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Abstract

The discovery of widespread apicomplexan symbionts of anthozoans, known as corallicolids, has
raised many questions about their evolutionary history, physiology, and ecology. However,
gathering molecular data from these unicellular eukaryotes is challenging due to their small size,
low abundance in host tissue, and inconsistent prevalence in host populations. This task is further
complicated by the presence of contamination from host genetic material in the samples.
Parazoanthus swiftii is a corallicolid host with a high infection rate and no dinoflagellate
symbionts making it a potentially useful model for this association. The objective of my thesis is
to develop baseline genetic resources for the study of P. swiftii and its symbionts using
transcriptomics. Several P. swiftii transcriptomes were sequenced, assembled, and filtered, and
BUSCO analysis detected 88% of proteins from a set of conserved orthologs. Although less than
half of the transcripts were functionally annotated, 56% of predicted proteins were present across
all of the samples. Two of the five samples had a diverging expression profile and lower relative
expression of anthozoan transcripts. The dataset also contained 1059 potential apicomplexan
genes, including three that were lineage-specific. This transcriptome will aide in the study of
corallicolids and their host associations, as well as add to the number of genetic resources

available for zoanthids.



Lay Summary

Corallicolids are unicellular organisms that live inside the guts of animals such as sea anemones,
corals, and zoanthids. They are part of the phylum Apicomplexa, which is largely comprised of
parasites, including the causative agent of malaria in humans. Since corallicolids were
discovered, many questions have been raised about their evolutionary relationship to other
apicomplexans and their symbiotic relationship with their hosts. This project involved the
creation of a genetic dataset that characterized the gene expression of P. swiftii, a zoanthid that is
known to contain corallicolids. The transcriptome contained sequences from other organisms,
but was relatively complete and consistent across samples. This project will contribute to our
understanding of zoanthids and help us study corallicolids because we can differentiate host

sequences from corallicolid sequences.
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Chapter 1: Introduction

1.1 Corallicolids

Although coral reef ecosystems are known to support vast amounts of biodiversity in
oligotrophic oceans, multicellular flora and fauna account for only a portion of the inhabitants of
a reef. Bacteria, viruses, and protists play a pivotal role in these ecosystems by participating in
nutrient cycling, influencing marine food webs, and causing disease. The photosymbiosis
between anthozoans and their algal symbionts has been well-characterized due to its role in coral
bleaching (van Oppen and Blackall 2019). During the genotyping of coral-associated algae in
2002, another eukaryotic symbiont was discovered and identified as belonging to a parasitic
group of protists known as apicomplexans (Toller et al. 2002). This symbiont was observed at
multiple disparate sites up to a depth of 1400 m via microbiome and metagenome surveys, but it
was not until recently that the cells were imaged and characterized (Mathur et al. 2018; Slapeta
et al. 2013; Kwong et al. 2019; Vohsen et al. 2020). Ultimately, they were formally described as

members of the new order Corallicolida (Kwong et al. 2021).

The phylum Apicomplexa is largely comprised of obligate intracellular parasites, including the
causative agents of human diseases, such as malaria and toxoplasmosis (Votypka et al. 2017). A
defining feature of apicomplexans is the apical complex, which is a group of cytoskeletal and
secretory structures that aide in host cell invasion (Hu et al. 2006). Organelles in the apical
complex known as micronemes secrete adhesin proteins that interact with receptors on the host

cell membrane (Boucher and Bosch 2015; Soldati et al. 2001). These proteins play a role in the



glideosome, which uses an actomyosin motor to pull back on bridging proteins connected to the

adhesins in order to propel the cell forwards (Keeley and Soldati 2004).

Another notable characteristic common to apicomplexans is a relict plastid known as the
apicoplast. The ancestors of these microbes were photosynthetic, but have since lost the ability to
photosynthesize during the transition to heterotrophy. Although apicoplasts have a reduced
genome, they continue to aide in metabolic processes with the help of nuclear-encoded genes by
synthesizing fatty acids, iron-sulfur clusters, isoprenoids, and tetrapyrroles (McFadden and Yeh

2017).

Corallicolids share many characteristics with other apicomplexans, including the apicoplast.
While the corallicolid apicoplast has yet to be imaged, molecular sequencing of the plastid
genome has revealed chlorophyll biosynthesis genes under strong purifying selection (Kwong et
al. 2019). This is unusual for a non-photosynthetic organism and suggests that these genes may
serve an additional function. Additionally, it could indicate that corallicolids are in the midst of
an evolutionary transition towards parasitism (Keeling et al. 2021). The effect of corallicolids on
their hosts is still ambiguous, but one study posited that they may be opportunistic pathogens,
only affecting their hosts under stressful conditions (Keeling et al. 2021). Recently, a preprint
manuscript found significantly increased corallicolid abundance in corals with the highest heat-
stress susceptibility (Bonacolta et al. 2022). While it is not known whether corallicolids infect
any non-anthozoan hosts, a group of blood fish parasites formed a clade with corallicolids in an
18S rRNA phylogeny, suggesting that they may have more close relatives to be discovered

(Hayes and Smit 2019). The phylogenetic position of corallicolids relative to other



apicomplexans is currently unresolved with only their organelles and SSU rRNA having been

sequenced so far (Kwong et al. 2021; VVohsen et al. 2020).

The need for more sequencing data from corallicolids presents the challenge of gathering good-
quality samples. Corallicolids are found in parasitophorous vacuoles within the host cells.
Specifically, they are located in mesenterial filaments, which are white threads of tissue in the
gastrovascular cavity that possess specialized cells for defense and digestion (Brusca et al.
2016). There is currently no method to detect corallicolids in anthozoans without sequencing
data or microscopy. The symbionts are not ubiquitously present in anthozoans, even among
members of the same population (Kwong et al. 2019). They also tend to be found in low
abundance relative to the host tissue which further complicates the process of sequencing
(Mathur et al. 2018). Using homology-based searches to identify sequences is often limited
because they rely on genetic resources from related organisms, which are generally more
abundant for animals than protozoa (Armengaud et al. 2014). Furthermore, their position as
intracellular symbionts means that all samples will contain a large proportion of host sequences.
The identification of host sequences is necessary to facilitate the process of differentiating host

and symbiont sequences.

1.2 Golden Zoanthids

Corals, sea anemones, and zoanthids all belong to Anthozoa, a group of marine invertebrates.
They maintain a polypoid body plan throughout their life cycle, meaning that they are attached to
the substrate with their mouths and tentacles facing the water column (Brusca et al. 2016).

Unlike corals, zoanthids lack calcareous skeletons for structural support, but instead form



colonies with polyps connected at the base and debris incorporated into their outer body wall
(Light 2007). They feed on plankton in the water column, although many zoanthids also possess
photosynthesizing algal symbionts similar to those found in coral (Rabelo et al. 2014). Several
species of zoanthid also live on the exterior of other invertebrates, such as black coral,

hydrozoans, and sponges (Reimer et al. 2018).

The golden zoanthid, Parazoanthus swiftii, is a species of colonial zoanthid commonly found in
the Caribbean Sea and Atlantic Ocean (Montenegro 2020; Reimer et al. 2017). They have a
polyp height of 1-3 mm and colonies tend to grow in linear formations or small clusters
(Duchassaing and Michelotti 1860; Swain and Wulff 2007). Like many other zoanthids, P. swiftii
is epibiotic, meaning that it lives on the surface of other organisms. They are generally
associated with one of 46 species of host sponge, but have also been observed on octocorals or
non-living substrates (Vaga et al. 2020; Crocker and Reiswig 1981; Swain and Wulff 2007). This
broad range of hosts is likely a result of the fact that P. swiftii is less deeply embedded in the host
tissue than other sponge-associated zoanthids and has the unique ability to spread from its host
sponge to nearby substrates (Duchassaing and Michelotti 1860; Crocker and Reiswig 1981). P.
swiftii produces toxins and uses its bright orange colouring to alert potential predators to its
presence (West 1976). As a result, the sponge benefits from decreased predation and the zoanthid
gains a substrate with little competition. Sponges draw water through pores on their surface
during filter feeding and zoanthids can take advantage of the resulting water currents by feeding
on the zooplankton they convey (Montenegro-Gonzalez and Acosta 2010; Roopnarine and

Hertog 2012). One study of the Water Factory study site in Curacao found that P. swiftii



associated with the host sponge Topsentia ophiraphidites were most abundant at a depth of 20-30

m (Reimer et al. 2018).

P. swiftii harbors a corallicolid that is closely related to Anthozoaphila gnarlus, one of three
described corallicolid species which are largely differentiated using SSU rRNA phylogenies
(Kwong et al. 2021). Their abundance makes them a good study system because they are easily
accessible. They also lack algal symbionts, which could minimize the presence of non-metazoan
contamination in samples (Reimer et al. 2014). Notably, preliminary studies have suggested that

corallicolids are found very consistently in P. swiftii samples (Kwong et al. 2021).

Water Factory

Figure 1. Golden zoanthid images and map of collection site. A) Lateral view of a golden zoanthid polyp along
with an inset map of Curacao indicating the location of the study site, Water Factory. B) Image of golden

zoanthid colony on the host sponge Topsentia ophiraphidites.



Zoanthids are a particularly under-sampled group of cnidarians and they lack publicly available
molecular data. Out of the 29,850 cnidarian experiments published on NCBI’s Sequence Read
Archive, only 119 are from zoanthids, whereas 22,152 are from stony corals. Out of the zoanthid
datasets, none have published annotations and just four species have a published transcriptome
(Agarwala et al. 2018). The transcriptomes for Zoanthus natalensis and Palythoa variabilis were
analyzed to identify peptides related to venom and toxin production (Liao et al. 2019, Huang et
al. 2016). P. variabilis sequences were further investigated to find prospective biopharmaceutical
enzymes (Morlighem et al. 2018). In addition, Huang et al. (2017) went beyond examining
protein coding genes and identified over 10 thousand long non-coding RNAs in the
transcriptomes of P. variabilis and Palythoa caribaeorum. The transcriptome of Parazoanthus
axinellae was sequenced as part of a large phylogenomic dataset, but it is relatively small and
was discarded from the final analysis (Simon et al. 2017). While P. swiftii has an unannotated

genome assembly available, it has no sequenced transcriptome (Agarwala et al. 2018).

1.3 Objective

The objective of my thesis is to assemble and annotate a de novo transcriptome for the
corallicolid host, P. swiftii. To accomplish this, RNA-Seq data was collected from five P. swiftii
polyps and combined to generate an assembly. The assembly was then taxonomically classified
and filtered to create a host transcriptome, which was evaluated based on completeness. Finally,
gene expression was compared between samples and the dataset was searched for corallicolid
genes. The development of a P. swiftii transcriptome contributes to the genetic resources
available for zoanthids and can be used in future studies to identify host sequences in corallicolid

datasets.



Chapter 2: Methods

2.1 Sample Collection and Sequencing

Five P. swiftii samples were collected at the Water Factory Dive Site in Curacgao (12°06'26.2"N
68°57'00.3"W) from October 9" to 15, 2021 (Table 1). They were located at a depth of 15 to 23
m in approximately 29°C seawater. To preserve the tissue during transportation, whole polyps
were crushed using a mortar and pestle, suspended in 50 uL of RNAlater, and stored at -20°C.
RNA from the samples was then precipitated, washed, and resuspended according to the TRIzol
extraction protocol. The University of British Columbia Sequencing and Bioinformatics
Consortium prepared the Illumina TruSeq mRNA stranded libraries, which were amplified with
15 cycles of PCR during the final step. The libraries were then sequenced on the Illumina
NextSeq platform with a paired-end 150 bp read length.

Paired-end Reads

Sample Site Isolation Date  Tissue

Zoanthid 1 Water Factory 2021-10-09 Whole Polyp 27,756,679
Zoanthid 4  Water Factory 2021-10-10 Whole Polyp 17,575,392
Zoanthid 5  Water Factory 2021-10-15 Whole Polyp 28,971,199
Zoanthid 6  Water Factory 2021-10-14 Whole Polyp 25,438,667
Zoanthid 7 Water Factory 2021-10-14 Whole Polyp 23,502,218

sample collection and library size in paired-end reads is listed for each sample.

Table 1. Metadata for P. swiftii samples collected in Curac¢ao. The information associated with zoanthid



2.2 Data Analysis

2.2.1 Assembly

The demultiplexed Illumina reads were first trimmed using Trim Galore! version 0.6.5 to remove
the Universal Illumina Adapters, filter out reads with a length of less than 50 bp, and trim off
base pairs with a Phred score of less than 20 (Martin 2011). Then the forward and reverse reads
from all five samples were used to generate a single assembly using rnaSPAdes version 3.15.1
with k-mer lengths of 49 and 73 (Bushmanova et al. 2019). rnaSPAdes also calculated the
length, coverage, and GC content for each transcript, which was used during taxonomic
classification. The average read length, total assembly length, and number of reads mapped to
the assembly were used to estimate of the transcriptome’s overall base coverage with the

Lander/Waterman equation (Lander & Waterman 1988).

2.2.2  Annotation

SSU rRNA sequences were identified in the transcripts using Infernals’s cmscan program with
the Rfam database (Madeira et al. 2022; Kalvari et al. 2021). Then, SSU sequences were
selected and searched against the SILVA SSU database version 138.1 using BLASTN (Quast et
al. 2013). The results of this search were imported into R statistical software version 4.2.1 for

plotting (R Core Team 2017).

Likely protein-coding sequences over 50 amino acids long were obtained from the assembly
using Transdecoder to predict open reading frames (Haas et al. 2013, Haas 2021). They were
evaluated based on their identities in a BLASTP search (e-value 1e-3) against the UniProt

reference proteomes and a conserved domain search against the Pfam database using hmmscan



(Batemen et al. 2023; Mistry et al. 2021; Madeira et al. 2022). Open reading frames that

overlapped with the previously identified SSU rRNA genes were removed.

Proteins were then classified based on BLASTP searches and anything with a non-anthozoan
best hit was filtered out (McGinnis et al. 2004). Unidentified sequences were kept if they had a
GC-content that fell between the 10" (0.38) and 90" (0.50) percentiles of the identified
anthozoan genes. Functional annotations were also generated for each transcript using EggNOG-
mapper, including KEGG and COG categories (Cantalapiedra et al. 2021). The filtered set of
host proteins were assessed for completeness using a BUSCO version 5.2.2 search against the
metazoan_odb10 database with 954 orthologs (Manni et al. 2021). To compare the de novo
transcriptome’s completeness to other cnidarian datasets, BUSCO scores for free-living
Cnidarian proteomes were recorded from the UniProt database (Bateman et al. 2023). Genes that
were identified as apicomplexan during the classification step or hit to an apicomplexan gene
during functional annotation were compiled and investigated separately. There was a highly-
expressed ubiquitin transcript that was an outlier and the taxonomy was relatively unclear, so it

was removed from the apicomplexan dataset before plotting.

2.2.3  Expression Analysis

Each individual transcriptome had its reads aligned to the assembly with bwa and indexed with
SAMtools (Li et al. 2009). The resulting bam files were then imported into Rsubread’s
featureCounts function in R alongside the annotations for each peptide (Liao et al. 2019). EdgeR
was used to apply TMM normalization factors, normalize by library sizes, and identify genes that

had low expression levels across all samples (Robinson et al. 2010). The multidimensional



scaling plot was created with the limma package’s plotMDS function using the normalized
dataset with a pairwise comparison method (Ritchie et al. 2015). The ggplot, ggVennDiagram,
ggExtra, and pheatmap packages were also used during plotting (Wickham 2016; Gao 2022;

Attali and Baker 2022; Kolde 2019).

2.2.4 Characterizing Available Zoanthid Resources

To gather data on zoanthid genetic resources, metadata for RNA-Seq and WGS datasets for
organisms in the order Zoantharia was obtained from the SRA Run Selector on NCBI (Agarwala
et al. 2018). Any organellar genomes or datasets using non-random genomic sequence capture
methods, such as selection for Ultra-Conserved Elements, were excluded. Each genome and
transcriptome with an assembly available was queried with corallicolid SSU rRNA sequences to
detect corallicolid presence. Three corallicolid sequences were used: Corallicolida aquarius
sequence MH304758.1, Anthozoaphila gnarlus MW192642.1, and Apicomplexa sp. Type N
AF238264.1. Sequences with a 90% or greater identity were then searched against the whole
NCBI nucleotide database. If the sequence had a top result matching corallicolid SSU rRNA

sequences, it was recorded for the table.
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Chapter 3: Results and Discussion

3.1 P.swiftii Assembly is Similar to Other Zoanthid Assemblies

RNA sequencing was performed on five P. swiftii samples, producing a total of 123 million read-
pairs with an average read length of 148 bp. The reads were then combined and assembled into a
155 Mb assembly with 245,367 contigs (Table 2). The number of reads and contigs are on the
same order of magnitude as most other available zoanthid transcriptomes (Table 2). The average
contig length in the P. swiftii assembly was 631 bp and the N50 value is 926 bp. While the P.
axinellae transcriptome had far fewer reads and contigs, it was generated using EST rather than
RNA-Seq and was discarded in the original study due to low completeness (Table 2, Simon et al.
2017). 99.1 % of the raw reads mapped back to the de novo P. swiftii assembly, resulting in an
overall base coverage of 227x. A higher proportion of reads were mapped compared to the other
zoanthid transcriptomes (Table 2). While this could be the result of differences in filtering steps,
a high proportion of mapped reads supports the quality of the assembly (Raghavan et al. 2022).

Overall, the transcriptome was broadly similar to the transcriptomes of related organisms.

11



Simon Huang Huang Liao

Study Current study etal. 2017 et al. 2016 etal. 2017 et al. 2019
. Parazoanthus Parazoanthus Palythoa Palythoa Zoanthus
organism oo ) R . .
swiftii axinellae variabilis  caribaeorum sp. natalensis
assay type RNA-Seq EST RNA-Seq RNA-Seq RNA-Seq
reads 123 Million 15,564 68 Million 118 Million 375 Million
contigs 245,367 10,190 276,526 136,654 225,236
mean contig length 631 NA 395 874 697
% reads mapped 99.1 NA 87.22 89.63 >80

Table 2. Transcriptome assembly statistics for P. swiftii and other zoanthids. The study is listed for each
organism along with the type of assay. The number of reads (single-end) or read pairs (paired-end), number
of contigs, mean contig length in base pairs, and percentage of reads mapped back to the assembly are also

listed for each dataset.

3.2 SSU Sequences Reveal Taxonomic Diversity

Ribosomal RNA (rRNA) is highly conserved across cellular life and widely used to identify
organisms. Before delving into a broad classification of the contigs, SSU rRNA sequences were
isolated from the P. swiftii transcriptome in order to gather rough estimates for the taxonomic
composition of the samples. There were 4919 rRNA sequences recovered from the search,
including 1758 from prokaryotes, 2640 from anthozoans, and 521 from other eukaryotes (Figure
2). Despite the abundance of unique sequences, the number of unique taxonomic assignments
was only 1221 in total. Within the other eukaryotes, 20 SSU sequences were identified as
sponges and 9 were identified as corallicolids (Figure 2).

The presence of bacteria and other eukaryotes is to be expected because whole polyps were
ground up in the samples. As a result, RNA from any organism living in or on them would be
sequenced along with the tissue. Despite this, the majority of anthozoan SSU sequences had

higher coverage than other organisms (Figure 2). Compared with the P. variabilis transcriptome,

12



this dataset has far more species identified (Morlighem et al. 2018). However, the P. variabilis
tissue was cut up and washed with distilled water, so the difference may be partially due to

discrepancies in sample preparation (Huang et al. 2016).

Anthozoa
2000 4
1500 4
1000 - *
B o i e |
:_E: % o ¢ Anthozoa
08; Other «  Corallicolida
— 2000 4 e Porifera
° Other
1500 4
3
1000 4" =
5001 "%
56+05 1e+06
Coverage

Figure 2. SSU sequences identified in the P. swiftii transcriptome. rRNA sequence length in bp and coverage
is plotted, with taxa represented by different colours. Corallicolida and Porifera points were brought to the

front to avoid being covered by taxa marked as ‘Other’.
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3.3 Taxonomic Classification was Used to Identify Anthozoan Genes

Following rRNA analysis, the open reading frames of protein-coding transcripts were predicted.
Potential open reading frames in the assembly were evaluated against protein and conserved
domain databases. There were 199,428 predicted proteins with a mean length of 127 amino
acids. This relatively short length is the consequence of having selected a short minimum ORF
length of 50 amino acids during prediction. The proteins were taxonomically classified and
filtered to create a subset of probable host genes for downstream analysis. Only 11% of proteins
could be classified and of these, 53% were eumetazoan, 2.5% were poriferan, and 0.62% were

apicomplexan (Figure 3).

Although not all sequences were assigned a taxonomic classification, the predicted proteins
classified as anthozoan were used to determine the range of GC-content of the host. Since GC-
content has been shown to vary between different taxa (Smarda et al. 2014; Romiguier et al.
2010; Wu et al. 2010), unidentified sequences that fell within the 10" (0.38) and 90 (0.50)
percentiles of known anthozoan sequences were included in the filtered host dataset. The
sequences falling outside of this range were discarded along with any non-anthozoan identified
sequences. This resulted in 42% of the total sequences being removed to create the filtered host

dataset.
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Figure 3. Taxonomic classification of the P. swiftii transcriptome. Each plot shows the coverage and GC-Content of transcripts in the P. swiftii assembly.
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When filtering transcripts from de novo assemblies, there is a challenging tradeoff between the
removal of extraneous sequences and the retention of desired sequences (Freedman et al. 2021).
Although the filtered host dataset was only used to examine gene expression and completeness,
the GC-content filtration method has several limitations. Firstly, assuming that the classified
sequences are representative of the unclassified sequences, the method would remove the 20% of
unidentified host genes which lie outside the 10" and 90" percentiles of GC-content. While GC-
content can vary between organisms, phylogenetic relationships are not the sole predictors of
GC-content (Lightfield et al. 2011; Foerstner et al. 2005). Of the identified transcripts, most
bacterial transcripts fell outside the host GC range, whereas ciliate sequences were generally
inside the host GC range. Thus, it is likely that this method was better at filtering out bacterial
transcripts than ciliate transcripts. In the future, it may be useful to employ more nuanced
approaches in order to generate precise taxonomic subsets, such as using a cutoff for coverage to
eliminate noise (Freedman et al. 2021). Multiple annotation methods could also be applied to
taxonomic classification. For example, including both nucleotide and protein homology searches
could increase the proportion of sequences classified. A previous study detected 13,240 long
non-coding RNAs in the Palythoa caribaeorum transcriptome, so it is likely that non-coding
RNA sequences are present in other zoanthid transcriptomes (Huang et al. 2017). Other available
zoanthid transcriptomic projects did not perform taxonomic classification aside from the removal
of dinoflagellate symbiont reads, and it is possible that this step is not strictly necessary (Huang
et al. 2016; Huang et al. 2017; Liao et al. 2019). In fact, Morlighem et al. (2018) examined
potential biopharmaceuticals from the ‘holo-transcriptome’ of P. variabilis, which included both

the host and associated organisms.
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3.4 The Completeness Estimate of the P. swiftii Transcriptome is 72%

One of the most common metrics for evaluating the completeness of de novo transcriptomes is to
examine groups of orthologous genes that are expected to be present in the organism. The
filtered host dataset was analyzed for completeness by observing the presence of orthologs
common to all metazoans and assigning the predicted proteome a BUSCO score (Figure 4). This
showed that 72% of the expected orthologs were complete, and of those only 12% were
duplicated (Figure 4). UniProt reference proteomes are curated to include high-quality proteomes
that represent certain taxonomic groups (The UniProt Consortium 2023). Compared with the
BUSCO scores of reference cnidarian proteomes, the de novo P. swiftii predicted proteome had a
higher proportion of fragmented proteins. This is unsurprising because the reference proteomes
are the result of in-depth whole genome sequencing projects and include model organisms such
as Hydra and Nematostella (Bateman et al. 2023; Watanabe et al. 2009). Nevertheless, the P.
swiftii transcriptome was only missing 12% of the expected orthologs, which is comparable to

the proportion of missing orthologs in the reference proteomes (Figure 4).

The proteins were functionally annotated following the evaluation of completeness. Out of the
199,428 predicted proteins in the unfiltered assembly, 87,989 (44%) had an ortholog in the
EggNOG database. The filtered assembly contained 125, 983 sequences with 51,936 (41%)
EggNOG annotations. This proportion is similar to the predicted proteome of Zoanthus
natalensis, in which 78,658 (43%) of the 183,215 predicted proteins were functionally annotated
(Liao et al. 2019). The most highly represented KEGG categories in the P. swiftii predicted
proteome were enzymes, membrane trafficking proteins, and chromosome associated proteins

(Table Al). The number of predicted proteins is far higher than the number of proteins in the
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reference cnidarian proteomes, which range from 21,298 to 25,411 proteins (Bateman et al.

2023).
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Figure 4. BUSCO comparisons between free-living cnidarian proteomes. The percentage of complete,
fragmented, and missing single-copy orthologs present in each proteome are indicated on the x-axis. A
schematic tree along the y-axis illustrates the taxonomic relationships between the species corresponding to

each proteome. The P. swiftii predicted proteome was generated in this study.

There are several reasons why this P. swiftii predicted proteome could be larger than that of
related reference proteomes. Firstly, the transcriptome was assembled using sequences from five
individuals, so polymorphisms within the golden zoanthid population, alternative splicing events,
and heterozygosity could result in multiple assemblies of the same gene. In addition, the settings
used when predicting open reading frames allowed for proteins as short as 50 amino acids. While
choosing a short cut-off may add to the number of good-quality proteins predicted, it can also
introduce inaccurate predictions thus inflating the number of proteins present (Haas 2021).
Finally, the presence of reads from sponges and other organisms in the filtered dataset may have

led to an increased number of genes. Since the sample was filtered based on GC-content and
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whole polyps were ground up during sample preparation, it is likely that some non-host proteins

remained.

3.5 Most Genes were Expressed Across All Samples

The gene expression of the filtered host transcriptome highlighted the similarities between
samples. 56% of genes were present across all samples, with zoanthids 1 and 6 having the
highest number of unique sequences (Figure 5a). Samples 1 and 6 also clustered together on the
principal component analysis (Figure 5b). This suggests a degree of homogeneity in gene
expression between individuals, which is to be expected for members of the same population.
The top 50 most-expressed host genes with a protein length of over 100 amino acids were
compared across samples based on expression level (Figure A2). Samples 1, 5, and 6 shared their
most highly expressed genes, whereas samples 4 and 7 had very divergent expression patterns. In
particular, genes involved in information storage and processing had higher expression in

samples 1, 5, and 6 (Figure A2).

While examining the variation between samples, it is also important to consider non-anthozoan
reads. Using the sequences that were assigned during taxonomic classification, the relative
proportion of each group was compared between samples in the unfiltered assembly. The
proportion of genes detected from each taxonomic group was relatively consistent between
samples (Figure Al). In contrast, there was a high degree of between-sample variation in relative
gene expression by different taxa (Figure Al). Some of the differences between samples may be

accounted for by intraspecific variation or different physiological processes. For example, the
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increased proportion of non-anthozoan reads in samples 4 and 7 could be due to the presence of

partially digested food in the gastrovascular cavity.
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Figure 5. Examining P. swiftii gene expression between samples. a) The Venn Diagram represents sequences
that are present in all samples overlapping in each segment. The segment shade corresponds to the number of
transcripts in the segment. b) Principal Component Analysis of normalized gene expression. The log-fold
change in expression between samples is shown on the first two principal components and the proportion of

variation explained by each principal component is indicated on its respective axis.

3.6 Apicomplexan Genes were Discovered in the Transcriptome

In addition to the apicomplexan rRNA sequences described earlier, a number of potential
apicomplexan proteins were identified during taxonomic classification and functional annotation.
Taxonomy of functionally annotated sequences was taken from the top ortholog hit in the
EggNOG database, whereas the taxonomic classification step identified proteins based on
BLAST hits in the UniProt database. There were a total of 1059 potential apicomplexan genes,

including 1030 identified during functional annotation and 142 identified during taxonomic
20



classification. 412 potential apicomplexan genes were detected in all five samples, which
suggests that every zoanthid sampled contained corallicolids. Although the functional

annotations were intended for identifying orthologs and are likely less precise for taxonomy

assignment, 113 genes were common to both search methods. That being said, it is possible that

some highly divergent or conserved proteins have inaccurate taxonomic assignments.
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Figure 6. Apicomplexan proteins identified in the P. swiftii transcriptome. Bar plot of genes identified as
Apicomplexan during database searches are counted by their assigned COG category. The bar length

indicates the number of predicted proteins in that category.
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By analyzing the KEGG categories, 54 ribosome proteins and 45 proteins related to exosomal
function were detected (Table Al). The most highly represented COG category was translation,
ribosomal structure, and biogenesis, followed by posttranslational modification and signal
transduction mechanisms (Figure 6). There were also cytoskeletal proteins, such as actin, tubulin
subunits, and dynein. Interestingly, three lineage-specific apicomplexan proteins were identified,
including two microneme proteins and one glideosome-associated protein. Gliding motility has
previously been observed in corallicolids and the presence of glideosome proteins indicates that

some motile life stages were also present in the golden zoanthid tissue (Kwong et al. 2021).

3.7 Other Zoanthid Assemblies Contained Corallicolid rRNA

In order to investigate the prevalence of corallicolids in publicly available assemblies, SSU
rRNA sequences from the symbionts were searched against 20 WGS assemblies and 5
transcriptome assemblies (Table 3). While corallicolid SSU rRNA sequences were absent from
all of the transcriptomes, they were observed in 5 genomes (Table 3). There was one matching
contig detected in each genome assembly of Bergia sp. ‘catenularis,’ 1saurus tuberculatus, and
Palythoa grandis. Parazoanthus atlanticus and Parazoanthus swiftii genomes had 4 and 3
contigs, respectively. The detection of corallicolids in the P. swiftii genome align with the
observation of apicomplexan genes in the de novo transcriptome assembly. Unfortunately, the
metadata associated with the genome sequences on NCBI is incomplete and the sequences have
not yet been linked to a publication, so their origin is not clear. Kwong et al. (2019) screened 11
aquarium zoanthids for corallicolids and were able to detect them in 7 individuals, including two

from the genus Palythoa. Despite the lower proportion of corallicolid presence here, corallicolids
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were also detected in a Palythoa genome assembly. The difference in corallicolid prevalence

may be accounted for by the previous study’s use of SSU rRNA amplicon sequencing rather than

the WGS and RNA-Seq techniques used to generate the zoanthid assemblies (Kwong et al.

2019).
Genome Transcriptome
Family Genus Absent Present NA | Absent Present NA
Epizoanthidae Epizoanthus 5 0 4 0 0 0
Paleozoanthus 0 0 1 0 0 0
Hydrozoanthidae  Hydrozoanthus 1 0 3 0 0 0
Antipathozoanthus 2 0 2 0 0 0
Bergia 0 1 1 0 0 0
Parazoanthidae Churabana 0 0 1 0 0 0
Parazoanthus 1 2 1 0 0 1
Umimayanthus 2 0 2 0 0 0
Sphenopidae Palythoa 1 1 5 3 0 0
Zoanthidae Isaurus 0 1 0 0 0 0
Zoanthus 3 0 6 2 0 0
Total 15 5 26 5 0 1

Table 3. Corallicolid presence in publicly available zoanthid assemblies. Corallicolid SSU rRNA detection in

genomes and transcriptomes available for Zoantharians from the NCBI Sequence Read Archive. The number

of WGS and transcriptomes is shown for each genus in the database along with the number of assembled

transcriptomes containing corallicolid SSU rRNA. The final column for each group shows the number of

datasets that were not assembled (NA), which were excluded from the rRNA search.
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Chapter 4: Conclusion and Future Directions

In this thesis | describe the de novo assembly and annotation of the P. swiftii transcriptome.
Upon sequencing the RNA of whole golden zoanthid polyps, the reads were assembled into
245,367 contiguous transcripts. The assembly was similar to previous zoanthid assemblies, aside
from one EST study of another Parazoanthus species which had a relatively low read count. By
examining the rRNA present in the samples, it was revealed that the majority of high-coverage
sequences belonged to anthozoans. As expected, rRNA belonging to the zoanthids’ host sponge
and corallicolid symbionts was also detected. In addition to the P. swiftii transcriptome,
corallicolid rRNA was present in five of twenty zoantharian genome assemblies available on
NCBI, suggesting that there is still much to learn about the distribution of corallicolids in
zoanthids. Given the multiple organisms detected in the P. swiftii samples, the whole assembly
was then taxonomically classified into anthozoan and non-anthozoan sequences based on
homology protein searches. While the majority of sequences were not classified due to low
similarity to reference proteomes, the identified host proteins were used to further filter the

transcriptome based on GC-content.

The predicted proteome of P. swiftii was compared with cnidarian reference proteomes found in
the UniProt database, and while the number of fragmented genes was higher in the P. swiftii
transcriptome, it had a similar proportion of missing genes. Only 41% of the genes in the
predicted proteome were functionally annotated, but 56% were expressed across all samples.
1059 apicomplexan genes were detected in the dataset, the most abundant of which were related

to translation.
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This study added to the limited number of available zoanthid transcriptomes and can be used in
future zoanthid phylogenies. Additionally, the potential corallicolid hosts identified using NCBI
assemblies could be examined to confirm the presence of symbionts. Subsequent studies will be
able to apply this dataset to corallicolid transcriptomes in order to differentiate host and symbiont
transcripts. Highly expressed genes, such as ribosomal genes, from both the symbiont and the
host could be used as a benchmark to estimate the relative proportion of each organism in future
datasets. Given the small proportion of symbionts in this bulk-sequencing transcriptome, it is
likely that many of the corallicolid genes detected are among the most highly-expressed. As
such, | predict that these genes will also be identified in future corallicolid sequencing projects,

especially single-cell transcriptomes.
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Appendix A - Supplementary Material

A.l  Supplementary Figures
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Figure Al. The proportion of taxa identified in each sample. The figure only includes the 11% of transcripts

which were taxonomically classified. Bar height in the first panel indicates the proportion of the total number

of transcripts detected in each sample. In the second panel, bar height shows the proportion of total

expression in each sample. Different bar colours are used to represent the taxonomic groups.
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COG Category
CELLULAR PROCESSES AND SIGNALING
INFORMATION STORAGE AND PROCESSING
METABOLISM
POORLY CHARACTERIZED

Gelsolin homology domain

unfolded protein binding

structural constituent of ribosome

Common central domain of tyrosinase

calcium ion binding

60s ribosomal protein

Common central domain of tyrosinase
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Tyrosine kinase receptor
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ribosomal small subunit assembly

structural constituent of ribosome 100
Collagen triple helix
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regulation of calcium-mediated signaling 10
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KIX-binding domain of forkhead box O, CR2

Nuclear factor erythroid
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positive regulation of integrin-mediated signaling pathway
translation

Belongs to the ammonium transporter family. Rh subfamily
Domain found in sea urchin sperm protein, enterokinase, agrin
transmembrane receptor protein tyrosine kinase activity
collagen

o-succinylbenzoate—-CoA ligase activity

coiled—coil domain-containing protein 108

Ubiquitin protein ligase E3 component n-recognin
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Figure A2. Golden zoanthid gene expression heatmap. Heatmap showing the top 50 most expressed genes

which were identified as Anthozoan during classification and had a protein length of over 100 amino acids.
The heatmap colour scale indicates the normalized expression level for each gene. Dendrograms show clusters

for the y-axis. The colours for the COG group are displayed at the tips of the dendrogram.
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A.2  Supplementary Tables

ID Name Host Apicomplexan
ko01000 Enzymes 2231 123
ko04131 Membrane trafficking 602 44
ko03036 Chromosome and associated proteins 466 30
ko04121 Ubiquitin system 371 14
ko04147 Exosome 300 45
ko03019 Messenger RNA biogenesis 236 37
ko01002 Peptidases and inhibitors 247 11
ko02000 Transporters 233 10
ko03041 Spliceosome 215 28
ko03029 Mitochondrial biogenesis 221 15
ko01001 Protein kinases 218 9
ko03400 DNA repair and recombination proteins 209 13
ko03009 Ribosome biogenesis 202 14
ko03011 Ribosome 150 54
ko03000 Transcription factors 184 17
ko01009 Protein phosphatases and associated proteins 184 14
ko03021 Transcription machinery 170 14
ko04812 Cytoskeleton proteins 168 11
ko03037 Cilium and associated proteins 171 5
ko03110 Chaperones and folding catalysts 136 18
ko03016 Transfer RNA biogenesis 120 16
ko03032 DNA replication proteins 86 6
ko04030 G protein-coupled receptors 77 0
ko01003 Glycosyltransferases 75 2
ko04031 GTP-binding proteins 67 7
ko03051 Proteasome 55 19
ko03012 Translation factors 68 0
ko04990 Domain-containing proteins not elsewhere classified 62 0
ko04040 lon channels 58 0
ko04090 CD molecules 55 0
ko01007 Amino acid related enzymes 40 12
ko01004 Lipid biosynthesis proteins 43 1
ko00536 Glycosaminoglycan binding proteins 35 0
ko02044 Secretion system 21 4
ko04091 Lectins 24 0
ko00199 Cytochrome P450 22 0
ko04515 Cell adhesion molecules 17 0
ko01006 Prenyltransferases 15 1
ko04052 Cytokines and growth factors 11 0
ko00535 Proteoglycans 11 0
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Name Host

Apicomplexan

ko00537
ko04054
k004050
k002035
ko00194
k002048
ko01504
ko02042
ko01011
ko01008
ko02022
ko03310

Glycosylphosphatidylinositol-anchored proteins 11
Pattern recognition receptors 10
Cytokine receptors

Bacterial motility proteins

Photosynthesis proteins

Prokaryotic defense system

Antimicrobial resistance genes

Bacterial toxins

Peptidoglycan biosynthesis and degradation proteins
Polyketide biosynthesis proteins

Two-component system

Nuclear receptors
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Table Al. Counts of host and apicomplexan genes annotated by KEGG category. The KEGG identification

number and name for each group is listed next to the number of genes identified in the host and

apicomplexan subsets of the transcriptome.
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