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Figure 18. Bowtie paired-end alignment of the night IDBA assembly.

Once samples are converted to the BAM format, they are ready for use in several
pipelines such as gene annotation, genome browsers, SNP calling, and differential
expression. Before moving on to these final stages, it is necessary to quality check the
alignments (Table 5). Flagstat is part of the Samtools suite of tools that quality checks
the Bam files. This checks number of reads total, number of reads mapped, individual
mates per pair, and singletons mapped. Most importantly, it checks the number of proper
pairs mapped to the assembly (Table 5). MAPQ (map quality) is an important
parameter to set before converting a Sam file to a BAM file. By default this is set to 0.
Having a MAPQ = 0 means that the read maps may map to multiple locations. By setting
this to 10 the likelihood of getting a unique transcript is increased. The values discussed
show that the BAM files are of sufficient quality to continue with additional analyses.

BAM files from the day and night alignments were used in the IGV genome
browser. Analysis revealed differential expression among several transcripts. A few of

the most widely diverging expression profiles are shown in Table 6. Some of the
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transcripts are more highly expressed at night and some during the day. It is not

unexpected that expression for transcripts is found at both times since the vast majority of

dinoflagellate mMRNAs are continuously being expressed (Morey et al.,2011 and Van

Dolah et al.,2007).
Table 5

Day and Night BAM file quality check

314166879 + 0 in total (QC-passed reads + QC-failed reads)
0 + 0 duplicates

314166879 + 0 mapped (100.00%:-nan%)

314166879 + 0 paired in sequencing

157420227 + 0 readl

156746652 + 0 read2

297110114 + 0 properly paired (94.57%:-nan%)

309496544 + 0 with itself and mate mapped

4670335 + 0 singletons (1.49%:-nan%)

4167216 + 0 with mate mapped to a different chr

4167216 + 0 with mate mapped to a different chr (mapQ>=5)

327133270 + 0 in total (QC-passed reads + QC-failed reads)
0 + 0 duplicates

327133270 + 0 mapped (100.00%:-nan%)

327133270 + 0 paired in sequencing

163940153 + 0 readl

163193117 + 0 read2

311219418 + 0 properly paired (95.14%:-nan%)

322049384 + 0 with itself and mate mapped

5083886 + 0 singletons (1.55%:-nan%)

4558904 + 0 with mate mapped to a different chr

4558904 + 0 with mate mapped to a different chr (mapQ>=5)

Table 6

Differential Expression Analysis

Name Length #ofreads %o difference

Day transcript-63 100796 1623 624 5504
Night transcript-63_100796 1623 1394

Day transcript-63_4798 7777 2296 45%
Night transcript-63_4798 7777 1259

Day transcript-63_5015 8513 1415 45%
Night transcript-63_5015 8513 784

Day transcript-63_100591 477 2415 45%
Night transcript-63_100591 477 4423

Day transcript-63_399 8668 4021 45%
Night transcript-63_399 8668 7281

Transcript 15992 shows specific, regulated degradation of the night transcript.

This amount of degradation would not allow for translation of the transcript.
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Figure 19. IGV genome browser visualization of transcript-63_15992 for both the day
(top) and night (bottom) transcript. Degradation of the night transcript.

Micro-RNA Analysis
The data returned from the HiSeq run showed a large number of clean reads and
clean bases (Table 7). This data along with the FastQC analysis was used in determining
overall quality of the reads.
Table 7

miRNA Read Statistics Results

Sample Name  Clean reads Clean bases Read length (bp) GC (%)
Dm1 17,443,655 733,362,713 49 41.8%
Dm?2 8,353,359 343,042,414 49 41.8%
Dm3 8,176,634 334,601,148 49 41.8%
Nm1 13,013,878 542,834,465 49 41.7%
Nm?2 6,087,649 248,376,637 49 42.0%
Nm3 13,861,404 570,604,301 49 41.9%

The length distribution for all 6 miRNA samples contained similar results. These
figures showed that a large majority of the reads were 40nt long or larger (Figure 20).

miRNAs are typically 20 to 24nt long.
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Figure 20. Length Distribution of miRNAs. This distribution shows that roughly 80% of
the miRNA reads were 40nt or larger.

FastQC base quality scores show an overview of the quality scores across the
length of the read. The y-axis shows quality scores, good quality calls are green,
reasonable quality are orange, and calls of poor quality are red. Figure 21 shows good

quality scores for the miRNA reads
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Figure 21. FastQC base sequence quality of miRNAs. This shows the quality of base-
calling at each nucleotide position or range of nucleotides for miRNA reads that are
processed and ready for assembly. The y-axis shows quality scores. The central red line is
the median value, the yellow box represents the inter-quartile range (25-75%), the upper
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Figure 24. Matches to highly conserved miRNA clusters from night samples. Near-
perfect matches to highly conserved animal mature miRNA clustered in the mir-204
Family.
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Figure 25. Multiple Karenia brevis miRNA sequences show near perfect alignment with
the mir-219 family. The mir-219 family is a highly conserved animal mature miRNA.
Taken from both day and night miRNA reads.

The IGV genome browser was utilized in an effort to determine if there is

differential expression present among transcripts of small RNAs. Figure 26 shows a few

things for a representative transcript. First, it shows evidence of a degradation pathway.
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This is visualized by cleavage sites that make the transcript look sculpted into columns
and by the mismatches that align the edges. Secondly, it shows differential expression of
the day (top) and night (bottom) transcript, which can be seen in the shaded coverage area
of the figure. Lastly, it also shows read alignments (red and blue) that have been

transcribed by what may be convergent transcription, which may suggest the cis-NAT

pathway.
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Figure 26. IGV genome browser visualization of transcript-63_15992 for both the day
(top) and night (bottom) transcript. The shaded areas represent coverage, while the black

bars underneath it represents more than 1000 reads to that location. The red and blue
bars represent read orientation.
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Transcript 53908 shows possible hairpin structures that if verified, represent
precursor small RNAs such siRNAs or miRNAs (Figure 27). The columns immediately
next to each other would represent the arms of the hairpin that have folded over and

paired together and the empty space between would form the head of the hairpin.
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Figure 27. IGV genome browser visualization of transcript-63_53908 for the day and
night transcript. Possible hairpin structures.

Transcript 41968 shows possible alternate splicing (Figure 28). Looking only at
the transcript from the total RNA it is clear that the transcript is expressed differently
during the day and night. Also, the transcript from the small RNA data is expressed
differently. The difference in the night transcript versus the day from the small RNA data

could be causing alternate splicing, changing the gene that is expressed at night.
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Figure 28. IGV genome browser visualization of transcript-63_41968 for the day and
night transcript. The top transcript is from the day total RNA data, second from the night
total RNA data, third from the day small RNA data and the bottom from the night small
RNA data. Possible alternate splicing site.
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CHAPTER V
SUMMARY AND CONCLUSIONS

The dinoflagellate nucleus is so strange that it was once considered mesokaryotic:
a stage between prokaryotes and eukaryotes (Gornik et al., 2012). Karenia brevis has
been studied for more than 65 years (Steidinger et al., 2008). Since then, many
interesting characteristics have been discovered. Some of the more unique characteristics
include their extremely large genomes, which make it difficult to sequence their genome
or transcriptome, chromosomes that stay condensed throughout the cell cycle, and the
lack of nucleosomes that control chromatin condensation and regulate transcription and
replication activities (Costas & Goyanes, 2005). These unusual or unique features
suggest an alternate or hybrid version of transcription and replication typical of other
eukaryotes. Within dinoflagellate chromosomes a whorled structure called a cholesteric
liquid crystal organization has been found using electron microscopy. This structure may
also enforce limitations on replication and transcription (Gornik et al., 2012).

To date, no consensus promoter sequences have been found within the Karenia
genome; specifically no TATA box (Brunelle & Van Dolah, 2011) or any known
promoter elements have been found (Li & Hastings 1998). Coupled with the above
information, these characteristics bring up the question of how dinoflagellates regulate
transcription. Transcriptional studies suggest that 50% of the genes in dinoflagellates do
not match genes documented in other organisms, and only10 -27% of dinoflagellate
genes are regulated through transcription (Lin, 2011). A micro array study by Lidie,
Ryan, Barbier, and Van Dolah (2005) showed that out of 8500 genes associated with the

diel cycle and the circadian clock, 90% were constantly expressed. This suggests an
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alternate mechanism for gene regulation. Even with all that is known about
dinoflagellates the mechanism of gene regulation is still unknown. Currently, the
consensus theory among those in the field is that gene expression within dinoflagellates is
controlled through post transcriptional machinery (Van Dolah et al., 2009).

The purpose of this project was to find NATS and miRNAs, due to their
association with post-transcriptional regulation, and determine if there was any
differential expression among these antisense RNASs in an attempt to implicate them in
the mechanisms controlling gene expression. Due to the unique nature and extreme size
of the dinoflagellate genome, it was necessary to employ new tools and associated
techniques to properly identify these molecules. RNA sequencing was beneficial to this
study because of its ability to sequence transcripts without an existing genome and find
ncRNAs, but RNA-seq and associated software is still in its infancy. De novo assemblies
can be built with or without a reference genome, but a build without a reference genome
comes with several obstacles. K. brevis doesn’t have a reference genome simply because
of its complex nature and lack of molecular testing. There are also no gene annotations
to compare new assemblies too. Because of this, it was difficult to identify NATSs in the
total RNA dataset with any certainty and to perform a differential expression analysis.

Even with difficulties analyzing this data, after purification and sequencing,
nearly 2 billion reads were recovered from the total RNA data set. These reads were run
through quality check software and showed that the reads were of high quality before and
after the cleaning processing. While both transcriptomic assemblers produced assemblies
that contained large contigs and scaffolds, several parameters indicated that IDBA

created a preferable assembly for our downstream analysis. The paired-end reads aligned
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back to the transcriptome with an overall rate of 90%. The transcriptomic assembly built
for this data set contained over 200,000 mostly unique transcripts. With this size
transcriptome, it was increasingly difficult to find all transcripts with potential interest
with our current software and algorithms. Software that will analyze the data set with
these conditions will need to be found or developed. The building of the assembly with
aligned reads allowed for the creation of files that could be used in a
genomic/transcriptomic browser. This tool allowed for differential expression analysis
by visualizing individual transcripts that were present in both day and night reads and
determining their relative abundance under each condition.

A good place to begin future analyses of these transcripts would be to blast the
entire transcriptome. If the blast software is downloaded to a Linux server the process
would save many hours of manually testing the 200,000+ transcripts. The blast would
result in obtaining a large data set of gene hits that show basic similarities. These hits
could then be annotated to find more specific biological functions and structures with
many options of online tools (Wit et al., 2012). Next, these annotated genes could be
aligned to the assembly. This file would be the beginning of reference genome. This file
would be used to compare the day and night reads from the total RNA data.

Subsequently, with Cufflinks, a differential expression analysis could be run,
which would produce figures that would allow the visualization of individual genes with
differential expression between the day and night reads (Trapnell et al., 2012). This
would lead to a better understanding of the K. brevis genome and possible leads into the

gene regulation mechanisms that control it.
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The miRNA sequencing also returned quality reads, but the length distribution
showed that 80% of the reads were 40nt or larger. MiRNAs are typically 20 to 24nt long
(Chekulaeva & Filipowicz, 2009). To maximize the return on miRNA read alignments to
the assembly, the RNA-seq day and night reads, miRNA day and night reads and K.
brevis ESTs (from NCBI) were compiled in one large single-end assembly. The
statistical analysis showed that the assembly contained large N50 values which were a
good indicator of a proper build. After assembly miRNAs were used in two different
analysis pipelines. First, the cleaned reads were analyzed via miRanalyzer for novel and
conserved miRNAs, and then the assembly was analyzed through the IGV genome
browser for differential expression analysis.

The miRanalyzer returned 62 hits for mature miRNA candidates among several
miRNA families. The miRNA candidates with multiple hits to mir families were
analyzed with Clustal Omega to find highly conserved regions. Further analysis would
include blasting these highly conserved miRNA candidates against the nucleotide
collection database with megablast (Altschul, Gish, Miller, Myers, & Lipman, 1990). If
the hits met the blast criteria for a significant match, the transcript would be analyzed for
mIiRNA secondary structures or hairpins via the program, RNAfold. To further validate
that the candidates are real miRNAs, first the transcripts would need to show that they
could fold into hairpin structures. Second, the transcripts would need to meet the criteria
of minimum free energy and the base pairing probability matrix which ensures that the
transcripts are precursor miRNAs (Hofacker & Stadler, 2006). These are visualized in
heat maps showing the brighter color as a higher probability of base pair matches and

proper folding. Sequences in transcript 53908 in Figure 27 and any others with similar
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transcript coverage could be used in RNAfold to determine the likelihood of such
structures to be formed. These hairpin-like structures would have to meet the same
criteria as previously mentioned. Next, the sequences making up the paired-end part of
the hairpin would need to be compared to the reads in the transcript to determine if the
locations match. Another criterion for validating new miRNAs is pre-miRNA
examination on Northern blots. When examined with reduced Dicer activity, these pre-
miRNAs increase in abundance (Bartel, 2004). Such validation is beyond the scope of
this project but would be required to confirm these candidates as real miRNAs.

The IGV genome browser was used to visualize the entire miRNA transcript
assembly. First, the results from this analysis showed that several transcripts indicated
differential expression between day and night samples. A better design for this data set
would resemble the aforementioned total RNA data set. More extractions including
several time points would be sequenced with HiSeq technologies utilizing several lanes.
This would increase the overall size of the assembly. Next, past assemblies would be
merged with the new one to increase the coverage of the transcriptome. Then, the
assembly would be blasted for basic annotation and structural and functional annotation.
At this point the new, merged total RNA assembly would be used as a reference genome
to find differential expression and possibly increase knowledge of genes previously
found.

Secondly, the data derived from the IGV genome browser showed cleavage sites
within transcripts that are associated with degradation pathways. RNAi mechanisms
produce dsRNAs generated by transcription of inverted repeats, resulting in RNA

hairpins or by convergent transcription leading to overlapping transcripts. These dsRNAs
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are processed by RNase 111 type endonucleases (Gullerova & Proudfoot, 2012). Running
a tblast on the miRNA assembly against the RNase 11 peptide domain would be a good
way to test if this is the degradation pathway present in both data sets. RNase Il can be
divided into three structural classes. The first class and simplest protein of RNase 111 has
one RNase I1l domain and a dSRNA-binding domain (dsRBD) and is typically found in
bacteria processing long dsRNAs (Carmell & Hannon, 2004). The second class is
DROSHA, and it contains two RNase |1l domains a a dSRBD domain, a protein rich
region (PRR), and a serine-arginine rich domain (RS) and is found in a variety of
organisms excluding bacteria (Fortin, Nicholson, & Nicholson, 2002). Third class is
Dicer (also found in a variety of organisms), contains two RNase |1l domains, a dsRBD
domain, a PAZ domain that is also found in Argonaute proteins, a RNA helicase domain
and a domain of unknown function (DUF283) (Carmell & Hannon, 2004). Finding any
of the RNase 1l domains or associated domains would prove invaluable in determining
the presence and type of degradation pathways in the K. brevis transcriptome. Once
found, further annotation could determine structure and function. Next, these domains
could be aligned back to the assembly. With this, it might be possible to determine
expression levels of the RNase I1l domain. If it is found it may be possible to conclude
that some small RNA is playing a role in post-transcriptional regulation. If this domain is
more highly expressed during the night or day, it would be possible to conclude that the
diel cycle is controlling this expression.

Lastly, the pattern of directionality of the sequences building the transcript
showed that they were being transcribed from both directions facing towards each other,

which suggests convergent transcription for the cis-Nat pathway. Cis-NATSs are
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transcribed from the same genomic loci as their sense transcripts but on the opposite
DNA strand, but trans-NATS, such as miRNAs, are expressed from genomic regions
different from those encoding their sense transcripts (Wang et al., 2005). These
transcripts look like cis-NATS; the question is what their role is? To determine that,
looking at the type of Argonaute proteins present in K. brevis may provide some answers.
The Argonaute proteins are divided into two main classes of conserved proteins, the
AGO and PIWI. These proteins bind to small RNAs smaller than 32nt long (Okamura &
Lai, 2008). The length distributions of the miRNAs in this data set, as mentioned earlier,
are larger than 32nt long. Because of this, it is impossible for the AGO family of proteins
to bind to these small RNAs. With secondary structure testing of the miRNAs with the
RNATfold web server, it would be possible to make a better conclusion of the presence or
absence of miRNAs in the K. brevis genome. If Argonaute proteins are to bind to
transcripts of this size, it may be necessary to introduce a new class of AGO proteins.

In conclusion, the small RNA data set produced interesting results that could lead
to future projects. The blast data results supports the presence of miRNAs, but they
should be held as preliminary since the identified miRNAs are merely candidates, and
analysis from the genome browser suggests that the small RNA pathway found in
eukaryotes may not be present. The analysis did show some evidence of different
pathways: the cis-NAT and degradation pathways. The presence of differential
expression within transcripts from both the day and night were visualized within the
small RNA dataset using a genome/transcriptome browser. Also, the same browser was
able to look at the differential expression of the total RNA data set, showing differences

between day and night transcripts and possibly found some alternative splicing sites. In
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summation, while the lack of molecular studies, reference genomes, gene annotations,
and conserved small RNAs for K. brevis made it a difficult task to find NATs within the
RNA-seq data set, the observation of cis-NATs and the possibility of them being
involved in a RNA degradation and/or alternative splicing pathway supports our
hypothesis of post-transcriptional regulation and aids in honing in on a possible
mechanism to explain such regulation.

The genome browser was an excellent tool for discovery of potential transcripts
for future analyses. Obviously, the browser alone is not enough to claim the presence of
or lack of transcript characteristics but is a good tool for pointing a researcher in the right
direction and making new hypotheses and predictions. Using the transcript
characteristics found in the genome browser, further research could begin where this
project ended, by trying different blasting techniques to find some of the key players in
the cis-NAT pathway, degradation pathway, RNase 11l domains, and Argonaute domains.
For any future work in NAT discovery it would be of great value to create a larger data
set utilizing RNA-seq technology. Then use annotation tools to annotate the entire
assembly. Next, align these annotations back to the assembly to use as a reference
genome for any other downstream analyses. At this point, many avenues of analysis
would be open, including differential expression with Cufflinks or DeSeq. Conserved
and novel miRNA detection with miRDeep (small RNA analysis tool) would also be
possible. This tool could confirm the existence of or lack of miRNAs, but also
potentially find other small RNAs within the transcriptome. With the discovery of small
RNAs many other hypotheses could be modeled leading to many other pathways

currently not being sought after.
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Identifying the relevant molecules and understanding the genetic regulation for
such biochemical and physiological activities as growth control, nutrient acquisition, and
gene expression is essential to understanding the gene-environment interactions that are
so important to understanding harmful bloom dynamics for dinoflagellates. It has been
hypothesized that dinoflagellates regulate their genes via a post-transcriptional
mechanism(s), but no mechanisms have been sufficiently laid out and tested. My data
support my original hypothesis that non-coding, anti-sense RNAs are present and likely
play a post-transcriptional role in the regulation of mMRNAs. More work is necessary to
validate the exact nature of some of these anti-sense RNAs and the exact role that they
play in regulation. This information not only increases our understanding of the basic
cellular biology of this unique taxon of organisms, but it may also provide new targets to
which molecules could be designed that specifically target and disrupt a dinoflagellate’s

abilities to grow and form blooms.
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