguous 

genome sequences, which is challenging with short-read sequencing methods. Additionally, 

nanopore sequencing can detect modified bases directly without the need for additional sample 

preparation, providing a more comprehensive understanding of dinoflagellate epigenetics and 

genome organization (Furuta, 2023). Thus far no genome-wide nanopore sequencing 

experiments have been published with dinoflagellates.   

 2.1.3 Proteomics: Dinoflagellate Proteomics and DIA  

 Proteomics of dinoflagellates has largely focused on core dinoflagellates and, 

specifically, their responses to environments. Of the datasets available on PRIDE, the majority 

focus on heat tolerance and the dinoflagellate's symbiosis with coral, with no early-branching 

dinoflagellate data available. Of the proteomes and respective transcriptomes available, many 

show many hypothetical proteins that can not be annotated. These ñdark genesò with unknown 

functions plague most of the omics projects, greatly impeding understanding the landscape of 

protein diversity and roles in dinoflagellates (Stephens et al., 2018). 
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2.1.4 Data-Independent Acquisition Proteomics for Reproducible Quantification  

Identification of proteins within a proteome is largely performed by a mass spectrometry (MS). 

In a typical bottoms-up experiment proteins are digested, separated, ionized and detected. To 

sequence a peptide, tandem mass spectrometry is performed (MS/MS or MS2). A parent/intact 

ion is fragmented into fragments ions. How intact ions are chosen to be sequenced relies on the 

acquisition method (Dupree et al., 2020). Data-Independent Acquisition (DIA) is a method in 

mass spectrometry-based proteomics, particularly useful for label-free quantification (LFQ). 

Unlike Data-Dependent Acquisition (DDA), where the mass spectrometer selects specific 

precursor ions for fragmentation based on their intensity, DIA systematically fragments all ions 

within a selected m/z range, covering the entire precursor mass range in a series of narrow 

isolation windows. This exhaustive approach allows DIA to capture data from all detectable 

peptides in a sample. The advantages of DIA over traditional DDA methods are its ability to 

overcome the problem of missing values, which are common in DDA due to its stochastic 

sampling nature (Tsou et al.,2015). DIA acquires MS/MS data for all precursor ions within each 

isolation window, which ensures more consistent and comprehensive data collection across 

samples. This results in more reliable quantification and allows for retrospective data analysis, 

providing greater flexibility in data interpretation and re-analysis with updated spectral libraries 

or improved algorithms (Demichev et al., 2019). 
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2.2 Methods  

2.2.1 DIA of Whole Cell Pellets  

Oxyrrhis marina was grown in 500 mL of F/2 seawater medium supplemented with heat-

killed bacteria (HKB). Once the culture was highly dense, it was split and grown in either solely 

F/2 media or F/2 media supplemented with 0.5 mM 2,4-pyridinedicarboxylic acid hydrate (2-

4P). After three days, the culture was pelleted by centrifugation for ten minutes at 3000 × g. 

All following sample preparation for mass spectrometry was performed by the Dalhousie BMS 

CORE facility 

Protein was extracted from cell pellets using 150 ɛL of a solution of 20 mM Tris-HCl pH 7.5, 

150 mM KCl, 5 mM MgCl2, 0.5% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, and 0.5X 

complete protease inhibitor (Sigma). To support the degradation of DNA/RNA, 10 ɛL of a 

nuclease solution (1 U/ɛL benzonase) was added to the tissue solution and incubated at 24 °C for 

10 minutes. After nuclease digestion, 50 ɛL of a solution of 600 mM Tris-HCl pH 7.5, 8% (w/v) 

SDS, and 10 mM dithiothreitol (DTT) were added to the tissue lysate and incubated at 95°C for 

5 minutes in a heating block. After cooling to 24 °C, lysates were alkylated using 20 mM 

chloroacetamide (final concentration) and subsequently quenched with DTT. The protein 

concentration of the resulting lysate was measured using a BCA assay. Protein cleanup prior to 

digestion was carried out using an adapted version of the previously described SP3 protocol 

(Hughes et al., 2014). Briefly, 10 ɛL of a 50 mg/mL carboxylate-coated bead stock (Cytiva) was 

added to 40 ɛg of protein in 100 ɛL of solution followed by 400 ɛL of acetone. After a 5 minute 

incubation at 24 °C, mixtures were centrifuged for 5 minutes at 5000 × g. Resulting supernatants 

were discarded and pelleted material was resuspended in 800 ɛL of 80% ethanol and pelleted 

again as above. The ethanol supernatant was removed and 1ɛg of trypsin/LysC in 100ɛL of 4 M 
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urea was added to each sample and incubated at 30 °C for 4 hours with shaking at 800 rpm. 

Samples were then diluted to 1 M urea by the addition of 300 ɛL of 100 mM Tris-HCl pH 7.5 

and digested for an additional 16 hours under the same conditions. After digestion, the 

supernatant was collected after centrifugation at 12,000 × g for 2 minutes and subsequently 

desalted using Strata-X SPE (Phenomenex, CAT# 8M-S100-4GA) micro-elution plates. These 

wells were initially conditioned with 100% (v/v) methanol (100 ɛL) followed by equilibration 

with 0.1% (v/v) trifluoroacetic acid (TFA) (100 ɛL). Loaded peptides were rinsed using 4% (v/v) 

methanol in 0.1% (v/v) formic acid (200 ɛL) and eluted using 60% (v/v) methanol in 0.1% (v/v) 

formic acid (100 ɛL). All SPE steps were carried out using a centrifuge with spinning at 250 × g 

for 3 minutes. Eluted peptides were evaporated to dryness in a SpeedVac centrifuge and 

reconstituted in a solution of 1% dimethylsulfoxide (v/v) in 1% (v/v) formic acid. Reconstituted 

peptide solutions were quantified on a QTRAP5500 MS using a measured signal relative to a 

standard of known concentration.  

2.2.2 MS Data Acquisition 

Peptide samples and fractions were analyzed using DIA acquisition routine on an 

Orbitrap Fusion Lumos mass spectrometer (MS) (Thermo Scientific) . Samples were introduced 

to the MS using a Dionex UltiMate liquid chromatography (LC) instrument equipped with a 

trapping-analytical column setup. For injection, peptides were initially trapped using 95% mobile 

phase A (0.1% formic acid) on a 100 ɛm inner diameter x 3 cm length column packed in-house 

with 1.9 ɛm Reprosil Pur C18 beads (Dr. Maisch, r119.aq.). Gradient elution of peptides was 

performed using a ramp of mobile phase B (80% v/v acetonitrile in 0.1% formic acid) on a 

100ɛm inner diameter x 25 cm length analytical column packed with 1.9 ɛm Reprosil Pur C18 

beads. For each injection, 1 ɛg of peptides were separated with an 80-minute LC linear gradient 



17 

 

from 5% to 11% mobile phase B in 0.5-minutes, and to 34% B in 72.5 minutes at 400 nL/min, 

followed by rinsing and re-equilibration over the remaining 7 minutes. The analytical column 

outlet was coupled to a 20 ɛm inner diameter LOTUS electrospray tip (Fossil Ion Tech.). Each 

peptide sample was injected three individual times (80-minute acquisition time for each), with 

each acquisition covering analysis of a separate mass range (injection 1 = 430 - 550, 2 = 550 - 

690, 3 = 690 ï 930 m/z). The complete duty cycle of the acquisition method consisted of two 

MS1 scans and two sets of windowed MS2 scans (order MS1 - MS2 - MS1 - MS2). For the first, 

low mass range injection, the initial MS1 scan covered a mass range of 425-555 m/z at a 

resolution of 60,000. The following set of DIA MS2 scans covered a precursor range of 430-550 

m/z with an isolation window size of 4 m/z (0 m/z overlap) for a total of 30 scan events. Each 

scan used an HCD energy of 30% and covered a defined mass range of 200-1800 m/z at a 

resolution of 30,000. The next MS1 scan and following DIA MS2 used the same settings as the 

previous one with the exception that the MS2 precursor mass range was set to 428-552 m/z to 

give a 2 m/z stagger with the previous scan windows. For the second, medium mass range 

injection, the scan settings were the same as for the low mass injection with the following 

changes: 1. MS1 scan range of 545-695 m/z; 2. DIA-MS2 precursor scan ranges of 550-690 m/z 

and 548-692 m/z; 3. Loop control number of spectra = 35. For the third, high mass range 

injection, the scan settings were the same as the others with the following changes: 1. MS1 scan 

range of 685-935 m/z; 2. DIA-MS2 precursor scan ranges of 690-930 m/z and 686-934 m/z; 3. 

DIA-MS2 isolation window of 8 m/z; 4. All scan data were acquired in centroid mode. 

2.2.3 MS Data Analysis 

The proteome database was produced using the 0468, 0469, 0470, 0471, 1424, 1425, and 

1426 Oxyrrhis marina transcriptomes from the Marine Microbial Eukaryotic Transcriptomic 
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Sequence Project (MMETSP) (Keeling et al., 2014). ORFs were extracted from each 

transcriptome using ORFipy and getORFs. The resulting protein sequence files were 

concatenated, and duplicates were removed. This non-redundant proteome was used for whole 

cell searches. Raw files produced were converted to mzML with peak picking, zeroing, and 

demultiplexed filters. Samples were then analyzed with FragPipe using the DIA_DIA-

Umpire_SpecLib_Quant workflow using DIA-Umpire for signal extraction and MSFragger for 

main search (Kong et al., 2017; Yu et al., 2023; Teo et al., 2020). A reverse sequence decoy 

database was added to the proteome. Missed cleavages were set to two and oxidation on M was 

set as variable modification. False discovery rate (FDR) was set at 1% and quantification was 

done using DIA-NN (Demichev et al., 2019). Search results were annotated with InterProscan, 

eggNOG, and blastKOALA (Jones, 2014; Huerta-Cepas et al., 2019; Kanehisa, Sato & 

Morishima, 2016). BlastKOALA results were mapped using the KEGG mapper (Kanehisa & 

Sato, 2019). Abundant proteins that returned no hits had their structure predicted using 

AlphaFold 3 and structures were run through FoldSeek (Abramson et al., 2024; van Kempen et 

al., 2023). Cellular functions were assigned to proteins manually, based on the most reliable 

annotations available. Annotations were grouped depending on their subcellular location or 

primary cellular function if they could be found ubiquitously throughout the cell. Nuclear 

proteins were further differentiated if they had the ability to organize chromatin. The abundance 

of each assignment group was determined by summing the intensities of the proteins within that 

group. 

2.2.4 DNA Extraction  

For DNA extraction, cultures were pelleted and incubated in Edwardôs buffer (200 mM 

Tris-HCl, pH 7.5, 250 mM NaCl, 25 mM EDTA, and 0.5 % SDS) for 15 minutes at room 
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temperature. RNA and proteins were digested with RNase A for 1 hour and Proteinase K for 3 

hours. Phenol chloroform extractions were then performed, followed by multiple chloroform 

isoamyl alcohol clean-ups for further purification. DNA was precipitated with isopropanol and 

redissolved in TE buffer. After, some of the DNA was then sheared using Covaris g-TUBE 

(10145-D) to achieve 20 kbp fragments. From the DNA of treated and untreated culture, 1 Õg 

was then digested using the NEB Nucleoside Digestion Mix kit (M0649S) which was adjusted to 

an extra 3 hours of digestion to account for highly modified gDNA. Nucleosides were then 

analyzed for 20 minutes using an Orbitrap Fusion Lumos mass spectrometer operating in data-

dependent acquisition (DDA) mode with an MS1 scan range of 100-350 m/z and a MS2 scan 

range of 50-375 m/z.  

2.2.5 DNA Purification and Nanopore Library Preparation/Assembly  

Oxyrrhis marina sheared gDNA from both the F/2 and 2-4 P supplemented F/2 cultures 

were then run through BluePippin in a High Pass Plus Cassette to extract DNA fragments >15 

kbp. A 0.8 % agarose gel loaded with DNA from before and after High Pass Plus Cassette size 

exclusion was run to ensure quality. Two libraries were made, one from unsheared gDNA of 

control F/2 culture and the other was the 2-4 P treated, sheared and size selected gDNA. Both of 

these libraries were prepared with the SQK-LSK109 ligation sequencing nanopore kit. Each 

library was loaded onto a separate spent R9 minION flow cell (<800 pores). Raw reads from the 

first nanopore run was basecalled using the Guppy model dna_r9.4.1_450bps_hac. As this run 

had very limited called reads that passed a mean Q score of 7, only the sheared, treated, and 

purified gDNA produced was used for subsequent analysis. Raw reads were basecalled using the 

Dorado basecaller model dna_r9.4.1_e8_sup@v3.6 and the resulting fastq was assembled using 
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Flye assembler (Kolmogorov et al., 2020). Contigs were binned as eukaryotic, bacterial, or 

unknown using Kraken 2 (Wood et al., 2019). 

2.3 Results & Discussion 

2.3.1 Functional Annotation of Oxyrrhis marina Proteome  

The two proteomes generated by Oxyrrhis marina, F/2, and F/2 supplemented with 2-4 P, 

consisted of 6255 and 6244 identified proteins. The abundance of each function, summed from 

all the protein intensities within each respective function, show ribosomal, metabolic, secondary 

metabolism, and unannotated proteins to represent the largest portions (Figure 2.1). In human 

cells, ribosomes make up about 4-6% of total protein mass (Shore & Albert, 2022). These give 

some gross indications that the percentages are typical of a eukaryote. Secondary metabolismôs 

abundance is largely dominated by one protein identified as a polyketide synthase (PKS). PKS 

produces polycyclic aromatic compounds, that are typically antibiotic and are found in bacteria, 

plants, and fungi. Polyketide synthase (PKS) has previously been described to reside in the 

chloroplast or cytosol of Karenia brevis (Van Dolah et al., 2013). Due to the diverse nature of 

this class of proteins, it is unknown what type of metabolite it is producing in the cell. The rest of 

the most abundant proteins appear to be largely typical proteins of a eukaryotic cell although, a 

portion of the most abundant proteins are unknown, enlarging the % fraction of ñunknownò seen 

in the summed intensities of cellular functions (Table 2.1).  

The O. marina whole cell proteome shows the overall trend of dark genes amongst 

dinoflagellates with no known function. InterPro, eggNOG, and BLAST were unable to annotate 

almost 1100 proteins (~ 18%). Some of these proteins with unknown functions could be 

annotated using AlphaFold 3 in tandem with FoldSeek, using the predicted structure to find 

protein homology (Figure 2.2). This proved effective at identifying highly abundant trichocyst 
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matrix proteins, where sequence alignment alone could not identify homology (Figure 2.2a). 

These trichocyst matrix proteins (TMPs) that make up the trichocyst cellular organelle are 

commonly seen in ciliates and dinoflagellates. In a recent study, TMP candidates were found 

through MS sequencing of trichocyst fractions (Rhiel et al., 2017). The TMPs identified in that 

study aligned with those found in the O. marina proteome (Figure 2.2b). The trichocyst consists 

of thin thread-like structures that can be ejected from the organism, for carnivorous organisms 

this usually functions to immobilize prey. The TMPs make up about 4.06% of the total annotated 

proteome intensity and are some of the most abundant proteins found in the proteome. However, 

this may be an overrepresentation due to the TMP remnants still residing in the solution and 

pelleting with the whole cells during centrifugation.  

The MMETSP O. marina transcriptomes contain from 43,252 to 143,123 assembled 

transcripts. This is much larger than the number of proteins being seen in the proteome. 

However, these transcriptomes may be highly redundant, containing partial sequences of 

transcripts. Judging from the ribosomal and tRNA synthesis proteins identified, the proteome 

appears fairly complete. It appears to be missing only a few proteins from each KEGG mapping 

and all intrinsic cellular pathways like glycolysis and gluconeogenesis are complete within the 

Oxyrrhis proteome. The inflated number of sequences in the transcriptomes may indicate the 

presence of pseudogenes, which could account for the large number of dark genes observed in 

dinoflagellate transcriptomes, approximately 40% in the case of Oxyrrhis (Stephens et al., 2018). 

This percentage is larger than the 18% that could not be annotated in this proteome, also 

supporting the possibility of abundant pseudogenes.  

When comparing the control to the 2-4 P treated sample, the most significant change is 

the intensities of DVNP proteins. Its log fold change is significantly different from other protein 
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groups, showing a dramatic decrease in DVNP protein during the 2-4 P treatment (Figure 2.2b). 

2,4-pyridinedicarboxylic acid is a known inhibitor of 5hmU base modifications as well as histone 

lysine demethylases (Li et al., 2023). Its effect on the cell appears to be negative, indicated by the 

increase in heat shock proteins, a marker for cellular stress (¡kerfelt, Morimoto & Sistonen, 

2010). DVNPôs differential expression may be due to cellular stress. No TET or JBP were 

directly identified within the proteome and no methyltransferases were seen to have a log fold 

change greater than (+/-) 0.5 between samples. It is unclear whether 2,4-pyridinedicarboxylic 

acid is influencing the 5hmU levels from the proteome alone, as no proteins related to the 

pathway were largely affected.   
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Figure 2.1 ï Classification of proteins found in proteomics searches of O. marina based on 

cellular function and their abundance changes when treated with 2,4-pyridinedicarboxylic 

acid ï a) shows a pie chart of the whole cell DIA search showing a relative abundance in the 

percentage of cellular location, or function. The most abundant fraction, Unknown, indicates that 

no annotation was found of these proteins. b) shows the log2 fold change (Control/Treated) of 

normalized LFQ intensity of certain proteins identified within the search. Dinoflagellate 

nucleoprotein (DVNP) contained the most significant log fold change of -4.95. 
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Figure 2.2 ï Identification of trichocyst matrix protein using AlphaFold 3 ï the predicted 

structure of identified protein in O. marina proteome (top) that matches the structure to known 

trichocyst matrix protein (TMP) in Paramecium (UniProt ID: Q27181). Alignment a) shows 

weak similarity between Oxyrrhis and Paramecium TMP. Alignment b) shows a region of two 

proteins; O. marina protein identified in sample (top) and a protein identified in a TMP enriched 

fraction in a recent study of TMP candidate proteins in O. marina (Rhiel et al., 2017). 
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Normalized Intensity 

(Control) 
Annotation 

6.01E+09 Polyketide synthase 

2.42E+09 Myosin rod fragments 

1.04E+09 ATP synthase alpha/beta family 

9.23E+08 Trichocyst matrix proteins 

8.72E+08 Trichocyst matrix proteins 

8.52E+08 ATP guanido phosphotransferase 

6.51E+08 Trichocyst matrix proteins 

6.35E+08 Ribosomal s3ae family 

6.23E+08 FAD binding domain 

5.92E+08 90kda heat shock protein 

5.53E+08 Unknown 

5.30E+08 Unknown 

5.26E+08 Mitochondrial carrier protein 

5.26E+08 ATP synthase (C/AC39) subunit 

5.04E+08 V-type ATPase 116kda subunit 

4.94E+08 Elongation factor Tu GTP binding 

4.28E+08 Unknown 

4.24E+08 FAD binding domain 

3.85E+08 Ribosomal protein L14 

3.85E+08 Poly-adenylate binding protein 

3.79E+08 Calreticulin signature 

3.57E+08 Mitochondrial carrier protein 

3.38E+08 Unknown 

3.32E+08 Unknown 

3.26E+08 Unknown 

3.23E+08 Unknown 

3.19E+08 Insulinase (peptidase family M16) 

3.19E+08 Unknown 

3.14E+08 Hmgl 

3.14E+08 Unknown 

3.13E+08 Short-chain dehydrogenase/reductase (SDR) superfamily 

3.04E+08 Putative phosphatidylinositol 3-kinase regulatory subunit alpha 

3.00E+08 Hemoglobinase (C13) cysteine protease 

2.81E+08 Cystatin domain 

2.71E+08 Alcohol dehydrogenase 

2.70E+08 P-type cation-transporting ATPase superfamily 

2.66E+08 Unknown 

2.66E+08 Tyrosinase copper-binding 

2.53E+08 Region in Clathrin and VPS 

2.35E+08 Unknown 

2.32E+08 Ribosomal protein L7A family 

2.24E+08 NAD dependent epimerase/dehydratase 

2.17E+08 Unknown 

2.11E+08 Alba 

2.10E+08 Plant ascorbate peroxidase 

2.05E+08 Thrombospondin type 1 

2.01E+08 Protein disulfide-isomerase 

1.98E+08 Unknown 

1.94E+08 Unknown 

1.89E+08 Centrosomal protein 2 

Table 2.1 ï Top 50 most abundant proteins within the cellular proteome. Proteins listed 

based on Normalized LFQ quantification from whole cell DIA search result. Proteins are 

annotated using a variety of databases. Unknown indicates no annotation was found. 
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Figure 2.3 ï Mapping of the identified ribosomal protein subunits. Figure shows the protein 

subunits of the large ribosomal subunit and small ribosomal subunit (based on well-annotated 

organisms), proteins identified within the proteome are highlighted in green. Proteins were 

illustrated using KEGG Mapper (Kanehisa & Sato, 2019). 
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Figure 2.4 ï Mapping of the identified Aminoacyl-tRNA biosynthesis proteins. Proteins 

identified within the proteome are highlighted in green. All aminoacyl-tRNA synthetases for 

canonical amino acids were able to be identified. Metabolic pathways were analysed using the 

KEGG Mapper (Kanehisa & Sato, 2019). 



29 

 

2.3.2 Oxyrrhis marina Nucleotide Analysis  

The digested DNA of Oxyrrhis marina shows peaks for all four canonical bases. These were 

identified from the predicted intact mass of each base. The corresponding fragmentation patterns 

support the identifications with hallmark masses of a glycosidic cleavage of the deoxynucleoside 

(Figure 2.5 & Figure 2.6). The modified base m6A was identified within the digestion of all 

samples. This base is known to affect both RNA and DNA, modulating DNA structure and 

transcription (Jiang et al., 2021). The MS2 was scanned using the 117.055 monoisotopic mass of 

the 1,2-dideoxyribose which breaks off from the nucleobase during fragmentation, multiple 

peaks can be seen that do not correlate to the intact mass of any common nucleotides (Figure 

2.7). This suggests other DNA modifications occurring in the genomic DNA. The absence of 

5mC and 5hmC, common modified bases among eukaryotes is evidence for the low sensitivity of 

this method. The purines appear to have particularly higher relative abundance than the 

pyrimidines. This may be due to ionization efficiency or detector response. This would aid in 

identifying more purine modifications like m6A. In the second control sample, which was stored 

frozen for a much longer time, 8-oxo-dG can be identified. This is a major product of DNA 

oxidation and a marker for DNA degradation (Kim et al., 2003). 5hmU, the rare nucleoside 

previously noted to be abundant in dinoflagellates could be identified in very low abundance. 

The peaks seen with the m/z range of 5hmU, and its corresponding fragment ions are many 

magnitudes lower in intensity than canonical bases. This may be exacerbated by 5hmU being a 

pyrimidine as well as the unmodified bacterial DNA contaminants, lowering the relative 

abundance of modified nucleotides. 5hmU is found to account for approximately 0.01% of 

thymine bases in Leishmania major and Leishmania donovani (Kawasaki et al., 2017). In the 

LC/MS of both the control and 2-4 P treated DNA samples, 5hmuôs relative abundance is similar. 

This may be evidence that 5hmU is not as present in Oxyrrhis as other dinoflagellates like 
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Amphidinium. Oxyrrhis, as an early branching dinoflagellate, may be an intermediate before full 

commitment to using 5hmU as a modified base to replace thymine. 

 

Figure 2.5 ï LC/MS/MS run of digested DNA extracted from Oxyrrhis marina treated with 

2,4-pyridinedicarboxylic acid. A) Entire LC/MS/MS run of 20 minutes. B) LC/MS/MS run 

from 8-12 minutes. Peaks were identified based on their intact mass and MS2 scan containing 

their respective nucleobase m/z. Bases are denoted as dA (deoxyadenosine), dG 

(deoxyguanosine), dC (deoxycytidine), dT (deoxythymidine), 5hmdU (5-hydroxymethyl-2ô-

deoxyuracil) and m6dA (N6-methyl-2ô-deoxyadenosine). 
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Figure 2.6 ï LC/MS/MS runs of digested DNA extracted from Oxyrrhis marina. Shown are 

two bioreplicates, with runs of two 20 minutes. Canonical nucleobase peaks are shown, 

identified based on their intact mass and MS2 scan containing their respective nucleobase m/z. 

The only significant difference seen between the runs is the presence of 8-oxo-dG (8-oxo-2ô-

deoxyguanosine). Other bases are denoted in an identical fashion to Figure 2.5. 
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Figure 2.7 ï Filtered LC/MS/MS of 2,4-pyridinedicarboxylic acid digested DNA showing all 

predicted nucleobase peaks. MS2 filtered by 117.055 m/z with a 5-ppm tolerance. A ñ?ò 

denotes where a peak was seen but had no intact mass of any common nucleobase modifications. 

Other bases are denoted in an identical fashion to Figure 2.6. Below, the base identification 

process is illustrated showing the MS scan (left) and MS/MS (MS2) scan (right) of 

deoxyadenosine (dA). The peaks from both the 1,2-dideoxyribose and nucleobase can be seen 

after fragmentation (MS2 scan). 
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2.3.3 Nanopore Sequencing Assessment  

The first run of nanopore sequencing on the MinION of unsheared, untreated DNA produced less 

than 10 Mb of read output. The pores appeared to be inhibited almost immediately. When rerun 

with gDNA that had been 2-4 P treated, sheared, and size selected through gel electrophoresis, 

the run was able to acquire 1.2 gigabases (Gb). It is unknown where the increase in effectiveness 

came from. Due to the nucleotide analysis, it seems unlikely that 2-4 P treatment had a large 

effect on the DNA sequencing run, as there is no change between LC/MS runs of untreated and 

treated DNA. It has been observed in nanopore sequencing that mechanical shearing of the 

gDNA can lead to an increase in sequenced read length. This is seen between runs where an N50 

of 2.11 kb was observed in the first run and an N50 of 15 kb was observed in the second. This 

could be due to longer reads having fewer ends and a decrease in enzyme adapter ligation or 

inefficient binding/eluting from solid-phase reversible immobilization (SPRI) beads. Shearing 

the DNA prior to library preparation also increases the molar concentration of the sample, 

helping flow cell output. However, the inhibition of pores during nanopore runs is seen in both 

runs, only to a lesser degree in the second (Figure 2.7). It is unlikely a sample contaminant, as 

the second round of DNA was purified through size selection gel electrophoresis (Figure 2.10). 

The sequencing inhibition may be due to innate properties of the DNA, which for dinoflagellates 

could include high GC content, long tandem repeats, or unusual base modifications. The Flye 

assembly generated from the second nanopore run has a GC content of 55.3 %, although this 

includes many bacterial contaminants. Based on Kraken 2 classifications, bacterial contigs have 

GC content of around 53.6% and make up about 56% of the total reads assembled (Figure 4.3). A 

crude estimation of the O. marina genome is ~50 Gbp (Sano & Kato, 2009). The limited number 

of sequenced bases in comparison to the estimated genome size of O. marina means that even a 

1X coverage assembly is not achievable. As a result, many unassembled eukaryotic reads that 
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have no overlap would have been filtered out. The few assembled eukaryote reads had a GC 

content of 59.5%. This is a considerably high GC content, with most plant genomeôs GC content 

around 40% (Singh, Ming & Yu, 2016). 

 

Figure 2.8 ï Nanopore run of sheared gDNA of Oxyrrhis marina treated with 2,4-

pyridinedicarboxylic acid. DNA was sequenced on a MinION with an SQK-LSK109 ligations 

sequencing kit. Reads sequenced by the flow cell are seen above with many reads appearing in 

the 14-15 kbp region. Flowcell poresô health is seen below where pores available begin to drop 

and become inhibited from sequencing.  
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Figure 2.9 ï Gel electrophoresis run of Oxyrrhis marina genomic DNA. DNA was run on 

0.8% agarose stained with RedSafe. Lane 1 contained the ladder, Lanes 2 and 4 contained 

sheared gDNA from Oxyrrhis marina grown in F/2 media (referred to as control), and O. marina 

grown in 0.5 mM 2,4-pyridinedicarboxylic acid (2-4 P). Lanes 3 and 5 contain the DNA isolated 

by BluePippin size selection, which is above 10 kbp.   
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Figure 2.10 - BANDAGE visualization of Flye assembly.  several completed bacterial 

genomes can be seen, identified with Kraken 2, with a vast array of small contigs which are 

largely classified as unknown or eukaryotic. The mean depth of the assembly is 19.1 x with the 

largest assembled contig, of 4.6 Mbps, being 50x depth coverage.  
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Chapter 3 Isolation and Morphology of Intact Nuclei 

3.1 Introduction 

3.1.1 Closed Mitosis in Eukaryotes  

As mitosis is a key aspect of eukaryotic life for cell division it is of particular interest for 

single-cell eukaryotes, like dinoflagellates, who mainly reproduce asexually, through binary 

fission. Both closed and semi-closed mitosis occur in other alveolates (Boettcher & Barral, 

2013). In Toxoplasma semi-closed mitosis has been reported, where the nuclear membrane is 

open to cytoplasm during parts of early mitosis of the nuclei and then closes for nuclei division. 

This process allows spindles to enter the nucleus. These apicomplexans also contain a 

centrocone, an embedded sub-organellar structure that facilitates the connection between 

microtubules and kinetochores (White & Suvorova, 2018). 

Dinoflagellate nuclei have been a subject of great intrigue due to many of their 

morphological differences from typical eukaryotes. Most striking is their ability to go through 

mitosis without the breakdown of their nuclear envelope. In core dinoflagellates, an 

endomembrane network has been described, where tunnels through the nucleus provide 

accessibility of cytoplasmic spindles to the nucleus without ever entering the nucleoplasm 

(Bradbury, Westfall, & Townsend 1983). The kinetochores are inner nuclear membrane-bound 

which chromatid contact with. After chromatids have been separated nuclear division occurs and 

the tunnel is pinched, much like mitotic telophase, and nuclei return to their original shape. This 

allows the spindle fiber apparatus to engage in mitotic events without going through typical 

eukaryotic prophase (Gavelis et al., 2019). This process is sometimes referred to as dinomitosis 

although O. marina exhibits a unique form of closed mitosis that differs from the typical form. 

In O. marina, there is an absence of the extensive endomembrane networks seen in other 
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dinoflagellates. Instead, this basal dinoflagellate relies on direct interactions between the nuclear 

envelope and microtubules to facilitate chromosome segregation (Triemer, 1982). The 

chromosomes remain attached to the nuclear envelope, nuclear plaques appear, and microtubules 

enter the nucleus through channels without the complex nuclear net structures present in more 

derived dinoflagellates (Xiao-Ping & Jing-Yan, 1986).  
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Figure 3.1 - Illustration comparing different closed mitosis in various dinoflagellates, 

consolidated from TEM and theoretical models. Dark and light-shaded areas indicate 

chromosomes and nucleolus respectively. Strands indicate presumptive microtubules aiding in 

mitotic events. Oxyrrhis shows an endonuclear network, where microtubules protrude inwards 

from nuclear plaques to form intranuclear spindles. Amoebophrya also shows intranuclear 

spindles that are endogenized by the nuclear forming two polar bodies spanning the length of the 

nuclei. Amphidinium and Pyrokrikos both use polar bodies spindles similar in morphology to 

Amoebophrya but are extranuclear, that manipulate chromosomes from outside the nuclear 

envelope. TEM images used for Oxyrrhis were from Xiao-Ping & Jing-Yan (1986) and Triemer 

(1982). TEM images and models used for Amoebophrya were from Moon et al. (2015). Models 

and TEM imaging used for Amphidinium were from Drechsler & McAinsh (2012) and Barlow & 

Triemer (1988).  TEM and models used for Polykrikos were from Gavelis et al. (2019) and 

Bradbury et al. (1983).   
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3.2 Methods  

3.2.1 Nuclei Isolation  

Oxyrrhis marina was grown as previously described. Three different nuclear isolation 

buffers (NIB) were used to optimize isolation; NIB-1, adapted from Sikorskaite et al., 2013 (10 

mM HEPES-KOH, 10 mM NaCl, 10 mM KCl, 2.5 mM EDTA, 250 mM sucrose, 0.1 mM 

spermine, 0.5 mM spermidine, 1 mM DTT), NIB-2, from Sidoli et al., 2016 (250 mM sucrose, 

15 mM Tris, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM CaCl2) and NIB-3, from Sun et al., 

2012 (1 mM Tris, 1.5 mM CaCl2, 10 mM KCl, 0.1 mM DTT). To these, varying concentrations, 

0.1, 0.5 and 1 % of NP-40 detergent were added to dissolve the cellular membrane. All isolation 

buffers were used in conjunction with various mechanical lysis techniques; bead beating, Dounce 

homogenization and sonication. Overall, the optimized protocol was incubation of cells in NIB-1 

(referred to as NIB) for 10 minutes with sonication at 20% amplitude 1 sec on 3 sec off, on ice. 

Samples were then spun down at max speed for 40 secs. These steps were repeated with a new 

NIB with 1% NP-40 until the sample pellet was white. For electron microscopy experiments, a 

Percoll/sucrose density gradient was made using 2.5 M Sucrose at the bottom of the tube 

followed by 30% Percoll/NIB-1 solution and the cell homogenate on the top. This was 

centrifuged at 1100 Ĭ g for 1 h and the white layer that formed between the 30% Percoll/NIB-1 

and sucrose layer was collected. 

3.2.2 Confocal and Electron Microscopy Preparation  

Slides were prepared with poly-L-lysine and the nuclei pellets were resuspended and 

gently sonicated. The sample was placed on top of glass slides and fixed with formaldehyde. The 

slide was then washed with NIB. Acridine orange, Hoechst, Fast FCF green and 4ǋ,6-diamidino-

2-phenylindole (DAPI) were all used to stain slides.  
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3.2.3 SEM and TEM  

Isolated nuclei were stored in NIB without NP-40 and fixed with either 2.5% 

glutaraldehyde in NIB with 1% NP-40 overnight or 5% glutaraldehyde in A-NIB for 4 hours. 

All following sample preparation for electron microscopy was performed by the Dalhousie EM 

CORE facility 

For TEM, samples were fixed for 2 hours with 1% osmium tetroxide and then rinsed 

quickly with distilled water. Samples were placed in 0.25% Uranyl Acetate at 4 ÁC overnight. 

Samples were dehydrated with a graduated series of acetone: 50% acetone ï 10 minutes, 70% 

acetone ï 10 minutes x 2, 95% acetone ï 10 minutes x 2, 100% acetone ï 10 minutes x 2, dried 

100% acetone ï 10 minutes. Samples were infiltrated first with Epon Araldite Resin with a 3:1 

ratio of dried 100% acetone to Resin for 3 hours, then a 1:3 ratio was used overnight. 100% Epon 

Araldite Resin is then used for six hours swapping out the resin after three hours. The sample 

was embedded in 100% Epon Araldite Resin and placed in a 60ÁC oven for 48 hours to cure 

(harden) properly. Thin sections were then cut using a Reichert ï Jung Ultracut E 

Ultramicrotome with a diamond knife (approximately 100 nm thick) and placed on 300 mesh 

copper grids which were then stained as follows: 2% Aqueous uranyl acetate ï 10 minutes, 2 x 5 

minutes distilled water rinse, lead citrate ï 4 minutes, Quick rinse with distilled water, air dry. 

The samples were then viewed using a JEOL JEM 1230 Transmission Electron Microscope at 

80kV. Images were captured using a Hamamatsu ORCA-HR digital camera.  

For SEM, a second fix was performed with 1% osmium tetroxide for 2 hours. The sample 

was then rinsed with distilled water and dehydrated with a graded series of ethanol (EtOH). The 

sample was incubated in 50% EtOH for 10 minutes, followed by 70% and 95%, each of which 

was done twice for 10 minutes. The sample was incubated once in 100% EtOH for 10 minutes 
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and then 100% dried EtOH, twice for 10 minutes. Samples were critically point dried in a Leica 

EM CPD300 Automated Critical Point Dryer. Samples were then installed on a 13 mm diameter 

aluminum SEM stubs (using carbon double-sided sticky tabs or tape). Samples are sputter coated 

with a thin layer of gold/palladium using a Leica EM ACE 600 high vacuum coater at 30 mA. 

Samples are placed into a ZEISS Sigma 300 FESEM and viewed with an electron high tension 

(EHT) between 1 ï 20kV with a Secondary Electron Detector (SED) at various magnifications. 

3.3 Results & Discussion 

3.3.1 Nuclear Extraction Buffer  

The nuclei of Oxyrrhis marina were successfully isolated using three different NIBs 

consisting of a mixture of ions and NP-40. The most successful NIB was NIB-1, adapted from 

Sikorskaite et al., 2013. NP-40 is a non-ionic, non-denaturing, detergent that can dissolve cellular 

membranes. The detergent could be increased to concentrations of 1% without negative impact 

on nuclei integrity and background. As O. marina has many membrane-bound vesicles this 

increase substantially lowers the number of extractions that the nuclei require. Several 

mechanical lysis methods were applied while cells were incubated in NIB. Membrane 

dismemberment through sonication, Dounce homogenization and lysis bead were all tried with 

each of the buffers. Ultimately, Dounce homogenization and bead beating resulted in lower 

amounts of intact organelles. Low amplitude sonication was useful in removing remaining debris 

on the nuclei that were unable to be separated with just NIB. Acridine orange was effective at 

checking the integrity of the nuclei. As the fluorescent dye differentially fluoresces in the 

presence of double-stranded nucleic acid versus single-stranded nucleic acid, it has the ability to 

determine preservation of nuclei. Both NIB-1 and NIB-3 are effective at isolating nuclei, 

however, as the NIB-1 contains sucrose it is easier to prepare sucrose-Percoll gradients with for 
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further purification of intact nuclei. NIB-1 is also devoid of Tris which interacts with 

crosslinking agents, which could be used in further experiments. O. marina is a particularly 

straightforward dinoflagellate to isolate nuclei from as it has rhodopsin, a membrane protein, 

which is strongly coloured red. A benchmark for clean nuclei is when the samples change from a 

pink colour to a pure white pellet. O. marina also has the advantage of not having a theca, 

allowing for limited physical extraction methods to break up cells and filtration of debris. 

3.3.2 Confocal and Fluorescent Microscopy 

The confocal microscopy performed on the nuclei confirms the organellesô identity and 

high concentration in the isolates. This can be seen from the fluorescence in both DAPI and 

Hoechst DNA stains. Nuclei from the slices and computed surface topology show nuclei ranging 

from 1 um to 5 um. This is in unison with the electron microscopy images. The signal intensity is 

largely around the perimeter of the nuclei. Fast FCF green stains were also done to confirm the 

retention and presence of basic nuclear proteins. The majority of nuclei were spherical with some 

having an elongated appearance. These were the preliminary visualizations of what is likely 

nuclei undergoing stages of closed mitosis (Figure 3.3).  
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Figure 3.2 ï Confocal imaging of fluorescently dyed isolated nuclei. A) Hoechst fluorescence 

of isolated and fixed nuclei B) Fast green FCF fluorescence of nuclei C) overlay of stains D) 

computed surface topology based on Z stacks of isolated nuclei stained with DAPI. 
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3.3.3 Transmission Electron Microscopy of Intact Nuclei  

 During the TEM fixation step high amounts of glutaraldehyde was used to preserve 

nuclei shape. This was due to collapsing nuclei structures seen in TEM with 2.5% glutaraldehyde 

fixation. TEM imaging of isolated nuclei shows similar sizing to the confocal imaging and was 

able to resolve the nuclei. Overall, the typical morphology seen in the nuclei was the majority of 

chromosomes are the periphery and highly electron-dense (Figure 3.3). Nuclear envelope 

associated chromosomes are seen in typical eukaryotes during meiotic prophase (Zeng et al., 

2018). Chromosomes in some of the O. marina nuclei appear closely together, attaching like 

beads on a string. Concavities and chromosome ñencirclementsò appear in certain nuclei created 

in between the edge of the nuclei and lines of chromosomes (Figure 3.4). This is indicative of 

chromosomal territory. This is seen in typical eukaryotes, where chromosomes surround zones of 

transcription and nucleolus (Cremer, & Cremer, 2001). There is also precedence in 

dinoflagellates where this can be seen in Prorocentrum micans (Soyer-Gobillard & Geraud, 

1992). Large central nucleoli-like areas are resolvable in some dinoflagellate nuclei. These 

chromosomes have very little contrast and resolvability inside the chromosome compared to core 

dinoflagellate TEMs, where patterning can be seen within the chromosomes. O. marina 

Chromosomes in most images appear to support the extrachromosomal loop dinoflagellate model 

(Wong, 2019). However, these extra-chromosomal DNA loops are unilateral radial, meaning that 

they mostly extend to one side of the chromosome.  
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Figure 3.3 - Transmission electron microscopy showing chromosomes along the nuclear 

membrane. Nuclei were isolated using non-ionic detergent and fixed with glutaraldehyde and 

osmium tetroxide, dehydrated and infiltrated and embedded on resin before being viewed on a 

JEOL JEM 1230 TEM. Isolated nuclei (A & C) show chromosomes (dark grey) creating a 

perimeter around the nuclei. These nuclei are shown at higher magnification in B and D. 
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Figure 3.4 - Transmission electron microscopy of two isolated nuclei showing chromosome 

territories. Nuclei were isolated using non-ionic detergent and fixed with glutaraldehyde and 

osmium tetroxide, dehydrated and infiltrated and embedded on resin before being viewed on a 

JEOL JEM 1230 TEM. Nuclei (A & C) and their respective chromosomes (B & D) show strands 

of chromosomes, where some, enclose areas. A distinct nucleolus can be seen in B.  

 

 

 



49 

 

3.3.4 Scanning Electron Microscopy of Intact Nuclei 

 SEM imaging of isolated nuclei shows nuclei of similar size to those imaged by confocal 

microscopy and TEM. Most nuclei have a lobed spherical body (Figure 3.5). It has been 

previously reported that dinoflagellate nuclei in Prorocentrum have very small amounts of 

nuclear pore complexes (NPCs) that are concentrated in certain areas (Kalvelage, 2023). This 

was observed in microscopy of Oxyrrhis as well, where few discernible nuclear pores are on the 

surface. The nuclear pores seen are approximately 120 nm in diameter. The large subunits of the 

nuclear pore are also resolvable (Figure 3.6). These pores match the size and morphology of 

typical nuclear pores seen in scanning electron microscopy of yeast nuclei and cyro-electron 

microscopy maps of the human NPC. Typical eukaryotes have nuclear pores that are 120 nm 

wide and channels that vary from 5-11 nm (Schuller et al., 2021). The low number of nuclear 

pores has a significant biological impact on other types of future experiments particularly where 

small molecule diffusion into the nuclei is required. The subunits of the nuclear pore complex of 

dinoflagellates are thus far unknown. Sequence analysis of the nuclear pore complex subunits of 

alveolate Toxoplasma gondii showed that many of the NPCs are structurally conserved (Courjol 

et al., 2017). In a study of P. cordatum six types of nucleoporins (Nups) were found in the 

genome, with only two being identified in proteomics at low abundance. However, the NPC 

composition may not be fully resolved due to large number of proteins with unknown functions 

(Kalvelage, 2023). 

3.3.5 Visualization of Closed Mitosis  

A hallmark of dinoflagellates is their closed mitosis. Visualization of this process can be seen in 

the SEM. A budding nucleus can be seen in various stages that appear much like a cell. The 

nuclei lobe elongates, and tightening can be seen around the middle of the two forming closed 
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nuclei. Some amount of other material can be seen around the nuclei, most unresolvable. 

However, a centriole-like structure can be seen in one of the images at the site of nuclei pinching 

(Figures 3.5 & 3.7).  

3.3.6 Unknown Structure found within SEM Sample    

A second population of organelle-like structures are also seen in the SEM these are distinctly 

different from the smooth-lobed shaped nuclei. The surface is rougher with smooth protrusions 

evenly covering the entire body of the structure. These structures are similar size to the previous 

nuclei described as also appear to go through some division-like processes. The difference in 

surface appearance could be an artifact of the dehydration processes during preparation of 

electron microscopy samples, somehow affecting nuclei differently (Figure 3.7). This second 

population could also indicate the presence of a nuclei in a unique stage of O. marina. The 

cultures were grown without any other eukaryote which eliminates the possibility of another 

organism. However, this could also be evidence of other cell types of Oxyrrhis within the culture 

occurring. Multiple cell types have been previously described in O. marina, specifically mini 

cells, but it is still unknown what life cycle these cells are undergoing (Montagnes et al., 2010). 
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Figure 3.5 - SEM of isolated nuclei showcasing different stages of nuclear division. Nuclei 

were fixed with glutaraldehyde and osmium tetroxide, dehydrated and sputter coated before 

being viewed on a ZEISS Sigma 300 SEM. Images range from 6,930x -19,000x magnification. 

Images capture what appears to be early (top) to late mitosis (bottom). 
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Figure 3.6 - Scanning electron microscopy of the nuclear pore complex of Oxyrrhis marina. 

Nuclei were isolated using non-ionic detergent and fixed with glutaraldehyde and osmium 

tetroxide, dehydrated and sputter coated before being viewed on a ZEISS Sigma 300 SEM. A) 

shows an isolated nucleus at 21,000x magnification. B) shows 113,170x magnification of the 

same nuclei around the nuclear pore complexes (NPCs). NPCs can be seen to have a diameter of 

around 120 nm. Below a model is shown of the outer (PDB ID: 7PEQ) and inner (PDB ID: 

7PER) rings of the nuclear pore complex (NPC) from Homo sapiens.  
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Figure 3.7 - Scanning electron microscopy of second structure found in isolated nuclei 

sample. Nuclei were isolated using non-ionic detergent and fixed with glutaraldehyde and 

osmium tetroxide, dehydrated and sputter coated before being viewed on a ZEISS Sigma 300 

SEM. Images range from 14,000-20,000x magnification. D) shows a coating peeling away from 

the structure. E & F) show the appearance of these structures undergoing what appears to be 

division. 
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Chapter 4 Identification of Nuclear Proteins in Oxyrrhis marina 

4.1 Introduction 

4.1.1 Significant Nuclear Proteins  

Nuclear proteins play critical roles in maintaining cellular function and regulating gene 

expression in eukaryotes. These proteins are involved in various processes such as DNA 

replication, repair, transcription, and chromatin organization. Histones, for instance, are 

fundamental to the formation of nucleosomes, which package and manage DNA within the 

nucleus, thereby controlling access to genetic information (Luger et al., 1997). Additionally, 

other nuclear proteins, like transcription factors and RNA-binding proteins, facilitate the 

regulation of gene expression by modulating transcription and RNA processing (Darnell, 2013). 

The diversity of nuclear proteins is immense, reflecting the complexity of eukaryotic cellular 

processes and the need for precise regulation of genetic activities. Dinoflagellates have a 

considerable deviation from typical eukaryotes. In the paper by Gornik et al. 2012, the discovery 

of dinoflagellate viral nucleoproteins (DVNPs) sheds light on the unique nuclear architecture of 

dinoflagellates. DVNPs were identified as a novel group of nuclear proteins that play a crucial 

role in chromatin organization in dinoflagellates, replacing traditional histones. These proteins 

are encoded by a family of at least 13 highly similar genes in Hematodinium and have been 

shown to bind DNA with high affinity, similar to histones. This has been noted to coincide with 

the loss of histone H1, the linker histone. Histone H1 contributes to creating linker DNA 

between nucleosomes and the formation of high-order complexes in chromatin (Healton et al., 

2020). A concerted effort has been made to identify whether DVNPôs evolutionary origin is 

histone-based. Specific shared characteristics such as a long N-terminal tail that is extremely rich 

in lysine can be seen. During NaCl dissociation assays, DVNPôs dissociation from DNA is 
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comparable to histone H1 at 0.8 M NaCl, where nucleosomes begin to dissociate at higher NaCl 

concentrations.  

4.1.2 The 2nd Family of New Nuclear Proteins: HLP Proteins in the Core Dinoflagellates  

The discovery of HCc1 and HCc2 proteins in core dinoflagellates showcased the dynamic 

nuclear evolution of dinoflagellates. HCc1 and HCc2 are histone-like proteins (HLPs) discovered 

in the dinoflagellate Crypthecodinium cohnii. These proteins share similarities with both 

eukaryotic linker histones and prokaryotic HU proteins and can be found in the core 

dinoflagellates (Gornik et al., 2019). Unlike canonical histones, HCc proteins are not as well 

conserved across species and show significant variation in their amino acid composition. HCc 

also differs from typical histones, as its expression changes between log and stationary phases 

(Wong et al., 2003). Canonical histone expression is not linked with metabolic activity. Bacterial 

histone-like HU proteins are critical for maintaining the nucleoid structure and play key roles in 

various DNA-dependent processes, such as replication, repair, recombination, and gene 

regulation. These small, basic proteins are highly conserved across bacterial species and function 

similarly to eukaryotic histones by inducing negative supercoiling in DNA, facilitating higher-

order nucleoprotein structure formation. HU proteins are abundant during the exponential growth 

phase of bacteria and can exist as homodimers or heterodimers, depending on the species. Their 

ability to bind DNA without sequence specificity allows them to stabilize and compact the 

bacterial chromosome, thereby influencing gene expression and cellular processes (Stojkova & 

Spidlova, 2022). These draw many parallels to the HCc family, although the evolutionary origin, 

like DVNP, is difficult to pinpoint.  
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4.1.3 Histones, the Nucleosome, and Dinoflagellates Purported Lack Thereof 

Nucleosomes are the fundamental units of chromatin, consisting of DNA wrapped around 

histone proteins. They play a crucial role in DNA packaging within the nucleus and in regulating 

various biological processes such as gene expression, replication, and repair. Nucleosome 

assembly and modification are dynamic processes involving numerous proteins and are vital for 

maintaining genome stability and function (Burgess & Zhang, 2013). Nucleosome assembly 

involves the deposition of histone proteins onto DNA. Histone chaperones, such as Nucleosome 

Assembly Protein 1 (NAP1) and Chromatin Assembly Factor 1 (CAF-1), are critical in this 

process. NAP1 and CAF-1 facilitate the deposition of histone H3-H4 tetramers onto the DNA 

(Bowman et al., 2011). These chaperones ensure that histones are correctly positioned and that 

nucleosomes are efficiently assembled during DNA replication and repair processes. An 

assembled nucleosome can then regulate gene expression through a wide array of PTMs.  

Common post-translational modifications of histones are methylation, acetylation, and 

ubiquitination. These modifications can alter chromatin structure, influence the binding of 

chromatin-associated proteins, and impact processes such as transcription and DNA repair. For 

example, the ubiquitination of histone H2B at lysine 123 in yeast (or lysine 120 in mammals) is 

crucial for maintaining nucleosome stability and regulating gene expression (Chen et al., 2012). 

Many PTMs undergo rapid tandem events and are dependent on other PTMs along the histone or 

histone neighbours. Counter to common misconception the functional prediction of PTMs is 

extremely complex. This is seen in histone methylation, although removing charge from the 

histone side-group, can both activate and suppress transcription. Modifications on the histone 

tails can create binding sites for proteins involved in chromatin remodelling and DNA damage 

response. The acidic patch on the nucleosome surface, formed by residues of histones H2A and 
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H2B, is a key interaction site for various proteins. This patch is targeted by chromatin 

remodelers and other factors that facilitate access to DNA during replication and repair (Mariño-

Ramírez et al., 2005) 

Histones have specific motifs that are essential for kinetochore assembly and function. 

The centromere protein A (CENP-A) is a histone H3 variant that is a key component of the 

nucleosome at the centromere. CENP-A contains unique sequences and structural features that 

distinguish it from canonical H3, providing a foundation for the assembly of the kinetochore 

complex. This complex is critical for chromosome segregation during cell division (Talbert & 

Henikoff, 2021). The presence of CENP-A at centromeres is recognized by other centromere-

specific proteins, which help form the kinetochore structure that attaches chromosomes to 

spindle microtubules. The interaction between CENP-A nucleosomes and kinetochore proteins 

ensures the accurate segregation of chromosomes by facilitating the proper attachment of 

microtubules to the centromere. These interactions are tightly regulated and are crucial for 

maintaining genomic stability during cell division (Régnier et al., 2005). Computational studies 

using molecular dynamics simulations have provided insights into the kinetics of nucleosome 

assembly. These studies reveal how DNA sequence and histone variants influence nucleosome 

stability and assembly dynamics. For instance, certain DNA sequences are known to enhance 

nucleosome stability and are frequently used in experimental studies to investigate nucleosome 

behaviour (Lai & Pugh, 2017).  

4.1.4 Key Results Leading to the No Nucleosome Postulation  

The historical understanding of dinoflagellates lacking bulk nucleosomes has been 

shaped by several key studies and observations. Early microscopic examinations revealed that 
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dinoflagellate chromosomes are permanently condensed throughout the cell cycle, unlike the 

dynamic chromatin of other eukaryotes. This unusual chromatin state prompted further 

investigation into their molecular composition. 

MNase digestion assays, SDS-gels and western blots revealed unusual findings. MNase is 

an enzyme that preferentially digests linker DNA between nucleosomes, typically resulting in a 

ladder pattern of DNA fragments that correspond to nucleosome positioning in eukaryotes. 

MNase digestion assays in dinoflagellates, Crypthecodinium cohnii and Hematodinium sp. 

showed a lack of the typical nucleosome-protected DNA fragments, indicating the absence of 

canonical nucleosomes (Gornik et al., 2012; Bodansky, Mintz & Holmes, 1979). These assays 

revealed that dinoflagellate DNA is not organized into the regular nucleosome arrays found in 

other eukaryotes. Early SDS-PAGE of O. marina and Hematodinium sp. nuclear fractions 

showed the presence of only one band, thought to correspond to DVNP (Kato et al., 1997; 

Gornik et al., 2012). Western blots failed to show any signs of histones in Hematodinium. It 

should be noted that the primary antibodies used were not ones made from dinoflagellate histone 

antigens.  

4.1.5 Proteomics Approach to Understanding Complex Biology  

Proteomics, the large-scale study of proteins, has become an invaluable tool in 

understanding organisms that are not well characterized through traditional genomic and 

transcriptomic methods. This field provides detailed insights into the protein composition, 

structure, and function within cells, overcoming limitations posed by transcriptomics, 

particularly in organisms where the relationship between transcript levels and protein abundance 

is unclear. For example, in many non-model organisms, mRNA levels do not always correlate 
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with protein levels due to regulation at the protein level, post-transcriptional modifications or 

varying translation efficiencies (Buccitelli & Selbach, 2020). This discrepancy makes proteomics 

a crucial approach for accurate biological characterization. One significant application of 

proteomics is in the study of proteins that are difficult to identify in the transcriptome, such as 

those lacking polyadenylated (poly-A) tails. Histones are a classic example of such proteins. 

They are essential components of chromatin but often escape detection in transcriptomic 

analyses because their mRNAs lack the poly-A tails typically used for mRNA isolation and 

sequencing (Talbert & Henikoff, 2021). Proteomics circumvents this issue by directly analyzing 

the protein content, allowing to identify and quantify these critical proteins accurately. 

Techniques such as mass spectrometry-based proteomics can identify amino acid modifications 

with high sensitivity which can not be predicted from the transcript alone (Solntsev et al.,2018). 

Proteomics has proven particularly powerful in the context of organisms with complex or poorly 

understood biology, such as many marine microorganisms. For instance, the proteomic analysis 

of the pellicles, flattened sacs along the plasma membrane of alveolates, in ciliates identified 

novel protein families with repetitive regions (Gould et al.,2010). 
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4.2 Methods  

4.2.1 Data Dependent Acquisition of Isolated Nuclei 

Three separate nuclei fractions were isolated, pelleted and prepared for proteomics as previously 

described. DDA-MS analysis was carried out on an Orbitrap Lumos instrument interfaced to an 

UltiMate 3000 liquid chromatography (LC) system like the prior analysis. For this analysis, the 

gradient ramped from an initial starting condition of 5% mobile phase B (80% acetonitrile, 0.1% 

formic acid) to 34% B over 45 minutes, with sample pickup and column equilibration using an 

additional 15 minutes (60-minute total run time, mobile phase A = 0.1% formic acid in water). 

Data acquisition on the Orbitrap Lumos utilized a standard data-dependent acquisition scheme. 

Specifically, the Orbitrap Lumos was globally set to use a positive ion spray voltage of 2200 V, 

an ion transfer tube temperature of 275 ÁC, a default charge state of 2, advanced precursor 

determination activated, and an RF Lens setting of 45%. MS1 survey scans covered a mass range 

of 375-1400 m/z at a resolution of 60,000 with an automatic gain control (AGC) target of 100% 

and the injection time set to 'Auto'. Precursors for tandem MS/MS (MS2) analysis were selected 

using monoisotopic precursor selection ('Peptide' mode), charge state filtering (2-4z), dynamic 

exclusion (20 ppm low and high, 60s duration, exclude isotopes = TRUE, exclude within cycle = 

TRUE), and an intensity threshold of 2.5e4. MS2 scans were carried out in the Orbitrap at a 

resolution of 30,000 using a higher-energy collision dissociation setting of 30%, an AGC target 

of 400%, injection time set to 'Auto', and an isolation window setting of 1.6 m/z. The total 

allowable MS2 cycle time was set to 3 s. MS1 data were acquired in profile mode, and MS2 in 

centroid. 
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4.2.2 Data Analysis  

Samples were searched against the proteome database previously described. Spectra were 

converted to mzML and searched using FragPipe in default DDA mode with increased missed 

cleavages to 4 and quantified with IonQuant LFQ. Intensities were averaged across all three 

samples. Results were then analyzed like the whole cell proteome previously described. Proteins 

identified in the search were then used as a database for a histone post-translational modification 

(PTM) search. Metamorpheus was used for a histone PTM search. Missed cleavages were set to 

4, and the max number of modifications on a peptide was increased to 4. Carbamidomethylation 

of C was included as a fixed modification. Variable modifications included were phosphorylation 

on S, T and Y, acetylation on K and R, mono and tri-methylation on K and oxidation on M.  

 

4.3 Results & Discussion 

4.3.1 Protein Enrichment in Isolated Nuclei  

Between all three nuclear samples 2612 proteins were identified in the search. Of these a large 

number remained unannotated (36%). Transcription, Nuclear, GTPase, RNA/DNA binding and 

Chromosome organizing proteins were enriched when compared to the whole cell proteome 

(Figure 4.1 & 4.2). This supports the successful enrichment of nuclei, as these protein groups are 

generally abundant within the nuclei. Trichocyst, mitochondrial and secondary metabolic 

proteins showed a substantial decrease in abundance compared to the whole-cell samples (Figure 

4.2). Trichocysts are found near the surface of dinoflagellates which is lysed during nuclei 

isolation. NP-40 detergent seemed effective at also lysing the mitochondria compared to the 

nuclei, judging from the decrease in abundance. Certain KEGG protein pathways could be 

almost completed using blastKOALA of the proteins identified within the samples. The 
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spliceosome, which aids in the removal of introns from nuclear pre-mRNA was missing only a 

few proteins to complete the pathway of a typical eukaryote (Figure 4.3). Little is known about 

the mechanisms involved in dinoflagellate intron splicing although it appears that many of the 

spliceosome components in O. marina mirror that of typical eukaryotes. This is at odds with the 

nucleocytoplasmic transport, where only one component of the NPC could be identified and at 

very low abundance (Figure 4.4). This is supported by the SEM of the isolated nuclei, where 

very few NPCs could be seen on the surface of the nuclei. It may also indicate deviant NPC 

subunits. The NPC in the SEM appears not to have any deviant morphology comparing to those 

seen in yeast. However, it may be that the cytoplasmic ring, where one NPC was identified in the 

proteome, is less divergent than the central channel and nuclear basket, which are unable to be 

seen in the electron microscopy.  
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Figure 4.1 - Cellular function assignments and their relative abundance in O. marina 

nuclear proteome. Initial nuclear search performed with FragPipe and quantified using 

IonQuant. Unknown assignment indicates no protein annotations were found.  
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Figure 4.2 - Abundance comparison of cellular assignments between whole cell and nuclear 

enriched proteomes. differential expression in Log2 Fold Change (Whole cell/ Nuclear). 

Percentage of intensities is used as DIA data uses different quantification methods then DDA. 

White bars indicate an increase in percent abundance in nuclei, whereas black signify a decrease. 
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Figure 4.3 - Mapping of the identified spliceosome protein components in the nuclear 

proteome of O. marina. Identified proteins are highlighted in green. Pathways were visualized 

using KEGG Mapper (Kanehisa & Sato, 2019) 
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Figure 4.4 ï Absence of many of the hallmark proteins for nucleocytoplasmic transport in 

O. marina proteome. Identified proteins highlighted are highlighted in green. Only one protein 

of the nuclear pore complex was identified in the cytoplasmic ring at low abundance. pathways 

were visualized using KEGG Mapper (Kanehisa & Sato, 2019) 
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4.3.2 Oxyrrhis Expresses a Full Suite of Canonical Histones  

Both searches of the whole cell and nuclear fraction find all four core histones ranging from 5% - 

45% coverage (Table 4.1). Histone H3 and H4 have significantly higher coverage and a 

corresponding number of peptides identified in the nuclear fraction. This might be caused by the 

lysine-rich N terminal tails of H2A and H2B which lead to more of the protein being suspectable 

to trypsin digestion and subsequently less coverage. Histones H3 and H4 also appear to have less 

variants than the H2B and H2A. This is seen in many eukaryotes, where Arabidopsis has 10 H2B 

histone variants with only a few H3 and H4 genes (Talbert & Henikoff, 2021). This is the first 

reported presence of all four canonical histones in a dinoflagellate proteome. The majority of 

these histone peptides MS2 spectra are highly annotated, and almost all fall between 99-100% 

probability of existence (Figure 4.5).  

The presence of all four variants at the protein level strongly suggests the presence of a 

nucleosome. No histone H1 was identified within any proteomic samples. If a nucleosome 

particle does exist, it would unlikely be able to form a higher-order structure without a histone 

H1 replacement. The FragPipe LFQ intensities calculated within the nuclear proteome show that 

the most abundant H3 and H4 variants have intensities of 7.91 E7 and 8.69 E7, whilst H2A and 

H2B have intensities of 3.05 E7 and 3.67 E7, respectively (Table 4.1). While DDA proteomics 

has some unreliability in terms of quantification, it shows that the abundances are within the 

same orders of magnitude. Obligate components of protein complexes are made in proportion to 

their stoichiometry in model eukaryotes (Taggart & Li, 2018). As the nucleosome is made up of 

four pairs of each histone, the protein abundance would be expected to be equal. These results 

mark a significant difference from other published dinoflagellate nuclear proteomes. The nuclear 

proteome of Lingulodinium polyedra could only identify two peptides of histone H4 and no other 
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histone variant (Beauchemin & Morse, 2017). Proteomics of basic nuclear proteins in 

Hematodinium identified only one peptide of the H2A protein (Gornik et al., 2012). The 

proteome of Prorocentrum cordatum identified three of the four histone variants at very low 

abundance (Kalvelage et al., 2023). MS parameters could account for the limited histone 

identification within these proteomes. Fragmentation methods, CID and HCD affect how well a 

peptide can be sequenced based on how well they fragment the ions. CID conditions used in the 

L. polyedra proteome may create poor fragmentation along a peptide that is highly post-

translationally modified (Vir§g et al., 2019). Additionally, all three dinoflagellate analyses did 

not account for more than two missed cleavages. This is a particular issue regarding histone 

proteins as trypsin is unable to digest acetylated lysine and often does not digest KK and KR in 

peptides, having weak exoprotease activity (Zee & Garcia, 2012; Fischer & Poetsch, 2006).  

Many of these analyses also did not include post-translational modifications besides 

oxidation of methionine. Histone proteins are highly post-translationally modified. Modifications 

like acetylation and methylation allow the histone to regulate DNA (Talbert & Henikoff, 2021). 

This results in a database search that does not include peptides that might exist in the sample and 

not be identified during a closed search. In the Oxyrrhis nuclear proteome, multiple peptides can 

be seen that have more than two missed cleavages and post-translational modifications; among 

these are histone proteins as well as DVNP (Figure 4.6). Although these factors affect the 

performance of a proteomics search, another possibility is that Oxyrrhis is an outlier compared to 

other dinoflagellates. As the earliest branching dinoflagellate, Oxyrrhis may keep vestiges of its 

histone-bearing ancestor. In the whole cell DIA quantification of the control group, DVNP has an 

intensity of 8.22 E7, 10.3 times higher than the most abundant histone.  The presence of both 
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DVNP and histones proposes the idea that Oxyrrhis is an intermediate between dinoflagellates 

and other alveolates that contain all four canonical histones as well as histone H1. 

Search Transcript Annotation Coverage (%) LFQ Intensity Peptides 

Whole Cell Fragpipe 

(DIA) search 

MMETSP1424-DN22699_c0_g1_i1_ORF.6 Histone H2A 7.85 3.32E+06 1 

MMETSP0469-DN19675_c0_g1_i1_ORF.3 Histone H2A 7.5 4.13E+06 1 

MMETSP0469-DN65996_c0_g1_i1_ORF.1 Histone H2A 29.93 4.86E+06 3 

MMETSP0468-DN40890_c0_g1_i1_ORF.2 Histone H2B 6.16 3.49E+06 1 

MMETSP0469-DN63929_c0_g1_i1_ORF.3 Histone H2B 11.94 7.98E+06 2 

MMETSP0471-DN12376_c0_g1_i1_ORF.1 Histone H2B 7.2 3.74E+06 1 

MMETSP0470-DN7060_c0_g1_i1_ORF.4 Histone H3 5 5.42E+05 1 

MMETSP0469-DN85226_c0_g1_i1_ORF.2 Histone H4 24.27 2.48E+06 2 

MMETSP1424-DN27291_c0_g1_i1_ORF.1 Histone H4 45.37 4.17E+06 9 

Nuclear FragPipe 

(DDA) search 

MMETSP0469-DN19675_c0_g1_i1_ORF.3 Histone H2A 7.5 3.05E+07 1 

MMETSP0468-DN40890_c0_g1_i1_ORF.2 Histone H2B 10.96 5.53E+06 2 

MMETSP0469-DN63929_c0_g1_i1_ORF.3 Histone H2B 6.72 2.77E+06 1 

MMETSP0471-DN12376_c0_g1_i1_ORF.1 Histone H2B 7.2 3.67E+07 1 

MMETSP1426-DN9953_c0_g1_i1_ORF.1 Histone H2B 7.76 2.81E+06 1 

MMETSP0470-DN7060_c0_g1_i1_ORF.4 Histone H3 19.85 7.91E+07 4 

MMETSP0469-DN85226_c0_g1_i1_ORF.2 Histone H4 43.69 8.69E+07 8 

MMETSP1424-DN27291_c0_g1_i1_ORF.1 Histone H4 28.7 2.47E+07 4 

Nuclear 

MetaMorpheus PTM 

Search (DDA) 

MMETSP0469-_DN19675_c0_g1_i1_ORF.3 Histone H2A 19.17 1.39E+09 3 

MMETSP0469-DN2329_c0_g2_i1_ORF.3 Histone H2A 6.67 2.77E+07 1 

MMETSP0469-DN63929_c0_g1_i1_ORF.3 Histone H2B 6.72 5.07E+08 1 

MMETSP1426-DN9953_c0_g1_i1_ORF.1 Histone H2B 13.79 2.98E+07 2 

MMETSP0471-DN12376_c0_g1_i1_ORF.1 Histone H2B 7.2 9.86E+07 1 

MMETSP0470-DN7060_c0_g1_i1_ORF.4 Histone H3 26.47 1.23E+09 4 

MMETSP0469-DN85226_c0_g1_i1_ORF.2 Histone H4 58.25 1.35E+09 12 

MMETSP1424-DN27291_c0_g1_i1_ORF.1 Histone H4 29.63 8.44E+05 7 

Table 4.1 ï Core histones Identified within  the Whole Cell and Enriched Nuclei. Searches of 

the nuclear proteome were done using MetaMorpheus, for a PTM-specific search, and FragPipe. 
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Figure 4.5 ï Representative spectra of Histone H3 and H4 peptides identified in the 

proteome. peptides QLDVLDQQLATR and DNIQGITKPAIR identified in MetaMorpheus 

search. Grey peaks indicate fragment masses that donôt correspond to any predicted fragment 

ion. Identified y and b ions are annotated in red and blue, respectively. Fragment ion coverage of 

peptide is shown in the top left corner of each spectrum.  
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Figure 4.6 ï Peptides of Histone H3 and DVNP that showcase multiple post-translational 

modifications and missed cleavages. Red and blue lines indicate a y and blue ion, respectively, 

with their intensities seen above the amino acids and their coverage across the peptide below the 

amino acids. Shading of an amino acid indicates a modification, with dark purple and light 

purple indicating acetylation and methylation, and green and red indicating 

carbamidomethylation and phosphorylation. Missed cleavages range among the peptides from 2 

peptides to four, seen in the DVNP peptide.  
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4.3.3 Machinery Identified to Assemble, Modify and Disassemble Nucleosomes 

In accordance with the identification of all four core histones, the O. marina nuclear proteome 

expresses many nucleosome interacting proteins. Among those identified are histone 

methyltransferases and histone deacetylases. These proteins are intrinsic to the PTMs along the 

histone tails. When comparing portions of the histone protein and their experimental PTMs of 

Oxyrrhis marina histones with Homo sapiens, many parallels can be seen. Acetylation is seen on 

lysine residues in both histone H3 and H4 that correspond to the H. sapiens histone. Methylation, 

demethylation, and acetylation is also seen on Lysine 79 (once first methionine of sequenced is 

trimmed) of both O. marina and H. sapiens histone H3 and (Figure 4.). The presence of PTMs 

on the histone proteins suggests that these histones are not only functional but also regulating 

DNA. DVNP also show experimental mass shifts that indicate acetylation of lysine residues and 

phosphorylation of serine residues (Figure 4.) For the most part, DVNP has remained enigmatic 

in terms of function within the chromosome. The presence of PTMs like acetylation are 

indicative of a dynamic regulation like histones. DVNP has already been described having a 

competitive relationship with histones when expressed in yeast. However, yeasts contain a 

histone H1 and less divergent histones than dinoflagellates. Whether DVNPôs relationship with 

histones is a synergistic, neutral, or competitive one in dinoflagellates remains to be seen. 

Not only are histone modification machinery found in the proteome, but nucleosome-specific 

proteins are also found. These include the FAcilitates Chromatin Transcription (FACT) complex, 

Nucleosome assembly protein (NAP), Proliferating Cell Nuclear Antigen (PCNA), The histone 

chaperone protein ASF1, Chromatin assembly factor-1 (CAF-1) and Disrupter of Telomeric 

Silencing 1 (DOT1) protein. These proteins complete a pathway allowing for assembly and 

disassembly of a nucleosome. During nucleosome assembly, two histone H2A-H2B dimers 
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associate with one H3-H4 tetramer (Kniazeva, Armeev & Shaytan, 2022). The entire process is 

thought to be a stepwise process, where the H3-H4 tetramer is first deposited onto the DNA 

followed by the incorporation of the H2A-H2B dimers to create a complete nucleosome (Smith 

and Stillman, 1991). Histone H3-H4 dimers complex with the ASF1 histone chaperone that can 

be transferred to the CAF-1 complex which has the ability to deposit histone dimers or tetramers 

onto an assembling or disassembling nucleosome. CAF-1 interacts with PCNA, a protein that 

encircles DNA and provides an anchor or polymerase, aiding its processivity. Histone H3-H4 

tetramers can be formed by NAP or Rtt106 complexes (Bowman et al., 2011). NAP1 has also 

been seen to be associated with H2A-H2B dimers. This entire process allows nucleosomes to 

assemble or reassemble after transcription has occurred. The Rtt106 histone chaperone was not 

identified in the proteome of O. marina. During transcription, nucleosomes must be 

disassembled. This is aided by the FACT complex, which as its name suggests, promotes 

transcription via eviction of histones and disassembly of the nucleosome (Bhakat & Ray, 2022). 

The FACT complex has two subunits, SPT16 and SSRP1, both of which are found in the 

proteome (Figure 4.2). The FACT complex has been identified in other dinoflagellates at the 

transcriptome level although has not been described at the proteome level in the nuclear 

proteomes of dinoflagellates (Marinov & Lynch, 2016; Kalvelage et al., 2023; Beauchemin & 

Morse, 2017). The DOT1 protein identified is the only histone methyltransferase which 

methylates lysine 79 of histone H3. DOT1 is unable to methylate free histone and displays 

histone chaperone activity. It also has been shown to have chromatin remodelling activity, and a 

role in chromatin accessibility of the transcription of long-length genes (Lee et al., 2018). 

Together, these genes are strong evidence for a nucleosome-like complex within the nuclear 

landscape of O. marina. It also supports the typical eukaryotic model of nucleosome disassembly 
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during transcription to provide polymerases with accessible genes and the subsequent reassembly 

via histone chaperones to revert to a controlled expression of genes.  

 

Figure 4.7 ï Alignment of O. marina and H. sapiens histone H3 and H4 regions with known 

common PTMs (UniProt ID: Q16695) Histone H3.1t aligned with O. marina H3. Identified 

peptides from MetaMorpheus search are underlined and predicted PTMs from experimental mass 

shifts are denoted. PTMs along H. sapiens histone were retrieved from UniProt. 

MARTKQTARKSTGGKAPRKQLATKAARKS

acetylation
citrullination
methylation
dimethylation
trimethylation

VREI AQDFKTDLRFQS

72 88

1 30
H. sapiens

O. marina

H. sapiens

O. marina

H i st on e H 3

MSGRGKGGKGLGKGGAKRH R

MSGRGKGGKGLGKGGAKRH R

H i st on e H 4

H. sapiens

O. marina

1 21

MARTKQTARKSTGGKAPRKQLATKVARKS

MREI AQDFKTDLRFQS



76 

 

 

Figure 4.8 ï Nucleosome protein interactions and ones identified within the proteomics 

samples of O. marina. Depictions of Nucleosomes assembled, post-translationally modified, 

and, disassembled along DNA (blue) from left to right. Proteins identified within the proteomic 

samples are highlighted in green. Proteins are grouped according to functions or higher 

complexes. 
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Chapter 5 Nuclear Protein Evolution in Dinoflagellates and its Viral Origins  

5.1 Introduction  

5.1.1 Histone Evolution among Eukaryotes  

Histones are fundamental proteins that evolved to manage the packaging and organization 

of DNA within eukaryotic cells. Their presence across all eukaryotes highlights their 

evolutionary significance, as they facilitate the compaction of large genomes into chromatin 

while allowing access to genetic information. This evolutionary adaptation was crucial for the 

development of multicellular organisms and the intricate biological processes that define 

eukaryotic life. Core histones are the most ancient histones although different variants of core 

histones have evolved to fulfill specific roles, such as H2A.X involved in DNA repair and H2A.Z 

associated with gene expression regulation (Talbert & Henikoff, 2016). Histone variants have 

arisen through gene duplication events, providing additional layers of chromatin regulation.  

Archaea also possess proteins with histone fold domains similar to eukaryotic histones, 

indicating an early evolutionary origin. These proteins help package DNA into structures akin to 

eukaryotic chromatin, albeit less complex. In archaea, histone-like proteins facilitate DNA 

compaction, forming simple nucleosome-like structures. These are believed to be precursors to 

eukaryotic nucleosomes (Talbert, Meers & Henikoff, 2019). The N-terminal tails of histones, 

which are absent in archaeal proteins, likely evolved through genetic mutations and duplications. 

The acquisition of histone tails in archaea has been described as straightforward. An occurrence 

of a new upstream start codon within a promoter, which is typically high in AT content, can 

result in a tail rich in lysine (as lysine is encoded by codons AAA or AAG) (Hocher & Warnecke, 

2024). The tail of histones is intrinsic to their function, as histones dimerize in a head-to-tail 
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orientation. These tails also became crucial for regulatory functions through post-translational 

modifications (PTMs) like acetylation, methylation, and phosphorylation.   

5.1.2 The History and Facets of the Linker Histone H1 

Histone H1, known as the linker histone, evolved later and was incorporated into the 

chromatin architecture by binding to the DNA between nucleosomes and aiding in higher-order 

chromatin folding. They are believed to have evolved early in eukaryotic history, potentially 

originating from an ancestral protamine-like protein, which played a role in DNA packaging. Its 

origins can be traced back to bacteria, where proteins with similar amino acid compositions were 

found, specifically lysine-rich DNA-binding proteins. These bacterial proteins share structural 

similarities with the C-terminal domain of histone H1, suggesting an evolutionary link (Kasinsky 

et al., 2001). In eukaryotes, histone H1 is present in a tripartite structure comprising a central 

globular domain flanked by variable N-terminal and C-terminal domains.  This structure is 

crucial for its role in chromatin compaction. The winged helix motif within the globular domain 

has been found in animals, plants, and fungi. Linker histone H1 was until recently, unidentified 

in Apicomplexa. The reason for this was H1-like protein in T. gondii is highly divergent and 

lacks a globular domain (Severo et al., 2022). This is also predicted to be the case in Ciliates and 

Kinetoplastids whereas dinoflagellate faces fierce contention on whether highly deviant H1-like 

proteins are apparent or not within the group. The presence of H1 in early-diverging eukaryotes, 

such as metamonads, is unclear, suggesting it may not have been present in the last eukaryotic 

common ancestor (Talbert et al., 2019). The evolution of histone H1 is characterized by a birth-

and-death process, where new gene copies are created, and others are lost over time (Eir²n-L·pez 

et al., 2006). This process, combined with strong purifying selection, has led to the 

diversification of H1 subtypes. In mammals, multiple H1 variants exist, including somatic 
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variants (H1.1 to H1.5) and germline-specific variants, contributing to functional specialization. 

Histone H1 has been implicated in many silencing functions. In humans, it is packed onto the 

unintegrated DNA of the human immunodeficiency virus 1 (HIV-1). This process is significant 

because unintegrated retroviral DNA is strongly silenced, suggesting that the suppression of 

extrachromosomal HIV-1 DNA is linked to histone activity (Geis & Goff, 2019). Histone H1 has 

also been seen to silence selfish genes and promote transcriptionally repressive elements for the 

regulation of repetitive elements. LINE-1 and ERVs in humans are derepressed when H1 is 

depleted (Healton et al., 2020). 

5.1.3 Introduction to Large DNA Viruses 

Nucleocytoplasmic Large DNA Viruses (NCLDV) are giant viruses that are frequent in 

aquatic environments and known to integrate into host genomes (Cheng,Wong, & Melkonian, 

2021). NCLDVs have been known to contain histone-like proteins within their genome. These 

viral histones resemble eukaryotic histones and have been shown within the clade of 

Melbourneviruses to form nucleosome-like particles and compact viral DNA (Toner, Hoitsma & 

Luger, 2024). Other viral histone interactions include Acanthamoeba castellanii and 

Medusavirus, another type of NCLDV. Medusavirus encodes all five types of histones (H2A, 

H2B, H3, H4 and H1). The acquisition of H1 is of particular interest as it appears to be an 

acquisition from Acanthamoeba castellanii, although virus-to-host transfer has not been ruled out 

(Yoshikawa, 2019; Toner et al., 2024).  

5.2 Methods  

5.2.1 Alveolate Core Histoneôs Phylogenetic Reconstruction 

Core histone variants identified in the Oxyrrhis proteome were blast-searched against the non-

redundant blast database (blastp). A blast was also performed on the transcriptome shotgun 
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assemblies (TSA) of dinoflagellates and other alveolates. A subset of alveolate species were 

selected based on having all four full-length, canonical histones. The top-scoring sequence of 

each core histone was extracted, and all four were concatenated. Sequences were then aligned 

using MAFFT. A phylogenetic tree was constructed using IQ-TREE with auto model finder and 

1000 bootstrap replicates.   

5.2.2 DVNP Identification and Structure in the SAR Supergroup 

DVNP sequences from Hematodinium, Oxyrrhis marina, Ectocarpus siliculosus virus 1, 

Symbiodinium, and Polarella were used as queries for iterations of the blast against WGS of 

Stramenopila, dinoflagellate, and chlorophytes as well as non-redundant blast database of viruses 

and TSA of dinoflagellates. DVNP queriesô structures were predicted from sequences using 

AlphaFold 3 and run through FoldSeek to identify more eukaryotic DVNPs. All sequences 

recovered were annotated with InterPro to determine whether the hit contained the DVNP 

domain, sequences without were filtered out. Several WGS DVNP hits with contigs over 40 kbp 

from different stramenopiles and dinoflagellates were translated and annotated with InterPro. 

The dinoflagellate genome DVNP transcript exons were predicted based on influxes and 

repetitive motifs of the GC frame plot. These exons were concatenated, and translations were 

aligned to transcripts seen in the TSA blast. DVNPs collected were then aligned, and 

phylogenetic trees were reconstructed as previously described.  

5.3 Results & Discussion 

5.3.1 The Histone suite of Oxyrrhis marina is an Outlier from other Dinoflagellates 

The tree reconstructed from dinoflagellates and other alveolates shows that O. marina histones 

branch with Perkinsozoa histones. This is somewhat understandable as Perkinsus marinus is the 

closest taxon. However, the rest of the dinoflagellates do not cluster with Oxyrrhis and instead 
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form their own distinct lineage. Oxyrrhis clusters among the other alveolates; consisting of 

organisms from Chromerida, Apicomplexa, and Perkinsozoa. The deviance of the histone 

phylogenetic tree in comparison to the known alveolate evolution showcases the uniqueness of 

O. marina. It also supports that Oxyrrhis may have retained much of its ancestorsô histone 

functions, whereas other dinoflagellates forgone the use of histones as DNA packaging elements. 

Within the dinoflagellate histone clade, the core dinoflagellates group together and the parasitic 

earlier branching dinoflagellates group with long branches, all with relatively high support 

values. In Figure 5.1a, long branches are seen on Hematodinium and Ameobophyra. This is 

expected, as a typical trend of protozoan parasites is divergent histones (Dalmasso, 2011). 

Although previous studies describe the deviant nature of dinoflagellate histones, the histones 

aligned show a great degree of conservation. This is particularly evident in the alignment of H3 

and H4, where much of the histone is highly conserved (Figure 5.1b). Histones H2A and H2B 

are far less conserved, especially closer to the N-terminal. This trend is seen among all 

eukaryotes, where the H2A and H2B tails have undergone a large degree of diversification 

(Henikoff & Smith, 2015). The most conserved histone among higher eukaryotes is the histone 

H4 which is in contact with all other core histones of a typical nucleosome (Mari¶o-Ram²rez et 

al., 2005). One possibility for the equal conservation of histone H3 could be its variantsô 

connection with the kinetochore. As iterated, CENP-A, a histone H3 variant, functions as a 

director for kinetochore assembly. Kinetochores act as the intermediate between spindle fibers 

and chromatids, allowing for the progression of mitosis or meiosis. The histone H3 seen in this 

alignment is the CENP-A variant, where InterPro predicts the CENP-A domain on all sequences. 

Although dinoflagellates are thought not to use histones for the bulk of chromosome 

organization the CENP-A protein is required for accurate chromosome segregation. In model 
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eukaryotes with depleted CENP-A populations kinetochore functions are impaired, ending in 

unequal chromosome segregation (R®gnier et al., 2005). H3 conservation among dinoflagellates 

highlights that closed mitosis may still use standard machinery for chromosome segregation.  

 

 

A 

B 
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Figure 5.1 ï Phylogenetic tree reconstruction and alignment of all four canonical histones 

from alveolates shows Oxyrrhis as a dinoflagellate outlier. A) an alignment of concatenated 

core histones where pink denotes dinoflagellates and green denotes other alveolate groups. 

Organisms included are the early branching (Amoebophyra, Hematodinium, and Oxyrrhis 

marina) and core (Symbiodinium microadriaticum, Polarella glacialis, and, Crypthecodinium 

cohnii) Dinoflagellates. Non-dinoflagellate organisms in this alignment are Perkinsus marinus, 

Vitrella brassicaformis, Toxoplasma gondii, and the Babesia genus. B) from top to bottom, 

conserved domains of histone H4, H3, H2A, and H2B from the MAFFT alignment.   
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Figure 5.2 ï Percent identity matrices for alignments of each core histone. Darker cells 

indicate a higher sequence identity between the two organisms. 






























