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Abstract

TRANSCRIPTOME ANALYSIS OF PYROCYSTIS LUNULA TO SHED LIGHT ON

BIOLUMINESCENCE
Lila Lynnette Barrera

B.S., Appalachian State University
M.S., Appalachian State University

Chairperson: Cara Fiore, Ph.D

Dinoflagellates are planktonic eukaryotes abundant in many aquatic habitats,
especially within marine environments. Often seen at night along the shore, some
species of dinoflagellates produce light when disturbed in a process known as
bioluminescence. Though fundamental work in this field has shown the importance of
the circadian rhythm in the regulation of bioluminescence, there are few examples that
explore gene regulation in response to this process. Gene expression studies on these
species could improve our understanding of their physiology and evolutionary
relationships. Here, we have built upon previously published work by leveraging
circadian regulation and RNA sequencing analysis to further investigate the
biochemical pathway of bioluminescence within the marine dinoflagellate, Pyrocystis
lunula. The aim is to compare differential gene expressions of proteins involved in the
signaling pathway of bioluminescence based on their circadian rhythm. We are
particularly interested in the components utilized in the initiation of the pathway,

particularly, mechanoreceptors. Mechanoreceptors are poorly characterized compared

v



to chemoreceptors and dinoflagellate bioluminescence provides an avenue for
exploring potential novel mechanoreceptors. To achieve this differential gene
expression, cultures were grown separately in inverse light conditions. Harvesting
occurred during the late exponential growth phase while one set of cultures was in the
light phase and the other in the dark phase. RNA sequencing and subsequent
transcriptome analysis have yielded genes of interest that are up-or downregulated in
the cultures harvested in the dark compared to those harvested in the light. Notable
systems that displayed upregulated genes in the dark phase compared to the light phase
included cytoskeletal regulation, circadian rhythm, and fluid shear stress annotated
using KEGG. This work has the potential to advance our understanding of the cellular
mechanisms involved in bioluminescence and specific insight into eukaryotic

microbial mechanosensors.
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1. Introduction

1.1 Introduction to Dinoflagellates

Dinoflagellates are single-celled, aquatic, eukaryotic organisms that are considered
primary producers. These protists are diverse, residing in both marine and freshwater
environments, with varying trophic abilities (i.e., photosynthesis and/or heterotrophy), genome
size, and morphologies (Gomez 2020). Some dinoflagellates produce toxins and can form
blooms under conditions of high nutrient input. These are known as harmful algal blooms
(HABs), such as the red tide caused by dinoflagellate species such as Karenia brevis or

Lingolodinium polyedra (Anderson et al. 2021).

Dinoflagellates are also responsible for the striking blue glow sometimes visible in
crashing ocean waves. This phenomenon is called bioluminescence hypothesized to be a
defense mechanism for some dinoflagellates, like that of toxin production. Bioluminescence
has been identified in 17 dinoflagellate genera such as Gonyaulaux, Pyrocycstis, Noticula and
1s surprisingly common throughout the kingdoms of life (Valiadi and Iglesias-Rodriguez 2013,
Wilson and Hastings 2013). These species emit light in response to mechanical stress upon
their cellular membranes, such as a crashing wave or a brush with a predator. This response is
thought to be a communicative action that aids anti-predation in an altruistic fashion, by way
of illuminating the predator to attract a secondary predator capable of eating the first (Widder
2010, Valiadi and Iglesias-Rodriguez 2013). The general chemical pathway of

bioluminescence is well-documented in fireflies, consisting of the oxidation of the luciferin



protein catalyzed by the enzyme luciferase (de Wet et al. 1985). In dinoflagellates specifically,
bioluminescence is circadian regulated, occurring only at night and often accompanied by
luciferin binding protein (LBP) that interacts with luciferin. However, the mechanoreceptor in
the dinoflagellate cell membrane that initiates the bioluminescence pathway is not known and
if characterized, it would provide insight into a potentially novel type of mechanoreceptors

and/or insight into the evolution of mechanoreceptor protein families.

1.2 Circadian Rhythm and Bioluminescence

Bioluminescence occurs primarily in the dark part of the light/dark cycle. Many other
cellular processes are also impacted by sunlight, such as photosynthesis or temperature
regulation (Serin and Acar Tek 2019). These cellular processes follow the diel cycle which is
approximately a 24-hr cycle. The ability of an organism to maintain this pattern is referred to
as a “circadian rhythm” or an “internal clock.” Some studies show that the rhythms are
sensitive to environmental stimuli such as pulses of light (McClung 2006). In fact, an
organism’s circadian rhythm can shift when consistently exposed to blue light or short-wave
light (Bryk et al. 2022, Hittle and Wong 2022). In plants, environmental time cues, such as
light/dark cycles and temperature, drive the endogenous timing and these are easily

manipulated within a laboratory setting (McClung 2006)

Due to this circadian regulation, cellular components involved in bioluminescence are also
circadian regulated. This looks different depending on the species. For instance, L. polyedra
synthesizes and destroys the necessary components for bioluminescence daily, resulting in a

decrease in the concentration of those cellular components during the light phase to less than



10 percent of the concentration measured during the dark phase. In contrast, P. lunula
maneuvers the cell components to the center of the cell during the light phase and to the cell’s

periphery during the dark phase (Hastings 2013, Wilson and Hastings 2013).

1.3 Dinoflagellate Bioluminescence

While the bioluminescence pathway in dinoflagellates is not completely characterized
there are several important steps within the cascade that are documented. P. lunula structure
can be separated into two major parts: the central region and the periphery. The central region
contains the nucleus and plastids during the evening and scintillons during the day, while the
periphery contains vacuoles (Seo and Fritz 2000). Genera Noctiluca and Pyrocystis house a
central vacuole that is hypothesized to interact with scintillons during the bioluminescent
cascade (Johnson et al. 1985). When a mechanical force is applied to the dinoflagellate’s
cellular membrane, it triggers a transmembrane receptor, proposed to be a G-coupled protein
receptor (GPCR) (Fig. 1). Intracellular Ca®>* concentration increases, allowing for electric
signaling to occur across the vacuolar membrane. As a scintillon (containing components
necessary for bioluminescence) projects into the vacuole, the generated action potential travels
across the scintillon membrane. As a result, voltage-gated proton channels are opened which
facilitates the acidification of the scintillon, creating an ideal environment for bioluminescence

to occur (Valiadi and Iglesias-Rodriguez 2013).

Dinoflagellate bioluminescent machinery resides in the scintillons, which migrate to
the periphery of cell and back towards the nucleus (Fig. 2). Proteins luciferin, luciferase, and

luciferin binding protein (LBP) are the most common participants in dinoflagellate



bioluminescence (Seo and Fritz 2000). LBP is often utilized to prevent unwanted oxidation of
luciferin. While the genetic information to create LBP is available to P. lunula, there is little
evidence that LBP is necessary for luminescence in this species (Valiadi and Iglesias-
Rodriguez 2013, Fajardo et al. 2019). In most species, bioluminescence occurs when the
substrate luciferin, in the presence of oxygen, is oxidized by the enzyme luciferase to make
oxyluciferin. As electrons in oxyluciferin fall from a higher quantum energy state to a lower

state, light emission occurs (Rodriguez et al. 2017, Fajardo et al. 2020, Wang and Liu 2020).

1.4 Introduction to mechanoreceptors

Generally, mechanotransduction classifies processes by which an organism can process
and respond to mechanical stimuli (Paluch et al. 2015). Mechanical stimuli include
stretch/strain, compression, or shear stress across a cell membrane. Once applied to the cell
membrane, these types of stimuli activate several types of cellular components and pathways,
including G-protein coupled receptors (GPCR), ion channels, and other proteins involved in
both intracellular and extracellular communication (Goldmann 2014). It is not yet known what
type of mechanoreceptor receives the initial stimuli in dinoflagellates, but some well-studied
examples and potential candidates include degenerin/epithelial sodium channels (DEG/ENaC),

transient receptor potential (TRP) channels, and GPCRs.

DEG/ENaC are responsible for a cell's response to several kinds of stimuli including
acidity, sodium (Na") imbalance, mechanical stimuli, and nociceptive pain (Mobasheri et al.

2005). More specifically, ENaC has been shown to be activated by laminar shear stress (LSS)



in select cells of frogs and rabbits (Bhalla and Hallows 2008). This is of interest in the
dinoflagellate system due to the shear stress initiation of bioluminescence. However, a survey
of dinoflagellate transcriptomes found only one out of 27 transcriptomes contained DEG/ENaC
homologs (Pozdnyakov et al. 2021). The limited presence in dinoflagellate transcriptomes
suggests low prevalence of these channels in dinoflagellates. Within the same transcriptome
study, TRP channels were identified to be involved in mechanosensing in dinoflagellates
(Pozdnyakov et al. 2021). Thus, the bioluminescent cascade in dinoflagellates may behave like
that of TRP-mediated pathways in other organisms, such as TRPV in the roundworm C.

elegans, where TRP is activated downstream of GPCRs (Kahn-Kirby et al. 2004).

There is evidence in model organisms, such as in Drosophila phototransduction, that
TRP channels and GPCRs work in conjunction to perform mechanotransduction (Montell
2012). This may be similar to how bioluminescence in dinoflagellates initializes and if so, there
may be an increase in transcripts for TRP and/or GPCR proteins in dinoflagellates that are in
the dark phase of the diel cycle. Generally, when an agonist or ligand activates a GPCR, it
causes a conformational change of the protein. The conformational change allows interaction
between GPCR and an associated G-protein, thereby activating the G-protein. The G-protein
activate enzymes and ion channels, which allow ions — in the case of bioluminescence, Ca*"ion
- to act as secondary messengers (Vauquelin and von Mentzer 2007, Rosenbaum et al. 2009,

Shalaeva et al. 2015).

Once initialized, the activation of the GPCR would allow an action potential across the

membranes of vacuoles and scintillons (Von Dassow and Latz 2002, Chen et al. 2007). The



next critical step in the pathway is cytosolic Ca?* concentration increase and the release of
intracellular Ca?" stores. The activation of ion channels via GPCRs may be a key step to
achieve the necessary high Ca®" concentrations. G-proteins are also known to recruit Ca*" as
secondary messengers in various transduction pathways and may also perform these important
roles in bioluminescence by initializing downstream processes yet to be identified (Ma et al.
2017, Pfeil et al. 2020). However, mechanoreceptors involved in bioluminescence are some of
the fastest mechano-sensitive systems known with a response delay between 15-20 ms (Valiadi
and Iglesias-Rodriguez 2013, Fajardo et al. 2020). Although fast, GPCRs in Drosophila have
a latency time of 20ms, which is longer than the complete process of converting physical
stimuli to light emission in dinoflagellates (Hardie and Raghu 2001, Valiadi and Iglesias-
Rodriguez 2013). Thus, even though receptors between Drosophila and Pyrocystis may differ
greatly, the time discrepancy suggests there may be different receptor types involved in
bioluminescence or that there is a combination of proteins involved in initiating
bioluminescence. Both GPCRs and TRP channels have been shown to contribute to the
bioluminescence pathway in other dinoflagellates, creating a promising connection between
these components (Chen et al. 2007, Lindstrom et al. 2017). These channels could contribute
to a quicker dispersion of secondary messengers, allowing for that 20 ms reaction time (Valiadi
and Iglesias-Rodriguez 2013). As shown in the conversion of phosphatidylinositol-4, 5-
bisphosphate (PIP>) to inositol-2,4,5-triphosphate (IP3), a family of TRP channels are activated
downstream of a GPCR (Inanobe and Kurachi 2014). Additional associations to be considered
in characterizing the bioluminescence pathway are how scintillons are moved within the cell

and how they interact with vacuole membranes.



In an effort to investigate potential proteins involved in this bioluminescence cascade,
this study utilizes RNA sequencing on P./unula cultures that were grown on an opposing
light/dark cycle. Sequencing the mRNA transcripts provides a snapshot of what is occurring
in the cell at the time of RNA extraction. Given that the mechanosensitive protein responsible
for bioluminescence may be a GPCR, cofactors common to GPCR function or the GPCR itself
may be upregulated in the dark phase compared to the light. Comparing dinoflagellate cultures
between their light and dark phases, where bioluminescent responses may differ, would allow
for the identification of key pieces of the transduction cascade if there is a change in transcript
abundance. Often these cofactors are used broadly but should still be considered a target of
interest during analysis of the RNAseq data. Specifically, by comparing similar functioning
GPCRs to the P. lunula-derived sequences I expect to elucidate basic functioning and

interactions of these target proteins.

Due to dinoflagellates’ large genome size (1 - 270 giga base pairs (Gb), Hong et al.
2016) there are few published genomes and no data yet on circadian gene expression (Fajardo
et al. 2019). The large genome size hinders genome sequencing, but RNA sequencing provides
a more accessible method of insight because the transcriptome is smaller than the genome. My
objective in this study was to leverage the circadian nature of bioluminescence by comparing
the transcriptome of P. lunula cultures under light and dark conditions. I hypothesize that genes
that encode for proteins involved in bioluminescence will be more highly expressed under dark
phase conditions. Secondly, I anticipate being able to identify novel involved in
bioluminescence by comparing the transcriptome of P. /unula between our light and dark

conditions. These genes will then be used in future experiments for further validation. I also



predict that there is a novel protein within the cell membrane that initializes the bioluminescent
cascade. Either the receptor is indeed a GPCR — faster than known mechanosensitive receptors

or there are additional cellular components present that speed up the response-time.

2. Laboratory Methods

2.1 General set-up

Cultures of P. lunula (CCMP731) were purchased from Bigelow National Center for
Marine Algae and Microbiota (NCMA) and grown in F/2 seawater media made in 0.2 pm
filtered seawater from the South Carolina coast. An F/2 media kit from Bigelow NCMA was
used to create the media following the manufacturer's protocol. In order to create independent
light environments, two adjacent chambers were created using thick black plastic that covered
the experimental area. The chambers were supported by metal shelves with sections of the
black plastic separating the two chambers (Figure 3). This setup blocked most external light
and did not allow light from either chamber to leak into the other. The chamber unit was set
up in a culture room that remained dark aside from short periods of light used to maintain the
cultures. Four LED lights were positioned and fastened to the top of each chamber, facing the
flasks. The light level was tested using a photometer with an average of 50 pEinsteins, which
is within the range suggested by Bigelow (40 - 120 pEinsteins). Lights were connected to
adjustable timers and set to a 13-hour light period and an 11-hour dark period, opposite each
other. Replicate cultures (n = 5 per treatment) were grown in these chambers at room

temperature for four weeks prior to beginning the experiment and an additional four weeks



during the experiment. The cultures were initially set up using a final cell concentration of
4.85E3 cells/mL of P. lunula cells in the stationary phase. Cultures were grown statically for

the duration of the experiment.

2.2 RNA extraction

Cultures from each treatment were harvested in the middle of either light or dark phase
by a series of gentle centrifugations at 2000 x g for 30 seconds. The light treatment cultures
were harvested first, followed by the dark treatment cultures with minimal light during the
harvest. Cell pellets were resuspended in a phenol lysis buffer and pipetted directly into tubes
with glass beads for homogenization. The Qiagen RNeasy Plus Universal Mini kit was used
post-homogenization following the manufacturer protocol. Qubit fluorometric concentrations
were measured for each sample. The lowest-scoring replicate from each condition was
excluded from the RNA sequencing step. In total, 8 replicates of total RNA were sent to
Genewiz (Azenta) for high throughput sequencing. Enrichment of mRNA was performed by
polyA selection followed by cDNA synthesis for library generation. The library was then

sequenced using [llumina HiSeq 2000 with reads of paired end sequencing of 150 bp in length.

2.3 Quality control

An online computing platform, Galaxy, was utilized initially for quality control (QC)

using the tools FastQC and Trimmomatic (Afgan et al. 2022). Parameters for the Trimmomatic

tool were as follows: 1) standard, paired-ended adaptor sequences for HiSeq were selected, 2)



the maximum mismatch count which will allow a full match to be performed that was allowed
was 2 mismatch counts, 3) an accuracy score of 30 was required for a match between two
adapted ligated reads for a paired-ended palindrome read alignment, 4) an accuracy score of
10 was required for the match between an adapter and a read, and 5) the minimum length of
an adapter that needs to be detected was set to a length of 8, to keep both forward and reverse
reads. Additionally, for quality trimming, bases were removed at the end of a read if they were
below a threshold quality of 3 for both the trailing and leading trims. Within the sliding window
trimming, the number of bases that average across was 4 and the average quality score required
for the read to be included in analysis was set to 20. Reads that scored an average quality score
lower than 25 and reads that were below the minimum length of 50 base pairs were removed.

The raw RNA sequencing data of P. /unula will be deposited in the NCBI database.

2.4 Transcriptome assembly

The filtered and trimmed RNA reads obtained from Galaxy were then further analyzed
using a high-performance computing server (HPC) at the University of North Carolina (UNC)
at Chapel Hill. The cleaned files were used to assemble transcripts, using the de-novo assembly
tool, Trinity (Grabherr et al. 2011). Trinity is a de novo assembly tool that reconstructs
probable transcripts from raw RNAseq data. Trinity uses KMER, a substring of nucleotides in
an RNA sequence, and de Bruijn graphs, graphs that represent overlaps between sequences, to
reconstruct transcripts. Default settings for paired end mode were utilized for analysis. A
transcriptome assembly from the raw sequence reads was performed to identify transcripts that

showed significant differences in abundance. The raw sequencing data consists of 8 samples,

10



each with forward and reverse reads equaling 16 output files. Assembly was completed using
the UNC’s HPC server, Longleaf, using the Unix/Linux language. Our current methodology
largely followed the procedure that Logan Whitehouse of UNC outlines in their Diatom
Metatranscriptomes repository (Whitehouse 2019). Following the assembly, BUSCO
assessment of assembly quality was performed (Simao et al. 2015). To quantify the abundances
for downstream analysis transcript counts across all samples were quantified using Salmon, a
transcript-level quantification tool (Patro et al. 2017). Salmon performs a realignment by
aligning each sample’s sequence to the de novo assembly and quantifying the sequence hits to

the assembly.

With the de novo assembly, similar contigs were clustered together. This was
performed to remove redundancy and improve alignment by removing the chance of multi-
mapping due to poorly reconstructed transcripts. Clustering of transcripts was completed using
CD-HIT-EST from the CD-HIT suite (Huang et al. 2010). Contigs were clustered at 98%
similarity and a based standard word size of 10. The clustered assembly was then used for
taxonomic and functional annotation using the PhyloDB and Keggannot databases. A modified

clustered assembly, containing only eukaryotic hits, was used for Interproscan annotations.

2.5 Taxonomic and functional annotation

Two genomic databases, Kyoto Encyclopedia of Genes and Genomes (KEGG) and

PhyloDB, were used to annotate our assembly for both functional and taxonomic annotation,

respectively (Kanehisa 2000, Whitehouse 2019). Using NCBI BLAST, we mapped our

11



sequences against the database using the alignment software Diamond (Buchfink et al. 2021)
KEGG files provided on the UNC Longleaf server were used to build our database. We used a
modified version of the program Keggannot (Chris Berthiaume 2013). The modifications skip
over unresolved pathways and allow the program to run to completion. The output of the
Keggannot step was an annotated fasta file as well as a tsv (tab separated value) file, containing
the annotation information for each of the reconstructed contigs. Taxonomic annotation used
PhyloDB, a marine life database used for metagenomics. Similar to the KEGG annotation
steps, Diamond was used to construct a database. We then used the PhyloDB Annotation
program to annotate our transcripts (Whitehouse 2019). Additionally, a modified version of
the clustered assembly, containing eukaryotic hits only, was run through OmicsBox software,
which facilitates transcript annotation against multiple databases. The software was utilized to
perform NCBI BLAST nr, GO annotation, and an Interpro scan was performed on 20,569
transcripts. Output from this data was used to create overview graphs for taxonomic and
functional annotation. KEGG automatic annotation server (KAAS) is associated with the
KEGG database and was used to obtain is used for quick annotation and provides hierarchical
categorization of KEGG pathways for transcript data (e.g., metabolism: carbohydrate

metabolism: glycolysis).

2.6 Differential gene expression analysis

Salmon quantification results were utilized to perform differential gene expression

analysis (DEseq), following a Bioconductor vignette (Love et al. 2014). Bioconductor projects

12



include free bioinformatics packages, specific to Rstudio, for use in analyzing biological
assays. DEseq results were used to create the phegg heatmap (a naming combination of
phylodb and Keggannot), pathview maps, PCA plot, and MA plot (M for minus in the log scale

and A for average in the log scale) (Fig. 8)

Using Rstudio, metabolic and suspected bioluminescent-related pathways were created
using abundance log fold change (LFC) from our DEseq data. Scripts used in Rstudio are
provided in our github repository: Pyrocystis lunula Transcriptome Analysis. Select proteins
highlighted within these pathways were pinpointed using the phegg heatmap, their associated
transcript names and KOs were obtained and used to BLAST within the NCBI nonredundant

(nr) database to corroborate annotation.

2.7 Identifying contigs of interest

Contigs of interest were identified in three ways using different plots. 1) if the contig
was visually different between treatments in the heatmap of log fold change of transcripts,
where at least 3 out of the 4 replicates in one treatment were up- or downregulated compared
to the other, 2) visualization of significant contigs based on log fold change using a volcano
plot (represents log fold change and magnitude of p-values) and an MA plot (represents log
fold change and relative abundance), and 3) mapping of contigs to KEGG pathways relevant
to bioluminescence. Pathways of interest included those involved in signal transduction,
cytoskeleton proteins, transport proteins, and photosynthesis proteins. For these specific

contigs of interest, an R-based search function was used to obtain the corresponding mRNA

13



sequence. These contigs were then analyzed individually using NCBI BLAST nr nucleotide
database to identify the likely annotation for that transcript and using the NCBI conserved
domain tool to identify protein domains. The top hits of proteins were recorded and compared

against the functional annotation (KEGG) previously performed.

3. Results

3.1 Pyrocystis lunula transcriptome sequencing and assembly

A total of 372,218,882 raw reads were obtained using paired-end sequencing on an
[llumina HiSeq. Total raw reads for both light and dark treatments amounted to 180,808,107
and 191,183,426, respectively. A total of 311,263,125 high-quality reads were used in the de
novo assembly, yielding 1,550,130,829 unique KMERs of size 25 (KMER = unique
nucleotides for a specified length) and 421,494 total contiguous sequences (contigs) produced.
Trinity also differentiates isoforms, which are generated from alternative splicing of mRNA.
Based on the longest isoform per gene, the Trinity assembly produced an average contig length
of 703 base pairs with an N50 (the sequence length of the shortest contig at 50% of the total
assembly length) of 1291 (Table 1). Including all of the contigs produced, the Trinity assembly
produced an average contig length of 822 base pairs with an N50 score of 1466. Transcriptome
completeness, as measured with the program BUSCO (Simao et al. 2015) resulted in the
following scores Complete: 85.0% [Complete and single copy: 52.5%, complete and

duplicated : 32.5%], Fragmented: 6.7%, Missing: 8.3%, Total BUSCO groups searched: 255.
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3.2 Taxonomic and functional overview of the P. lunula Transcriptome

The clustered assembly of contigs, a separate assembly of the original transcripts
grouped based on similarity, was used for taxonomic and functional annotations. Annotation
yielded a total of 398,133 transcripts for both taxonomic and functional hits against the
databases PhyloDB and KEGG, respectively. BLAST hits on the clustered assembly resulted
in 139,212 hits with E-values lower than 1E-10 out of a total of 152,820 (91.1%) hits. A
representative sample of our sequencing data used for initial taxonomic annotation against the
NCBI nr database and mapped 90% of our reads to Eukaryotic hits and 72% of the sample to
the class Dinophyceae (Fig. 4). The remaining percentages mapped to bacterial or archaeal
hits, which were filtered and excluded post annotation. A second, more targeted annotation
using the entire modified clustered assembly against NCBI nr revealed that within the class
Dinophyceae most contigs mapped to the genera Polarella and Symbiodinium. Out of 157,241
species hits, 42,902 (~ 27.2%) mapped to Polarella, 93775 (~59.6%) to Symbiodinium, and

255 (~0.16%) to Pyrocystis lunula (Fig. 5).

Annotation of the clustered assembly by the program Interpro, revealed that the top 20
protein domains were represented by multifunctional proteins involved in cellular metabolism
and those necessary for genetic information processing (Fig. 6). The most abundant protein
domains included protein kinase, acyl transferase, and cyclic nucleotide-binding domain.
Similarly, annotation of the clustered assembly against KEGG Automatic Annotation Server

(KAAS) revealed that most transcripts were classified within protein kinase families.
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3.3 Differences in gene expression between light and dark treatments

Principal component analysis (PCA) supported two distinct populations defined by the
light and dark treatments (Fig. 7). Separation of light and dark treatments were statistically
supported with a permanova test (PERMANOVA, Fs7=1.69, p = 0.031). Dispersion between
light and dark treatments was not significant (F=1.69, p = 0.165). Figure 8, an MA plot, shows
the log fold change (LFC) between the two conditions over the mean of normalized counts (#
of hits per transcripts for each sample). Blue triangles indicate transcripts with p-values less
than 0.05. The MA plot provides a broad overview of transcripts that are considered to be up-

or downregulated based on their LFC.

Transcripts that mapped to the central metabolic pathways supported a decrease or
maintenance state of photosynthesis and the central carbon pathways of the tricarboxylic acid
(TCA) cycle in the dark treatment relative to the light treatment (Figures 9 and 10). The
photosynthetic pathway indicated down-regulation in the dark of most genes with a few
exceptions such as transcripts for the D1 protein (psbA gene), cp47, and psbl. Similarly, within
the TCA cycle, only 3 unique genes were upregulated including fumarate hydratase, malate
dehydrogenase, and citrate synthase. Transcripts that mapped to the TCA pathview map were
mostly downregulated with 19 genes in some form of downregulation and 3 upregulated. Those
that were upregulated were citrate synthase, fumarate hydratase (FUMI1), and malate

dehydrogenase (MDH1).
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Contigs were also mapped to metabolic pathways that may be relevant to
bioluminescence and mechanosensing, including cyclic adenosine monophosphate (cAMP),
circadian rhythm, fluid shear stress, and actin cytoskeletal pathways. Within the cAMP
pathway, upregulated genes in the dark treatment included an G-protein-coupled receptor
(GPCR), N-methyl-D-aspartate receptor (NMDAR), adenylate cyclase (AC), B subunit of
cyclic nucleotide gated channel (CNGC), and an a-C subunit of calcium voltage-gated channel
(VDCC) were more prevalent; the latter three being involved in the movement of Ca?*(Fig.
11). NMDAR is a glutamate receptor, a nonspecific cation channel that allows the flow of Na*
and K" and sometimes Ca”" (Purves et al. 2001). Of the transcripts that matched to G-protein
o subunits, a further BLAST analysis revealed a conserved domain matched to Ga super
family, corroborating the GPCR connection. Additionally, one transcript that mapped the
membrane protein VDCC, and a conserved domain search with this transcript indicated the

presence of an extracellular sensory domain, CHASE2.

Pathview results for circadian rhythm reveals a majority of genes are upregulated if
impacted at all. The only protein that is noticeably downregulated is the clock circadian
regulator (CLOCK), while its associated gene BMALI is upregulated (Fig. 12). Fluid shear
stress pathway (Fig. 13) revealed that most genes were downregulated, 30 genes
downregulated and 19 genes upregulated. Genes of interest that were upregulated include b-
catenin, ERK1, IL-IR, and PI3K. The fluid shear stress pathway was mostly downregulated in
the dark treatment, but with several notable upregulated genes including b-catenin, vascular
endothelial cadherin (VE-Cad), interleukin-1 receptor (IL-1R), extracellular signal-regulated

kinases (ERK), and phosphoinositide 3-kinase (PIK3). Lastly, the regulation of the actin
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cytoskeleton (Fig. 14) pathway has a relatively even mixture of up- and downregulated genes
with 19 upregulated and 16 downregulated genes in the dark phase compared to the light. Some
upregulated genes of interest include subunit 5 of the actin-related protein 2/3 complex

(Arp2/3), profilin 3 (PFN), and moesin (ERM).

Expression patterns of differentially expressed genes (DEGs) were visually distinct
between treatments (Fig. 14). A subset of transcripts from the top 50 DEGs (Fig. 15, Table 2)
were manually annotated using the BLAST search tool and corresponded to the following
proteins of dinoflagellate Symbiodinium minutum: a transport protein, ATP synthase subunit,

and an equal homology to both a kinesin-like protein and chorismate mutase.

4. Discussion

4.1 Taxonomic and functional overview of the P. lunula transcriptomes

The majority (72%) of taxonomic hits of the RNAseq-derived reads were identified to
be of dinoflagellate origin. The cultures were not axenic and thus there were likely some
transcripts from bacteria as well as some transcripts from the dinoflagellate chloroplast that
would be assigned to cyanobacteria. Within dinoflagellates, relatively few reads mapped to P.
lunula likely due to the few transcriptomes of P. lunula in NCBI. In comparison, the well-
studied groups like Symbiodinium sp., the coral symbiont and Polarella, a free living
dinoflagellate found primarily in polar regions have higher numbers of available genomes and

transcriptomes. At the time of this writing, NCBI nucleotide database houses 385 entries for
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the genus Pyrocystis and 218,398 entries for Polarella, and 1,259,775 entries for
Symbiodinium. Thus, the transcript data generated here are indeed mostly dinoflagellate in

origin and can be interpreted as transcripts derived from P. lunula.

An overview of protein domains and families revealed that the majority of highlighted
proteins are involved in regular maintenance of a cell. Many of the protein families have
important roles in cAMP and cGMP signaling pathways, particularly the top three most
abundantly present families: protein kinase A (PKA), mitogen-activated protein kinase
(MAPK), and protein kinase G (PKG). Protein kinases overall are enzymes that catalyze
reactions by transferring phosphate between substrates - ATP to ADP or GDP to GTP (Cheng
et al. 2011). These protein kinases are further classified according to the amino acid residue
that they phosphorylate (Hanks and Quinn 1991, Martin et al. 2010). Protein kinase functions
vary greatly and include major events such as cell cycling, metabolism (Cheng et al. 2011).
Thus, the majority of transcripts captured here are likely part of regular cell metabolism and
maintenance in the dinoflagellate cultures. Clear support for an upregulated transcript that may
function as part of the mechanoreceptor involved in bioluminescence was not obtained.
However, transcripts of interest in the diel metabolism of dinoflagellates and potential

transcripts involved in the bioluminescence pathway were identified and are discussed below.

4.2 Changes in metabolism over the diel cycle

Separation of the two treatments was supported by ordination and statistical analysis,

indicating that these populations can be used to infer differences in up- or downregulated genes
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in the dark treatment discussed from hereon. The dinoflagellate cultures in the dark responded
metabolically as expected, with a decrease in expression of most photosynthetic genes and
maintenance of central carbon metabolic pathways such as the TCA cycle. However, there
were a few genes, DI/psbA and psb1, in the photosynthesis pathway that were upregulated in
the dark. These two genes are not actually regulated by circadian rhythm in the model
dinoflagellate Gonyaulax, and examination of the transcript abundance showed no change
(Wang et al. 2005). Additionally, psbA codes for a highly sensitive protein that degrades
rapidly, leading to a high turnover rate (Wang et al. 2005, Mulo et al. 2009). The upregulation
of the psbl gene during the dark phase may be explained by the fact that pshl in the
cyanobacteria Synechocystis sp. acts as an early assembly partner for pshA and therefore may

need to be replenished just as rapidly (Mulo et al. 2009).

Transcripts selected from the differential gene expression analysis included a subunit
of a transport protein called Sec61, a subunit of ATP synthase, and a kinesin-like protein,
KIF13B. Sec61 is a ubiquitous membrane protein complex that transports polypeptides but
they also allow Ca** leakage from the endoplasmic reticulum to the cytosol (Lang et al. n.d.,
Chang and Fu 2023). Due to the transport of polypeptides, an ortholog of the sec61 channel
gene is unlikely to be part of the bioluminescent cascade in a typical manner. However, the
release of Ca®" from organelles is a method in which dinoflagellates increase intracellular Ca**
for during the bioluminescent cascade (Valiadi and Iglesias-Rodriguez 2013). Similarly, the
ATP synthase is likely part of central metabolism and may be upregulated in the dark due to
heterotrophic activity. A kinesin-like protein, in contrast, is a known motor protein in humans

(Manning et al. 2007). The gene KIF9, encodes for Klp1, which facilitates ciliary motility in
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Chlamydomonas (Konjikusic et al. 2023). The upregulation of KIF13b suggests the presence
of a homologous gene that acts in a similar manner within dinoflagellates. The movement of
scintillons between the cell center and the periphery is one way in which P. lunula regulates
bioluminescence (Seo and Fritz 2000), so rather than ciliary movement, these gene could
encode for proteins associated with the movement of scintillons. If this is the case then I have
identified a candidate protein within P. lunula that is regulated by the diel cycle. A follow up
experimental study would be needed to determine if this kinesin-like protein is involved in
scintillon movement within P. lunula. Conserved domains within these genes could serve as

candidate domains for further in silico analysis.

4.3 Pathways of interest in bioluminescence

Pathways investigated here included circadian rhythm, fluid shear stress, cCAMP, and
actin cytoskeleton regulation. Circadian rhythm was chosen in order to establish a connection
between P. lunula transcripts and circadian regulation and the diel cycle. Most P. lunula
transcripts were upregulated when mapped against the human circadian regulation pathway
aside from the CLOCK gene. The CLOCK and BMALI proteins are transcriptional regulators
helping to define circadian rhythms within an organism (Dunlap 1999). The upregulation of
most transcripts that mapped to this pathway suggests the presence of transcriptional regulation
of genes under dark conditions that regulate the circadian rhythm in dinoflagellates. The first
report of circadian regulation at the transcript level in P. lunula was made by Okamoto and
Hastings in a 2003 microarray analysis (Okamoto and Hastings 2003). Of the sequenced genes,

it was concluded that 3% of dinoflagellate transcript levels were controlled by circadian clock
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genes. Considering these essential circadian oscillators are at odds - the BMALI protein being
upregulated and CLOCK being downregulated in the dark phase - the implications are unclear
but there may be a difference in how these transcription factors regulate gene expression (i.e.
upregulation vs suppression of circadian regulated genes). One study in mice revealed that
BMALI is an essential clock gene as its deletion resulted in a loss of circadian rhythmicity
(Bunger et al. 2000). In another study also in mice displayed that in certain tissues, BMALI1
may not be necessary to maintain circadian rhythmicity (Hanukoglu and Hanukoglu 2016).
The competing results indicate a greater complexity to the circadian system than previous
studies show. The differential gene regulation of either master clock gene has unclear
implications but in this case, CLOCK could be used for regulating genes related to functions
useful primarily within the light phase which could explain the downregulation in our samples

during the dark phase.

In the fluid shear stress pathway, Transcripts that mapped to IL-IR, ERKS, PI3K, and
B-catenin were upregulated in the dark and may contribute to the transformation of mechanical
signals to chemical signals within the dinoflagellate. In humans, IL-1 cytokines are responsible
for inflammatory regulation within the immune responses (Kaneko et al. 2019). The receptor,
IL-1R, was initially of interest because it is a membrane bound receptor. IL-1R transports
cytokines, glycoproteins, and while all receptors are, to some degree, sensitive to mechanical
stimuli the likelihood of an IL-1 like-receptor in P.lunula being involved in bioluminescence

1s low.
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Upregulation of kinases PI3K and ERKS indicate cellular communication and neuronal
plasticity in human cells (Tubita et al. 2021, Evangelisti and Martelli 2023). Within P. lunula
cultures these proteins could have implications for general cellular communication and/or
response to the diel cycle seeing as they are upregulated in the dark part of the cycle. Higher
cellular communication during the dark period could indicate communication occurring in the
cell in preparation for bioluminescent activity. PIK3 is known to produce secondary
messengers followed by the activation of either receptor tyrosine kinases (RTK) or GPCRs.
Kinases facilitate a wide variety of intracellular signaling, therefore, kinases should not be

ruled out of future investigations into dinoflagellates bioluminescence.

B-catenin is responsible for cell to cell junctions and regulating gene transcription in
humans as well as cadherin-mediated cell adhesion at the plasma membrane (Norvell et al.
2004, Brembeck et al. 2006). In general, the upregulation of these proteins indicate intracellular
signaling, but may also indicate some loose association with the communication between
scintillons and vacuoles. It is hypothesized that in addition to facilitating the relocation of
scintillons, cytoskeletal components may also tether scintillons to the vacuolar membrane
(Heimann et al. 2009). The physical association between the scintillons and vacuole is thought
aid in transferring the action potential from one organelle to the other (Valiadi and Iglesias-

Rodriguez 2013)

The cAMP signaling pathway, revealed upregulation of two voltage-gated channels,

CNGC and VDCC, and a GPCR subunit in the dark treatment. The two voltage-gated channels

are known to be involved in Ca®" movement, potentially aiding in the acquisition of Ca** during
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bioluminescence. The upregulation of a GPCR subunit may have implications that GPCR
activity is occurring during the dark phase. Identification of GPCRs within the dataset without
considering transcript abundance may be the next step in in silico determination of GPCR

involvement in bioluminescence.

The selection of cytoskeletal regulation is relevant to bioluminescence as motor
proteins are hypothesized to be responsible for facilitating movement of the scintillons, thereby
enabling bioluminescence. Upregulated proteins in the actin pathway like Arp2/3, PFN, and
ERM were all of interest due to their relation to actin, a protein that provides structure to a cell
and plays an important role in cell migration (Ramachandran et al. 2000, Koestler et al. 2013,
Solinet et al. 2013). The primary role that a motor protein would play in bioluminescence is
via the movement of scintillons to the periphery of the cell. Upr