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Dinoflagellates possess large genomes in which most genes are present in many 

copies. This has made studies of their genomic organization and phylogenetics 

challenging. Recent advances in sequencing technology have made deep sequencing 

of dinoflagellate transcriptomes feasible. This dissertation investigates the genomic 

organization of dinoflagellates to better understand the challenges of assembling 

dinoflagellate transcriptomic and genomic data from short read sequencing methods, 

and develops new techniques that utilize deep sequencing data to identify orthologous 

genes across a diverse set of taxa. To better understand the genomic organization of 

dinoflagellates, a genomic cosmid clone of the tandemly repeated gene Alchohol 

Dehydrogenase (AHD) was sequenced and analyzed. The organization of this clone 

was found to be counter to prevailing hypotheses of genomic organization in 

dinoflagellates. Further, a new non-canonical splicing motif was described that could 

greatly improve the automated modeling and annotation of genomic data. A custom 



phylogenetic marker discovery pipeline, incorporating methods that leverage the 

statistical power of large data sets was written. A case study on Stramenopiles was 

undertaken to test the utility in resolving relationships between known groups as well 

as the phylogenetic affinity of seven unknown taxa. The pipeline generated a set of 

373 genes useful as phylogenetic markers that successfully resolved relationships 

among the major groups of Stramenopiles, and placed all unknown taxa on the tree 

with strong bootstrap support. This pipeline was then used to discover 668 genes 

useful as phylogenetic markers in dinoflagellates. Phylogenetic analysis of 58 

dinoflagellates, using this set of markers, produced a phylogeny with good support of 

all branches.  The Suessiales were found to be sister to the Peridinales. The 

Prorocentrales formed a monophyletic group with the Dinophysiales that was sister 

to the Gonyaulacales. The Gymnodinales was found to be paraphyletic, forming three 

monophyletic groups. While this pipeline was used to find phylogenetic markers, it 

will likely also be useful for finding orthologs of interest for other purposes, for the 

discovery of horizontally transferred genes, and for the separation of sequences in 

metagenomic data sets.
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1 Introduction 

1.1 Dinoflagellates 

Dinoflagellates are bi-flagellate protists that possess such a wide variety of bizarre nuclear 

characteristics that they were once regarded as a "missing-link" between Prokaryotes and 

Eukaryotes. At the time, they were referred to as Dinokaryota- or Mesokaryota, and were 

interpreted as fourth domain of life unto themselves[1]. When molecular phylogenetic evidence 

for a variety of eukaryotes began to emerge in the late 1980s and early 1990s, it quickly became 

apparent that dinoflagellates were not only unambiguously of eukaryotic affinity, but that they 

were related to the parasitic apicomplexans and heterotrophic ciliates[2-4]. This group was 

named the Alveolata, named for the cortical alveoli underlying the cell membranes of the three 

members of the group, a diagnostic feature only noted after phylogenetic analyses revealed their 

close relationship[4]. While molecular phylogenetic methods proved critical in revealing the 

relationship of dinoflagellates to other eukaryotes, the unusual nuclear characteristics of the 

group continue to vex studies of the evolutionary relationships among dinoflagellates. 

Dinoflagellates can be identified by the presence of two dimorphic flagella: a ribbon-like 

flagellum that beats to the cell's left and a rudder-like flagellum that beats posteriorly. The 

beating of these two dissimilar flagella give the cells a characteristic whirling motion as they 

swim that lends the group the stem of their name –  dinos means "to whirl" in Greek. While most 

dinoflagellates are unicellular, filamentous (multicellular chains of cells) and coenocytic (multi-

nucleate) forms are also known. Within the cortical alveoli of some dinoflagellates (thecate or 

armored species) are cellulosic plates conveying strength and shape to the cell. The arrangements 

of these plates were the basis for taxonomic studies of dinoflagellates until molecular methods 
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became widely available in the 1990s. Plate tabulation remains the gold standard for 

morphological taxonomy of most genera. However, the reliance on tabulation has resulted in a 

large and poorly understood clade of dinoflagellates, termed Gymnodinales, that lack this 

diagnostic feature (though a laborious procedure involving the stripping of the outer membrane 

can be used to investigate the arrangement of the cortical alveolae).  

1.2 Dinoflagellate Genomes 

Dinoflagellates possess many unusual characteristics pertaining to their genomes and nuclei. 

Three features in particular were the cause for the taxonomic confusion that placed 

dinoflagellates outside of the domain Eukaryota: chromosomes that remain permanently 

condensed throughout the cell cycle, the absence of protein associated with the DNA, and the 

fibrillar arched banded shape of the chromosomes, interpreted as a liquid crystal structure. As 

modern molecular techniques were employed, new genomic oddities have presented additional 

challenges to molecular phylogenetics. Four characteristics in particular make phylogenetic 

analysis in this group difficult: 

1. ribosomal DNA (rDNA) is a poor phylogenetic marker, resulting in poorly supported 

clades that change greatly depending on the taxa selected for the analysis. 

2. The mitochondrial and chloroplast genomes are small and unusual in structure 

3. The nuclear genome size averages 20X the human genome. 

4. Most, if not all, genes occur in large complex gene families 

As with many organisms, rDNA trees were among the first to become available for 

dinoflagellates [3], and remain the basis for most modern analyses[5-9]. These analyses, 

however, have many areas of incongruence, failing to resolve groups strongly supported by 

morphological analyses, and changing depending on the taxa that are included. While 
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complementing rDNA data with data from mitochondrial or chloroplast genes would be a natural 

next step, both plastid and mitochondrial genomes have undergone a massive transfer of genes to 

the nuclear genome[10], making ortholog identification difficult. The plastid genome has been 

reduced to a handful of genes on 1-2 gene mini-circles that replicate using rolling circle 

intermediates[11,12]. Among the dinoflagellate class Dinophyceae, a monophyletic group of 

dinoflagellates that possess a dinokaryon, genome sizes vary by as much as two orders of 

magnitude. The average size of a dinophyceaen genome is more than 10x larger than the human 

genome, and some species can be as large as 100x the size of the human genome[13]. 

Prorocentrum micans, for example, measures 225pg of DNA per haploid cell, a genome over 

70x the size of the human genome[13]. Using modern sequencing technology, it would cost well 

over $100 million dollars to sequence the genome of Prorocentrum micans (ignoring assembly 

and analysis costs). Although early physiochemical analyses of the dinoflagellate genome had 

hinted at an unusual structure and relatively little repetition[14], it wasn't until DNA sequencing 

methods were employed in the 1990s that it was noted that dinoflagellate genes are organized as 

tandem repeats [15-18]. While little genomic data exists, it appears that most dinophyceaen 

genes are members of large heterogeneous families [19]. The heterogeneity of these gene 

families makes targeted polymerase chain reaction (PCR) sequencing methods and identifying 

orthologs challenging. Recent genomic surveys of dinoflagellates of the genus Symbiodinium, an 

endosymbiotic genus with remarkably small genomes for dinophyceaen dinoflagellates, have 

revealed little regarding the large heterogeneous gene families so characteristic of dinophyceaen 

dinoflagellates[20-22]. Collectively the unusual characteristics of the dinoflagellate genome 

interfere with most current methods of molecular phylogenetic analysis. 
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1.3 Dinoflagellate Phylogeny 

While further study over the past two decades has solidified the position of dinoflagellates 

within Alveolata, resolution of the relationships among the dinoflagellates has seen little 

progress. Taylor’s synthesis of phylogenetic and morphological data, identifies six major groups: 

Gymnodinales, Peridinales, Suessiales, Gonyaulacales, Prorocentrales, and Dinophysiales[23]. 

These initial six clades of dinoflagellates described by Taylor[23] all unambiguously exhibit a 

dinokaryon and make up the dinophyceae. Later analyses by Taylor [24] and Fensome[25], 

added the Syndinales and Noctilucales, which were thought to lack a dinokaryon all the time or 

only part of the time (respectively). Study of the Syndinales species Amoebophrya would later 

revise this understanding when a dinokaryon was observed during specific times during its life 

cycle[26]. While the Syndinales and Noctilucales are considered members of dinokaryota, their 

cryptic expression of the dinokaryon has placed them outside of the dinophyceae in syntheses of 

phylogenetic and morphological data[24,27](Figure 1). Of these eight major groups only two, the 

Suessiales and Dinophysiales, reproducibly form monophyletic groups in molecular phylogenetic 

analyses.  
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Figure 1 – Synthesis of Molecular and Morphological Studies 

A synthesis of data from molecular and morphological studies. Note the eight major groups identified: Syndinales, 
Gymnodinales, Noctilucales, Peridinales, Suessiales, Gonyaulacales, Prorocentrales, and Dinophysoiales. [23,24,27] 
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Phylogenetic hypotheses of dinoflagellate in-group relationships differ considerably 

depending on the taxa selected for the study and the genes used to find the trees. Branch lengths 

for the majority of the phylogenies are typically very short (including short internal branches), 

but a smattering of species with long branches are present. These long branch species are 

frequently located in different positions on the tree depending on the analysis performed. For 

example, Crypthecodinium cohnii, widely regarded as a basal dinophyceaen, is found in the 

Gonyaulacales in one analysis and among the earliest branching dinophyceaens in another 

analysis, seemingly based upon the selection of outgroups. 

Difficulties in culturing dinoflagellates and in amplifying genes of interest from 

dinoflagellates has meant that phylogenetic studies utilizing more than one gene remain rare, and 

taxon sampling continues to hamper analyses. While taxon sampling is improving, most analyses 

still utilize only rDNA genes (usually the small and large subunit of the nuclear operon; SSU or 

LSU). Due to the impracticality of sequencing a whole dinoflagellate nuclear genome, 

researchers next turned their attention to the creation of expressed sequence tag (EST) libraries. 

EST libraries are produced using Sanger sequenced individual reads from a cDNA library. These 

libraries have underpinned many of the unusual findings previously discussed, but their utility in 

comparative biological studies such as phylogenetics has been hamstrung by the low diversity of 

species represented among the larger libraries. Of the dinoflagellate EST libraries over 10,000 

sequences, only two of the eight major dinoflagellate lineages recognized by Taylor [24] are 

represented (Figure 1). Even when libraries with as few as 500 reads are considered, only four of 

the eight lineages are represented. A recent landmark study of dinoflagellate phylogeny sought to 

employ more recent Illumina RNA sequencing together with data from existing EST 

libraries[28]. While Bachvaroff et al  utilized all publicly available data and nearly doubled that 
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data with newly sequenced taxa, it was still limited by taxon sampling, most notably lacking any 

taxa from the Peridinales, Noctilucales, or Dinophysiales [28]. 

The work presented here first investigates some of the hypotheses surrounding the 

unusual genomic organization of dinophycean dinoflagellates. Specifically, questions relevant to 

ortholog identification and the assembly of dinoflagellate sequences from modern short-read 

high-throughput sequencing methods are investigated in the context of one tandem gene array 

(Chapter 2). Next, deep sequencing data available as a result of advances in high-throughput 

sequencing is leveraged in new ways to overcome some of the limitations of existing ortholog 

identification tools that are central to modern phylogenetic pipelines. A custom ortholog 

identification and paralog screening pipeline was developed and tested (Chapter 3). This pipeline 

builds upon existing ortholog identification techniques, but uniquely takes advantage of statistics 

of the aggregated dataset to inform the selection of orthologs. Lastly, new publicly available 

dinoflagellate transcriptome data were analyzed using this pipeline to generate a set of 668 genes 

from 58 taxa representing the most comprehensive phylogenetic hypothesis of dinoflagellates to 

date, including all eight of the major clades of dinoflagellates (Chapter 4). Collectively this work 

provides insights not only to the evolution of this ecologically and economically important group 

of organisms, but also provides bioinformatics tools that may improve ortholog identification, 

automated genome annotation, and metagenomics studies.
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2 Dinoflagellate Gene Structure and Intron Splice Sites in a Genomic 

Tandem Array 

2.1 Background 

Dinoflagellates are biflagellate protists that can be found in most of the world's aquatic 

environments. Depending upon the species, they play the diverse environmental roles of 

predators, prey, parasites, symbionts, and primary producers, with many showing plasticity of 

nutritive mode.  

Dinoflagellates possess such a wide variety of unique nuclear characteristics that they were, until 

the 1990s, widely regarded as a "missing-link" between Prokaryotes and Eukaryotes. They were 

referred to as Dino- or Mesokaryota, and sometimes viewed as a fourth domain of life unto 

themselves [1]. These perplexing nuclear characteristics include large genomes, modified DNA 

bases, permanently condensed liquid-crystalline cholesteric-like chromosomes, a lack of 

nucleosomes, highly duplicated genes found in tandem arrays, a gene organization lacking 

typical eukaryotic conserved motifs, and a massive transfer of plastid genes to the nuclear 

genome [10,13,17,19,29-32]. The application of phylogenetic methods and molecular systematic 

data revealed that dinoflagellates reside firmly in the crown of the eukaryotes, among the 

Alveolates rather than belonging to a unique domain of life or even a basal lineage of eukaryotes 

[4,33].  

Perhaps the most striking feature of a dinoflagellate cell is the large nucleus containing 

permanently condensed chromosomes. Dinoflagellate genome sizes vary by as much as two 

orders of magnitude, but the smallest dinoflagellate genome yet measured belongs to the 

endosymbiotic Symbioninium spp. with 1.5 pg per haploid cell, approximately half the size of the 
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human genome [13]. The average size of a Dinoflagellate genome is more than 10x larger than 

the human genome, and some species can be as large as 100x the size of the human genome [13]. 

These genomes are prohibitively large to analyze with limited resources using current 

sequencing and assembly technology. At present, the most complete genomic data published are 

from the diminutive Symbiodinium minutum genome, which represents approximately 41% of 

the genome in 33,815 contigs across 21,898 scaffolds. Despite its incompleteness and 

fragmentation, the genome survey represents the best look at a dinoflagellate genome to date. 

The intractability of completing an assembled dinoflagellate genome has meant that most 

dinoflagellate sequences have been generated primarily using two methods: shotgun sequencing 

of transcriptome libraries (e.g., EST sequencing), and PCR. Sequencing of mRNA is valuable, 

but by definition carries essentially no information about genome structure, and PCR-based 

methods depend upon flanking conserved primers, which imposes constraints on the insights that 

can be obtained from them. 

Crypthecodinium cohnii is a heterotrophic marine dinoflagellate with uncertain phylogenetic 

affinity; in some analyses it is placed in the crown of the Gonyaulacoid lineage [34-37], while 

other analyses find it placed with more basal dinoflagellate lineages [38-40]. C. cohnii has been 

used in the industrial manufacture of omega-3 fatty acids for fortification of infant formula [41]. 

Among dinoflagellates, C. cohnii is a relatively facile organism, capable of culture in either 

liquid or solid media, axenic culture, and growth in a specialized growth medium that promotes 

accelerated growth such that cultures reach late log phase 4-10X faster than other dinoflagellates. 

The genome size of C. cohnii is a third the size of the average dinoflagellate genome at 3.8 pg 

per haploid cell [42]. Many important discoveries have been made using C. cohnii, including the 

discovery of rare bases in dinoflagellate DNA, mutagenesis and breeding studies, and the low 



 10 

protein content of dinoflagellate chromosomes (Rae 1973; Tuttle and Loeblich III 1974; Rizzo 

and Noodén 1972). The gene alcohol dehyrodgenase (ADH) was targeted in the present study 

because it was found to be highly expressed in a C. cohnii cDNA library [43]  

Prior to a genome survey of Symbiodinium minutum, understanding of dinoflagellate genomic 

organization was almost exclusively based on a small number of publications comprising just 11 

sequences of 6 genes from 8 species [15-18,32,44-50]. Despite their paucity, these data led to an 

understanding of dinoflagellate genomic organization that is different from that of other 

eukaryotes. While never specifically codified, it is possible to articulate an implicit model of 

dinoflagellate genome organization that is widely shared and has shaped the understanding of 

dinoflagellate genomes.  Although there is a diversity of opinions regarding many aspects of this 

model, we believe that the general interpretation we present here is widespread, and refer to it as 

a “consensus model.” 

The consensus model suggests that: 1) dinoflagellate genes are highly duplicated and organized 

in tandem repeats, 2) genes of the tandem repeat (hereon referred to as tandem repeat members 

or “members” for short) are found in long arrays, encoding isoforms of the same protein, with 

synonymous substitutions at nearly every available site and rare amino acid substitutions, 3) 

Traditional eukaryotic promoter, terminator, and intron boundary sequences are thought to be 

absent, 4) introns are rare and tend to be small when present, 5) a 22 base pair (bp) sequence, 

encoded in a separate gene, is trans-spliced to the 5' end of pre-mRNA transcripts to form a 

mature mRNA. 

Prior to 2007, discussion of this unusual feature set was, to our knowledge, always couched as 

applying only to the specific genes under discussion. A general consensus was reached when 3 

publications in 2007 and 2008 all described these unusual features as being broadly 
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representative of dinoflagellate genomic organization [19,51,52]. Since then, the features of this 

consensus model have been found listed as general features of dinoflagellates in most 

publications on dinoflagellate biology. While no author has apparently felt sufficiently confident 

in the model to codify it, the model has nevertheless shaped discussion, analysis, and 

understanding of dinoflagellates for nearly a decade. 

Dinoflagellate introns are also unusual. Intron splice-site consensus sequences in most 

eukaryotes conform to the consensus sequence MAG|GTRAGT at the 5’ splice site and CAG|G 

at the 3’ splice site [53,54]. The most common, non-canonical, splice-site consensus sequence 

uses GC at the 5’ splice site rather than the canonical GT, but otherwise conforms well to the 

remaining consensuses and is spliced by the same spliceosomal complex as canonical introns 

[55,56]. A rare class of introns, spliced by a separate spliceosomal complex, conforms to the 

consensus sequence RTATCCTY at the 5’ splice site. These introns account for a small 

percentage of introns in a variety of eukaryotes including Homo sapiens, Drosophila 

melanogaster, and Arabadopsis thaliana [57,58]. Dinoflagellate introns, when observed, have 

been noted to not conform to any known splice-site consensus sequence, nor to have the 

secondary structure characteristic of self-splicing introns [15,17,19,21,59]. 

We report here the map-based Sanger sequence of a 39,500 bp cosmid containing three entire 

and two partial copies of genes encoding members of the Alcohol Dehydrogenase (ADH) 

superfamily, derived from the C. cohnii genome. Although labor-intensive, this approach has the 

advantage of requiring neither conserved PCR primer sites nor the assumptions of short-read 

sequence assembly. These data provide unique insights into genome structure of C. cohnii. 

Materials and Methods 
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2.1.1 Nucleic Acid Isolation 

Genomic DNA was isolated from Crypthecodinium cohnii Seligo strain “KO”, an axenic, 

monoclonal isolate from the non-clonal culture ATCC #30340. The KO culture was grown to a 

concentration of approximately 107 cells/ml in a medium containing 50 g/l glucose, 6 g/l yeast 

extract, 32-ppt artificial seawater, pH 6.7 at 27 °C shaking at 200 rpm. Cells were harvested by 

centrifugation at 4 °C and 3,000 g for 20 minutes. Cell pellets were transferred to plastic bags 

and flash frozen in liquid nitrogen. The frozen pellets were ground to a fine powder with a liquid 

nitrogen cooled mortar and pestle. Thirty grams of frozen-powdered biomass was mixed with 

100 ml extraction buffer (100 mM Tris, 1.5 M NaCl, 50 mM EDTA, 2% w/v Cetrimonium 

bromide, 50 mM dithiothreitol, 100 U RNAse) and warmed to room temperature in a water bath. 

When the frozen pellet had thawed and was resuspended in extraction buffer, lysis was allowed 

to continue at room temperature for an additional 5 minutes. DNA was extracted twice with an 

equal volume of a phenol-chloroform-isoamyl-alcohol mixture (25:24:1, v:v:v). Residual phenol 

was then removed with a chloroform-isoamyl alcohol (24:1, v:v) solution. DNA was precipitated 

with 2 volumes of 95% ethanol and 0.3 M Sodium Acetate at -20 °C for 1 hour. DNA was 

pelleted by centrifugation at 3,000 g for 30 minutes at 4 °C, washed with 70% ethanol and 

resuspended in 10 mM Tris to a concentration of 1 µg/µl. Cells for RNA extractions were 

collected and ground using a mortar and pestle as previously described for DNA extraction. 

RNA Isolation from the frozen powdered pellet was performed using Ambion's RNAqueous Kit 

(Life Technologies, Grand Island, NY). 

2.2 Cosmid Library Construction and Screening 

The cosmid library was constructed according to Sambrook [60] using Agilent's SuperCos1 

Cosmid Vector Kit (Agilent, Santa Clara, CA), XL1 Blue E coli cells, and Gigapack III XL 
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(Agilent, Santa Clara, CA) packaging kit. The library was plated, 60,000 cfu per plate, on 

Whatman Nytran N (Whatman, Maidstone, Kent, UK) filters layered atop an LB ampicilin plate. 

Replica filters were produced and allowed to grow overnight before being stored at 4 °C. Cell 

lysis and nucleic acid crosslinking was performed per Whatman's protocol, with the modification 

that cell debris was vigorously scraped off the filters in the 2X SSPE bath followed by a brief 

rinse in 2X SSPE. An alcohol dehydrogenase gene with a highly abundant transcript was 

selected from an existing EST library for isolation. Probes for screening the library were made 

using a previously isolated cDNA clone (GenBank Accession KJ831651) by restriction digest 

and radiolabeled using Promega Prime-a-Gene Labeling System (Promega, Madison, WI). 

Probes were hybridized to primary filters according to Sambrook [60] using Church Buffer in 

thermal-sealed plastic bags in a shaking water bath, and washed according to Sambrook [60]. 

Positive colonies were identified following overnight exposure of the filters to a phosphor 

imaging screen and imaged with a phosphorimager. Images produced by the phosphorimager 

were used to correlate positive signals to colonies on the replica plates. Putative positive colonies 

were picked and rescreened by the same process until pure colonies were isolated. Cosmids were 

isolated from 500 ml broth cultures of positive colonies using Qiagen Plasmid Maxi Kit (Qiagen, 

Venlo, Netherlands).  

2.2.1 DNA Sequencing and Analysis 

The cosmid was sequenced by Eurofin's MWG Operon transposon-based sequencing service 

(Eurofin, Luxenberg). Analysis of the sequence was performed in Biomatters Ltd Geneious 

software package (Biomatters, Auckland, New Zealand). Alignments of the cosmid insert 

sequence to previously identified cDNAs were used to identify gene repeats, intergenic spacers, 

exons and introns. The open reading frame of each member, including putative start and stop 
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codons and splice-leader acceptor sites were identified by comparison to previously identified 

cDNAs and manual examinations of the alignments.  

Analysis of the HCc gene previously published involved a BLAST search of a proprietary EST 

library using the HCc sequence as a query term and alignment of all matching ESTs to identify 

the putative reading frame and splice sites.  

2.3 Results 

2.3.1 Analysis of Cosmid Sequence 

A Crypthecodinium cohnii cosmid library was screened using a probe for the gene ADH. One 

colony on nearly every initial plate that was screened, hybridized to the ADH probe (~1.5 in 

every 60,000 colony forming units). Upon re-screening, fewer than half of these signals were 

confirmed. Northern blots were also performed for ADH to establish that we were not observing 

a polycistronic mRNA (data not shown). 

2.3.2 Map of Cosmid Sequence 

Of several clones eliciting a confirmed ADH hybridization signal, one was selected for scale-up 

and full DNA sequence analysis.  This cosmid (GenBank Accession KJ831652) was found to 

contain an insert of 39,500 bp.  The probe sequence and other ADH sequences from the EST 

database were compared to the cosmid sequence to map gene boundaries. One region of the 

cosmid was found to be a perfect match in 10 discreet exons to a cDNA (GenBank Accession 

KJ831649) while the 3’ end of the cosmid sequence clipped by the insert ligation point matched 

another cDNA (GenBank Accession KJ831650). Using this approach, a total of five similar but 

non-identical ADH gene copies could be annotated in the cosmid sequence, designated here A 



 15 

through E (Figure 2). The center three copies appear to be complete, and two copies are 

truncated by the ligation points of the insert to the cosmid vector, one at each end of the insert.  

 

 

Figure 2 – Schematic of Alcohol Dehydrogenase Cosmid Insert 

Schematic of alcohol dehydrogenase (ADH) cosmid insert. The exons, poly-adenylation signals, splice leader 
acceptor sites, and start and stop codons are all indicated. The transcripts as they align to genomic sequences are 
indicated. Exactly 24,000 bp from the middle of the eighth intron of member ADH-C has been removed for 
illustrative purposes.  
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These initial predictions were modified to take into account the putative locations of splice-

leader acceptor sites and poly-adenylation signal sites (Figure 2). The SL-acceptor site was 

identified as the first AG upstream of the aligned EST sequence. This change extended the 5’ 

UTR of ADH-B and ADH-E 16bp and 14bp further upstream of the aligned ESTs KJ831649 and 

EST KJ831650 respectively. While a variety of potential alternative SL-acceptor sites can be 

observed in the 5’ UTR of all the observed gene repeats, the first available AG upstream of the 

previously predicted 5’ UTR was used, which corresponded to the same location in all the gene 

repeats. The poly-adenylation signal was marked as 5’-AAAAACAAAAA-3’ or 5’-

AAAAACAACAA-3’. This extends the 3’UTR of each gene 11bp past where the aligned EST 

begins a poly-adenylation sequence. Start and stop codons were identified by aligning all 

available ADH ESTs with the ADH gene repeats from the cosmid. A sharp drop-off in sequence 

conservation marked the extremities of the coding sequences and allowed start and stop codons 

to easily be identified.  

2.3.3 Sequence Similarity Analysis 

A total of 34 introns were identified, all but one of which ranged in length between 83 and 371 

bp, with a median size of 209 bp. The exception was a large intron measuring 26,372 bp located 

between the seventh and eighth predicted exons of ADH-C. The coding regions of the complete 

exons ranged in size from 6 bp to 246 bp with a median size of 92 bp. The coding region of the 

first exon of each member was particularly small; just 6 bp. The coding regions of the exons 

comprise just 9.9% of the cosmid insert, and just 29.8% of the insert when the particularly large 

intron is removed from the calculation. 

The coding regions of the members were highly conserved. The pairwise nucleotide identity of 

the exons in the 5 paralogs observed in the cosmid insert is 97.7%. The pairwise identity of the 
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amino-acid translation is 99.8%, differing in just one amino acid where the codon TTT, for 

Phenylalanine in ADH-C is TCT, for Serine, in the other members. Non-coding regions were 

less conserved, but are still very similar (Figure 3).  
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Figure 3 – Pairwise Identity Graphs for Intergenic Spacers 

Alignments and mean pairwise identity graphs for the intergenic spacers between alcohol dehydrogenase (ADH) 
members and the nine introns of the five members of ADH. Length and pairwise identity is displayed to the right of 
each alignment.  Gene sequences are indicated by black bars, and indels are indicated by intervening black lines.  
Each column of the alignment has a bar graph above it indicating the mean pairwise identity of all pairs in the 
alignment. The height of each bar in the graph is proportional to the mean pairwise identity of all pairs in that 
column and the color of the bar green at 100%, yellow between 30 and less than 100%, and red when less than 30%. 
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Indels in non-coding regions significantly lowered calculations of pairwise identity. The pairwise 

identities of the introns range from 1.8% to 84.4%. The fourth introns of ADH-A and ADH-B 

are identical and the sixth introns of ADH-B and ADH-C are identical. Alignment of intron 8 

revealed the large intron from ADH-C has a 26,073 bp insertion compared to the other copies, 

accounting for 66.0% of the entire cosmid insert. The intergenic spacers range in size from 86 bp 

to 108 bp. The pairwise identity of the intergenic spacers is 81.0%, with 9.5% of the consensus 

sequence composed of gaps. 

2.3.4 Intron Border Repeat (IRIB) 

The intron junctions of ADH-B were closely examined for potential splice site consensus 

sequences. A unique pattern was discovered in which the last 2 to 9 bp on the 3' end of each exon 

exactly matched the 3' end of the immediately downstream adjacent intron (Figure 4A).  



 20 

 

Figure 4 – Identical Repeated Intron Boundary 

Nucleotide sequences surrounding the intron splice sites of alcohol dehydrogenase (ADH) from Crypthecodinium 
cohnii as well as previously published genes of various dinoflagellates. A. Genomic and mRNA sequences of the 
intron splice sites of ADH-B intron 1 indicating the identical repeated intron boundary (IRIB) sequence is present at 
either end of the intron twice, but is present in the mRNA only once. B. Sequence logos, generated by WebLogo, 
using the intron splice sites from all introns present in the ADH cosmid sequence. C. Intron splice sites of ADH-B 
and previously published dinoflagellate genomic sequences indicating the IRIB sequence and the size of the IRIB.  
Each IRIB sequence is indicated in bold and their corresponding sizes are listed at right.  Portions of each internal 
intron sequence have been replaced by ellipses as shown. 

5’-CCTGCGACCATGAAGgctgcgctcccttcc...cacacatcttgccagGCTGCCATCGTCGAG -3’

5’-CCTGCGACCATGAAGGCTGCCATCGTCGAG -3’

DNA

mRNA

A

Crypthecodinium cohnii  ADH-B                                                                                                                     S ize
  5’-CCTGCGACCATGAAGgctgcgctcccttcc...cacacatcttgccagGCTGCCATCGTCGAG -3’       7
  5’-CCTGCGACCATGAAGgctgcgctcccttcc...cacacatcttgccagGCTGCCATCGTCGAG -3’       7
  5’-GAGGTTTTGATCAAGgtagcttccccaaat...ccaccctgcacacagGTCATTGCCTCTGGT -3’       4
  5’-AGCAGAACCAGACAGgaaccaatgtcggtt...agtttgctgagtcagGATTCGCTGCCAACG -3’       4
  5’-CTGAAGGAGACTGAGgccagcacctcagcc...tgatctcgtagcaagGCCAAGCCTGGCCAG -3’       6
  5’-GCCATGGGCTTGAAGgctgggcagcacctg...gtctctctacagcagGTCTGCGCTGTTGAC -3’       3
  5’-ACCTTGGGCTGCCAGgcatgcatgcagtgg...cttgcagcattcgagGCCTTTGTTGATGTG -3’       4
  5’-AAGGGCAAGTCTGCGgagcaactttgcttt...atgtccagcatccagGAGCAGATCGTGGCT -3’       6
  5’-TGTCGATATGCTCAGgccacctgtttttgc...tgggttcgttgtcagGCCTATGGGTTTCGC -3’       7
  5’-GTGGATCCATTGTCGgtaccgattcaaaca...ctcacatcgatccagGCACCCGCAAGGATC -3’       2

Previously Published Genomic Sequences
Symbiodinium sp.  RUBISCO  U43532
  5’-CCCTGATCCGAAATGgcagttacctcagca...gaagtgaaatccaagGCAAGCACGTGCTGG -3’       4
  5’-ATTGGAAACAATCAGggcagcctggtagta...cctgcttcacatgagGTATGGGCGATGTCG -3’       3
  5’-GGACACGTTGATCAGgacagaagcttcaga...cgtgttgcattgcagGAACGGCAAGCACGT -3’       5
  5’-ATTGGAAACAATCAGggcagcctggtagta...cctgcttcacatgagGTATGGGCGATGTCG -3’       3
  5’-GGACACGTTGATCAGgacagaagcttcaga...cgtgttgcattgcagGAACGGCAAGCACGT -3’       5
  5’-ATTGGAAACAATCAGggcagcctggtagta...cctgcttcacatgagGTATGGGCGATGTCG -3’       3
Pyrocystis lunula  lcfC AF394061
  5’-GCGGACCTCGCCGAGgtcttgctcatagtg...gttcgggccactaagGTCTTGCTCCAGGAA -3’       11
Crypthecodinium cohnii  HCc D43749
  5’-ATGAAGGCGATGAAGgttttcgaatatcat...cttgcggtttggaagGCGACTGCGATGAAG -3’       5
  5’-ACTGGTTTGGCGGAGgcctttatctcatcg...tcgattttacttgagGCCTTGGCGTCGTCG -3’       8
  5’-CGATCTTGCGCTGCGgagacttcttctttt...ttttgcgcttgcgagGAAGTGAAGAAGACT -3’       3
  5’-GAGATGTTCGGCAAGgccagccagcttgca...tgctgctggtgacagGTCGTCCTTGTGAAG -3’       3
Amphidinium Carterae
  Fructose 1,6 biphosphate aldolase EU742802
  5’-GAGGATAACGAAGAGgtagccacaacagaa...agttctgttcttaagGTAGCCACCATCAAC -3’       10
  Elongation factor 2 EU742807
  5’-CTGCATGAACCTGAGgtgctgccgcttagc...tcatgttttgctgagGCGTGGCTGCGTCTT -3’       6
  Translation initiation factor 3 subunit 8 EU742816
  5’-GGCTTTGACCGCAAGgctgcacaagttgca...tccagtttgtgcaagGCTTACTTGGACAAG -3’       8
  5’-ATCTTGTCCACAATGgtgcctcagctcatt...tggagcgtgcgacagGTGTCAGCCGACTTT -3’       4
  5’-GAAGCCATCATCAAGgtccaggggccagat...ggtctgacacgcaagGTCAACAAGATGATG -3’       4
  5’-ACTTCACAGAAAGAGgcgagttgcttgaca...cttggaacttgagagGCGAAGAATCAGAGG -3’       8
  5’-GGCTCCGAATACCAGgcagctccgtctgca...tggctacgatggcagGAGATTCTGGGCAAC -3’       4
  5’-GAGGAAACAAAGCAGgtgcacctccaacct...ggtagagttgctgagGTGCAGCCTTTGGCG -3’       7
  5’-GCTGCTGTTTTCGAGgtgcagatatccggg...tatgaagccacaangGCAATGCAGCACAAT -3’       2
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This identical repeated intron boundary (IRIB) sequence is found only once in the corresponding 

cDNA, therefore one could annotate the sequence so that one or the other IRIB is annotated as 

being exonic or intronic, or even that a part of each IRIB contributes to the translated sequence 

(Figure 4A). Here the splice-sites are always placed between the conserved GG as found in 

canonical U2 splice-site consensus sequences. When the exons are defined in this manner, the 

exons from each member fall in the same locations. If a different convention is used, the exons 

may differ in length by several base pairs. The repeat always contains a GG and often an AGG at 

the 3’ splice site and always has an AGG at the 5’ splice site (Figure 4B).  The rest of the 

repeated sequence was unique to each splice-site. 

Evidence of IRIB sequences was sought in previously published data from other researchers. 

RUBISCO from Symbiodinium sp. and LCF from Pyrocystis both show IRIB sequences in their 

published introns as annotated by their authors (Figure 4C). The introns from the gene HCc from 

C. cohnii do not show an IRIB sequence as published, however the intron exon boundaries 

annotated by the authors could not be established with confidence since the authors lacked a 

mRNA sequence with 100 percent identity. Using the HCc gene as a query sequence against our 

own C. cohnii EST library revealed several ESTs that allowed confident re-annotation of the 

exon/intron boundaries of the previously published HCc genomic sequence and revealed IRIB 

sequences at every intron (Figure 4C). Analysis of genes from the Amphidinium carterae survey 

revealed many introns with IRIB sequences, a subset of which are pictured in Figure 4C. 

2.4 Discussion 

2.4.1 The Consensus Model 

To the best of our knowledge, other than the Symbiodinium genome survey, these data represent 

the longest contiguous dinoflagellate genomic tandem array yet published, and has the advantage 
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of being sequentially sequenced. While dinoflagellate genes are known to be present in tandem 

repeats and it has been inferred that many copies exist in tandem arrays, this sequence is unique 

in containing three complete gene duplicates and two more flanking gene duplicates for a total of 

five tandem genes. Previous evidence of multiple genes in tandem from dinoflagellates included 

very small genes, in the case of the gene encoding the splice-leader, alignments that accept a 

small amount of mismatch in overlapping sequence and thus do not necessarily represent 

sequences that were physically adjacent to each other, or assembly from very short reads 

[15,16,18,19,32,44-48,50,59,61]. This longer contiguous copy set provides additional evidence 

that genes arranged in a common array all encode the same protein, consistent with the 

consensus model.  

Some evidence suggests that the consensus model does not best describe all dinoflagellate genes 

[19]. There may in fact be two models of genes that are organized and transcribed differently 

from one another [19]. The first model is typified by genes that are organized in tandem repeats, 

present in high copy number, highly expressed, trans-spliced with a conserved leader sequence, 

and have low intron density [19]. These genes can be considered the consensus model group. 

The second model of genes are not well studied, but seem to be organized like classic eukaryotic 

genes [19]. These genes may have eluded initial detection because they are found in low copy 

number and are transcribed at much lower levels than the genes in tandem arrays. These genes 

are intron-rich, are not trans-spliced, are transcribed at low levels, and contain common 

eukaryotic motifs for transcription and RNA processing [19]. Testing the comprehensiveness and 

accuracy of the consensus model is beyond the scope of this study, but it is important to note that 

our data are difficult to reconcile with the either of these models.  The consensus model was 

shaped largely by data collected using PCR: of the 11 gene sequences that our research indicates 
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have contributed to the consensus model, 10 have been isolated using PCR methods 

[15,16,18,32,44-48,50,59]. The consensus model also seems to be in conflict with data from the 

Symbiodinium minutum genome survey. Two major disagreements between the consensus model 

and the Symbiodinium minutum genome survey are the paucity of genes arranged in tandem and 

the high frequency of introns in the Symbiodinium minutum data. The data we present here 

deviate from the consensus model principally in the high frequency of introns. Whether the 

organization of this gene cluster is representative of the rest of the Crypthecodinium cohnii 

genome and whether C. cohnii’s genome is broadly representative of dinoflagellate genomes is 

unknown, but it is notable that the kind of biases expected from a model developed using PCR 

data, happen to be the very areas that conflict with sequences collected via cosmid library 

screening. Selection of genes that are short enough to amplify by PCR could have resulted in a 

model built upon a non-representative set which lack introns or have unusually few and small 

introns. How the Symbiodinium minutum genome survey fits in is unclear. The scarcity of genes 

in tandem could be the result of incomplete assembly and gene modelling or could be real and 

simply the result of an endosymbiotic lifestyle. Whether the Symbiodinium minutum genome is 

representative of broader dinoflagellate genomic organization or not, it highlights the need to 

vigorously test the consensus model with broader data sets. 

2.4.2 Conservation of Non-Coding Regions 

The observation that dinoflagellate genomes are often organized into tandem gene arrays has led 

to speculation on the evolutionary processes underlying this organization [62]. The presence of 

what appear to be vestigial splice-leader sequences in several dinoflagellate transcriptomes led to 

the inference that dinoflagellate genes could be duplicated via reverse transcription and 

reintegration into the genome of mature, trans-spliced transcripts [62]. Because introns would 
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regularly be purged via such reintegration of reverse-transcribed mature transcripts, this 

hypothesis predicts that introns would be rare, and when present would have been inserted 

relatively recently. Our observations conflict with that hypothesis, providing evidence for a gene-

duplication mechanism that preserves intron/exon structure. Assuming our splicing inferences 

are accurate, the relative intron positions of all five ADH members are perfectly conserved.  

Furthermore, the sequences of corresponding introns are also conserved.  These observations are 

inconsistent with an mRNA intermediary and reintroduction of introns after duplication. Nor was 

there any evidence of vestigial spice-leader sequences in any of the ADH members. If reverse 

transcription does play a role in the duplication of dinoflagellate genes, it is unlikely to have 

been the process that created the gene cluster described here. The conservation of intron splice 

sites and sequences suggests a genome-level duplication mechanism, as well as either relatively 

recent duplication or concerted evolution (or both). 

Whether the gene duplication of members of a tandem array in dinoflagellates has arisen due to 

concerted evolution or whether it represents a birth-death model has been examined in some 

detail for both actin and Peridinin Chlorophyll-a binding protein genes of Amphidinium carterae 

and Symbiodinium respectively [31,48]. In most eukaryotes, the sequence uniformity in tandem 

arrays of rRNA genes is thought to be maintained by concerted evolution. In concerted evolution 

uneven crossing over and gene conversion result in high sequence similarity between members 

of an array. In a birth-death model, sequence similarity is maintained via purifying selection of 

the encoded proteins. In an array functioning under a birth-death model only non-synonymous 

substitutions will be homogenized. Since the process underlying concerted evolution affects 

synonymous and non-synonymous substitutions equally, a comparison of the number of 

synonymous substitutions to non-synonymous substitutions between members of an array can 
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reveal the dominant contributing model. Analysis of members of a PCP tandem array led 

Reichman et al. to conclude that similarity was maintained via low-levels of concerted evolution. 

The analysis of 142 members of actin by Kim et al., however, indicated that a birth-death model 

best explained the similarity of members. Our data are consistent with the findings of Kim et al. 

of the birth-death model. Duplication events via uneven crossing-over and gene conversion 

cannot account for the differences in sequence similarity between coding and non-coding regions 

and the prevalence of synonymous substitutions in the coding regions. The birth-death model of 

gene duplication best explains the observed similarity of tandem array members, where the 

majority of changes occur in regions that do not affect protein structure. The similarities of non-

coding regions are, however, still striking. It is possible that while most of the similarity between 

array members is maintained by purifying selection, low levels of concerted evolution are still at 

work. 

2.4.3 Non-Canonical Splicing of Introns 

Intron splice sites in eukaryotes consist of a CAG|G at the 3’ acceptor site and MAG|GTRAGT 

at the 5’ donor site. While few dinoflagellate genes with introns have been sequenced, the 

unusual lack of the canonical GT-AG consensus sequencing denoting intron splice sites in 

dinoflagellates has been noted in every case [15,17,19,21,49]. Two of these authors noted a 

repeat at the ends of introns, but did not fully describe the pattern [15,19]. Within our data there 

is a consistent splicing pattern that is also consistent with most other published splice sites from 

dinoflagellates. The AG|G of the 3’ and 5’ splice site is usually conserved, and the splice donor 

and acceptor sites have a duplicate 2-11 bp sequence flanking the intron which remains in the 

mature mRNA only once (Fig. 2). Consequently, this creates ambiguity in the exact annotation 

of splice sites anywhere within the IRIB. We believe that the splice site we have designated here 
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is correct and consistent with other studies, but this ambiguity has resulted in understandable 

variation in the annotation of exact intron boundaries in other studies. Intron splice sites in HCc 

from C. cohiii, lcfC from Pyrocystis lunula, and sequences from the survey of Amphidinium 

cartera were all consistent with splicing as inferred here, although annotated slightly differently 

[15,19,21,59]. Analysis of previously published dinoflagellate genomic sequences containing 

introns reveals that the IRIB sequence is present in the all dinoflagellates for which there are 

available data, but the inherent flexibility of IRIB annotation makes the pattern difficult to 

recognize [15,17,19,21,49]. Interestingly, the splice site logo generated in the Symbiodinium 

minutum genome survey looks very similar to the one generated here. The major difference 

between the Symbiodinium minutum logo and our C. cohnii ADH logo is in the nature of the GG 

at the 5’ donor site.  This GG is conserved in C. cohnii ADH sequences and all other published 

dinoflagellate introns, but is not well conserved in the splice site logo generated for the 

Symbiodinium minutum genome survey. With the continued improvement of sequencing 

technology, more dinoflagellate genomic data is surely forthcoming; hopefully discovery of the 

dinoflagellate IRIB will improve the automated gene modeling necessary in such large scale 

sequencing projects.
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3 A Method of Screening Genomic and Transcriptomic Libraries for 

Probable Orthologs: A Stramenopile Case Study. 

3.1 Background 

Ortholog identification is an important aspect of modern biological science. Software such 

as the Basic Local Alignment Search Tool (BLAST) and HMMER, as well as more sophisticated 

tools built upon them, such as Core Eukaryotic Gene Mapping Approach (CEGMA), 

Benchmarking Universal Single-Copy Orthologs (BUSCO), and OrthoMCL, infer orthology 

based upon sequence similarity as a function of evolutionary origin[63-66]. 

Advances in high-throughput sequencing methods continue to accelerate the rate at which 

genomic and transcriptomic scale data becomes available to researchers. Following assembly of 

one of these deeply sequenced data sets, a common first step is to measure the completeness of 

the assembly using tools based upon ortholog searches. While a variety of tools exist for these 

purposes, they typically evaluate each potential ortholog in isolation[64,65,67,68]. Phylogenetic 

pipelines of increasing complexity are being made available[69,70]. While these pipelines make 

use of the widespread availability of genomic and transcriptomic data sets, they continue to be 

anchored purely in similarity-based ortholog identification in which each putative ortholog is 

considered in isolation. 

Here I implement a ortholog identification and phylogenetic pipeline that builds upon the 

approach of CEGMA, but also attempts to leverage genomic and transcriptomic wide data sets to 

inform and filter the initial ortholog identification using phylogenetic approaches where each 

putative ortholog can be evaluated in concert with the others being investigated. In this manner 
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both the depth of the sequencing and the breadth of the taxon sampling provides useful 

information in the identification of orthologs. 

3.2 Implementation 

3.2.1 Overview 

The pipeline begins with an initial search based on the approaches taken by the CEGMA 

and BUSCO pipelines, where BLAST search hits are ranked according to the bitscore of an 

HMMsearch performed using a Hidden Markov Model (HMM) built from the available query 

sequences for the given gene[63-65](see Chapter 3.2.2). 

The presence or absence of each queried gene for each Operational Taxonomic Unit 

(OTU) is presented to the user with instructions to select a subset of genes and OTUs that have 

few data gaps to move forward in the pipeline. Data gaps are particularly problematic in this type 

of analysis, since the selection and screening of each sequence is improved by statistics garnered 

from the totality of the data. In order to generate new query files and to filter the target sequences 

of non-orthologous sequences, individual gene trees, concatenated alignment trees, and distance 

matrices are used in three tests: (1) an outlier analysis of branch-lengths of gene trees calculated 

using the concatenated alignment tree as a constraint tree (see Chapter 3.2.3), (2) an outlier 

analysis of the pairwise distances between each pair of OTUs in a sequence alignment to the 

same pairwise distance in all other sequence alignments in the data-set (see Chapter 3.2.4), (3) an 

analysis of gene trees with non-top hits included in the tree to identify and remove putative in-

paralogs as well as putatively non-orthologous sequences (see Chapter 3.2.5)(Figure 5).   
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Figure 5 – Overview of Pipeline 

Two rounds of ortholog searches are performed. The first round of searches creates a preliminary set of sequences 
that are used in three types of paralog analysis. These analyses are used to produce a new set of query terms and to 
filter the initial target sequences. A second round of searches is then performed using these new query sequences 
and filtered target sequences. Following the second round of searches, the genes are filtered to produce a set of 
genes where the pipeline was able to separate the paralogs from the orthologs. Portions of the flowchart only 
performed in the first part of the pipeline are shaded grey, while portions of the flowchart only performed in the 
second part of the pipeline are in black. 
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The newly generated query files and filtered target sequences are then used in a second round of 

searches. This second set of sequences is then evaluated a final time using the in-paralog and 

distance-matrix methods previously mentioned. Here the candidate gene clusters are filtered to 

produce a revised set of genes in which the pipeline was able to separate putatively orthologous 

sequences from non-orthologous sequences (Figure 5). The purpose of this round of tests is to 

identify entire genes that may be unsuitable for use in the final tree finding. In this way, genes 

which the pipeline has not been able to reliably separate putatively orthologous sequences from 

non-orthologous sequences will not be used for phylogenetic purposes. A final set of highly 

screened genes and putative orthologous sequences is now available for tree finding. A Hyper 

Text Markup Language (HTML) report is also available providing detailed tables and figures for 

each gene indicating to the user how each sequence was evaluated at each step of the pipeline 

and where along the pipeline various sequences were flagged as non-orthologous or passed all 

tests to be marked as a putative ortholog.   

A case study using publicly available transcriptomic and genomic data sets from Stramenopiles 

is presented as an example of an analysis this pipeline can perform. 

3.2.2 Ortholog Search and Scoring 

The searches follow the same approach as the CEGMA and BUSCO pipelines[64,65]. 

This begins with a curated set of genes to use as query terms (Figure 6). A non-redundant set of 

729 genes, HMMs, and HMMsearch bitscore cut-offs generated by the CEGMA and BUSCO 

projects is used as the initial query terms[64,65]. This set of starting genes can easily be 

expanded by the user by supplying FASTA files of the genes of interest to a set of auxiliary 

scripts that will produce the necessary HMMs and HMMsearch bitscore cut-offs. Each OTU of 

interest must have two associated FASTA files: one with amino acid sequences and one with the 
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corresponding nucleic acid sequences, with matching headers. Prior to the initial ortholog 

searches the nucleic acid sequences are degenerated to avoid GC biases in third codon positions 

from influencing the phylogenetic analyses. This degenerate version of the nucleic acid files will 

be used in all subsequent steps of the pipeline. Also prior to the initial searches, the amino acid 

files have duplicate and short sequences removed using usearch’s --derep_prefix option with a -

minseqlength setting of 40[71]. This filtered amino acid FASTA file will be used in subsequent 

steps of the pipeline. Usearch is used with the -ublast option using the FASTA files of the 

curated genes as a query and usearch databases generated from the filtered protein sequence 

FASTA files as targets[71]. So each gene of interest is queried using a set of curated sequences. 

Hits from usearch are ranked as described in the CEGMA and BUSCO pipelines, using 

HMMsearch, HMMs built from the query sequences, and cut-off scores[64,65,72]. Cut-off 

scores were calculated in the same manner as described in the CEGMA pipeline[65]. 

Hmmsearch bitscores for every query sequence against an HMM generated with all query terms, 

minus that query sequence being tested, are generated for each gene. These hmmsearch bitscores 

were averaged and divided by two to generate a hmmsearch bitscore cut-off for that gene. Only 

hmmsearch hits with bitscores above the cut-off score are recorded, multiple hits are ranked by 

bitscore, and each non-top hit must have a bitscore of at least 80% of the top hit’s bitscore.  
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Figure 6 – Flow Chart of Initial Ortholog Searches 

Initial searches are prepared in three steps. In this diagram input/output is denoted in white parallelograms, while 
actions are drawn in black rounded rectangles. First protein sequences and corresponding nucleic acid coding 
regions are identified for each transcriptome and genome to be queried. A set of query sequences for each gene of 
interest is used; in this case a non-redundant set of the genes identified by the CEGMA and BUSCO projects are 
used. uBLAST searches of all query files against all protein target databases produce an initial set of hits. HMMs for 
each set of query terms are then used in an HMMsearch to rank the uBLAST hits by HMMsearch bitscore. Each 
uBLAST hit must be equal to or greater than the cutoff score previously generated for the given gene. If multiple 
hits are above this cutoff score then the sequence with the highest bitscore is counted as a top hit and other hits must 
have bitscores of at least 80% of the top hit to be considered a non-top hit. When a set of amino acid sequences has 
been selected, the corresponding nucleic acid sequences are also selected for parallel analysis later in the pipeline. 
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Top and non-top hits are written to separate files and a comma-separated file is generated 

indicating to the user with ones and zeros which OTUs had at least one hit for each gene. The 

user is prompted to review this table and generate a list of OTUs and genes that will be allowed 

to continue downstream in the pipeline. 

3.2.3 Constraint Tree Branch Length Outlier Analysis 

The purpose of this analysis is to identify individual sequences that are incongruent with 

a concatenated alignment tree. The analysis is performed separately on both nucleic acid and 

amino acid data. A sequence that fails either analysis will not be eligible for use as a query 

sequence for the second round of searches. The cutoff to be considered incongruent should be set 

to low stringency. Sequences that pass this test will be used as query terms in a second round of 

uBLAST searches, so it is better to exclude marginal sequences than risk non-orthologous 

sequences being used as query terms. 

The analysis begins following user input of selected OTUs and genes based on the 

coverage table supplied by the initial searches (Figure 7a).   
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Figure 7 – Flow Chart of Paralog Filtering Process 

In this diagram input/output is denoted in white parallelograms, while actions are drawn in black rounded rectangles. 
The paralog filtering process involves three main steps. A) Multiple sequence alignments are prepared and 
concatenated trees are generated. B) A set of sequences for use as query terms for a second round of searches is 
produced by filtering out incongruent sequences identified by the long branch analysis and distance matrix analysis. 
C) Incongruent sequences identified by the distance matrix analysis and in-paralogs and sister paralog analysis are 
removed from the target sequence databases that will be used in a second round of searches. 

New flat files are generated for each selected gene containing only OTUs selected by the user for 

both nucleic acid and amino acid data. Each data-set will proceed through the following analysis 

steps separately. Multiple sequence alignments (MSAs) for each gene are created using MAFFT 

v7.215[73]. MSAs are trimmed of poorly aligned sections using trimAl v1.2 [74] using the 

“automated1” algorithm. Trimmed MSAs for each gene are concatenated into a single MSA. The 

maximum likelihood tree is found using RAxML v8.1.24 [75]. Fully constrained individual gene 

trees are now calculated using a tree based on the concatenated alignment tree, differing only in 

that OTUs present in the concatenated MSA that are not available for each individual gene MSA 
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have been pruned from the constraint tree (Figure 7b). By fully constraining the tree, the 

RAxML software is restricted to calculating branch lengths of the given MSA and constraint 

tree. 

Each constrained gene tree is analyzed separately to identify branch lengths that are 

anomalously long given the branch lengths that make up that tree. Unusually long branches are 

indicative of sequences that are highly incongruent with the given constraint tree, which could be 

due to contamination, horizontal gene transfer (HGT), or a paralogous sequence. To determine 

what constitutes an unusually long branch for a given set of branch lengths, an outlier analysis is 

performed using the Median Absolute Deviation (MAD): 

𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛( 𝑥- − 𝑚𝑒𝑑𝑖𝑎𝑛(𝑥-) )[76] 

A branch length is determined to be anomalously long in this analysis if the length is greater than 

a cut-off score equal to the median of all branch-lengths plus a multiplier of the MAD set by the 

user: 

𝐶𝑢𝑡𝑜𝑓𝑓 = 𝑚𝑒𝑑𝑖𝑎𝑛 𝑥- + 	𝑌 ∗ 𝑀𝐴𝐷(𝑥-) 

This multiplier variable (Y) is exposed to the user during script execution, with a default setting 

of seven. Therefore, in the default setting, a branch length must be greater than seven MADs 

above the median to be flagged as anomalously long. All leaves of an anomalous branch are 

counted as incongruent sequences. To avoid potentially using non-orthologous sequences in the 

second round of searches, this cut-off score has been set to a low stringency. Some true orthologs 

will likely be flagged as incongruent in an effort to build a set of query terms for which we have 

the highest confidence are orthologous. These hypothetical orthologous sequences will likely still 

be recovered during the second round of searches. 
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The analysis produces a list of sequences for each gene analyzed that are incongruent 

with the given tree. These sequences are denoted as having failed the test in the HTML report. 

These sequences will not be used in the creation of new query terms, HMMs, and HMM bitscore 

cut-offs used in the second round of searches. The analysis also produces a histogram of branch 

lengths with the cut-off score indicated (Figure 8a), and a gene tree with flagged sequences 

highlighted (Figure 8b) for each gene and linked from the HTML report. 

 

Figure 8 – Histogram and Cladogram of Long Branch Analysis 

The long branch analysis examines the branch lengths of each gene tree to flag sequences with anomalously long 
branches relative to the overall branch lengths in the given tree. (A) An example of the long branch analysis of the 
gene BUSCO 004338, branches indicated with grey backgrounds and dotted branches have been flagged as 
anomalously long. (B) The corresponding histogram of the gene tree branch lengths indicating in blue the median 
branch length and in red the cut-off branch length. Note that only a portion of the entire gene tree is pictured. 

3.2.4 Distance-Matrix Outlier Analysis 

To complement the previous test, which had low stringency, a second test is performed 

that will flag sequences with higher stringency. In this test pairwise distance matrices for each 

gene alignment are analyzed to identify anomalous pairwise distances, and thereby flag 

individual sequences (Figure 7b-c). 
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The previously generated trimmed MSAs for each gene are used by RAxML to generate pairwise 

distance matrices for each gene. Before pairwise distances between different genes can be 

compared the data must first be standardized. Distances are logarithmically normalized, and 

standardized using the median pairwise distance across orthologs to produce a standardized 

normalized distance score 𝐷=> defined as: 

𝐷=> = ln(
𝑆=>
𝑆=>

) 

where 𝑆=> is the individual pairwise distances and 𝑆=> is the median of all pairwise distances 

across putative orthologs. These normalized-standardized pairwise distances are produced 

similarly to methods used in alignment-free phylogenies and rate-based methods of identifying 

selective signatures [77,78].  

A modified Z-score, defined as: 

𝑀- =
0.6745(𝑥- − 𝑚𝑒𝑑𝑖𝑎𝑛 𝑥- )

𝑀𝐴𝐷 																				[76] 

with MAD denoting the median absolute deviation defined as: 

	𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛 𝑥- − 𝑚𝑒𝑑𝑖𝑎𝑛 𝑥- 																	[76] 

is then calculated as part of a standard outlier analysis on the transformed distances to identify 

pairwise distances that may include a non-orthologous sequence. A modified Z-score was used 

instead of a Z-score, as is the best practice when dealing with data containing a large number of 

expected outliers which will exert a greater influence on a mean than a median[76]. A modified 

Z-score greater than 3.5 is the standard threshold to be considered an outlier[76]. Since this only 

exposes pairwise distances that are outliers rather than determining which sequence is 

anomalous, a percentage score of outliers is calculated for each sequence. A cut-off percentage 

score can be configured by the user, but defaults to 25%. Therefore, if a sequence has more than 
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25% of its pairwise modified Z-scores flagged as outliers, the sequence will be flagged as non-

orthologous. A tree image is produced for each gene, highlighting sequences flagged as outliers 

(Figure 9) and linked from the HTML report.  

 

 

Figure 9 – Example of Distance Matrix Outlier Analysis Gene Tree 

In the distance matrix analysis, distance matrices for all genes are analyzed to identify sequences with a large 
number of anomalous pairwise distances. In this example of the gene BUSCO 004338, the anomalous sequences are 
displayed on a gene tree. Sequences with grey backgrounds and dotted branches have been identified as non-
orthologs by the distance matrix analysis. The numbers to the right of each flagged sequence are the percentage of 
pairwise distances for the given sequence that have modified z-scores greater than 3.5. Note that only a portion of 
the entire gene tree is pictured. 

This threshold is set to be highly stringent, only sequences with a large number of anomalous 

pairwise distance scores are flagged. Some non-orthologous sequences might not be flagged. The 

flagged sequences will not be used to generate query terms, and will also be removed from the 

target databases used in a second round of searches (Figure 7b-c). Since flagged sequences are 

Blastocystis_hominis_genome___rna5273|m.11147
Blastocystis_Group_of_uncharacterized_isolates_genome___rna4385|m.1638
Blastocystis_sp_ST4_genome___rna4385|m.5698

Cafeteria_sp___c16416_g2_i1|m.61474
Cafeteria_roenbergensis___c14944_g1_i1|m.31732

Bicosoecid_sp___c10505_g2_i1|m.16673
Aplanochytrium_sp___c6458_g1_i1|m.4805 81.75

Aplanochytrium_stocchinoi___c15638_g1_i1|m.16673
Stramenopile_sp_NY07348D___c2434_g1_i1|m.4048
Thraustochytrium_sp___c8063_g1_i1|m.14897
Schizochytrium_aggregatum___c11812_g1_i1|m.30544

Aurantiochytrium_limacinum___c2936_g1_i1|m.4352
Aphanomyces_astaci_genome___rna9054|m.34071
Aphanomyces_invadans_genome___rna12662|m.52239
Saprolegnia_parasitica_genome___rna5752|m.22577
Saprolegnia_diclina_genome___rna7072|m.27995
Plasmopara_halstedii_genome___rna3827|m.7418
Phytophthora_infestans_genome___rna11677|m.19977
Phytophthora_parasitica_genome___rna19516|m.39373
Phytophthora_nicotianae_genome___rna9392|m.18192
Phytophthora_sojae_genome___rna24524|m.53880
Chattonella_subsalsa___c23769_g2_i1|m.20231
Heterosigma_akashiwo_NB___c50905_g1_i1|m.78220
Heterosigma_akashiwo_CCMP3107___c37909_g7_i2|m.30483
Heterosigma_akashiwo_CCMP2393___c37151_g1_i1|m.39538

Vaucheria_litorea___c24857_g1_i2|m.21461 82.48
Ectocarpus_siliculosus_genome___rna10551|m.49115 83.94

Synchroma_pusillum___c13871_g1_i1|m.39832
Ochromonas_sp_CCMP1899___c4251_g1_i1|m.2594

Chromulina_nebulosa___c12171_g1_i1|m.13586
Skeletonema_marinoi_skelA___c26214_g2_i1|m.41419
Dinobryon_sp___c9686_g1_i1|m.31225
Ochromonas_sp_BG1___c12032_g3_i1|m.19195
Pedinellales_sp_CCMP2098___c23126_g1_i1|m.22237
Ochromonas_sp_CCMP1393___c9525_g1_i1|m.22562
Paraphysomonas_Imperforata___c11590_g1_i1|m.44255
Paraphysomonas_vestita___c12507_g5_i1|m.10982
Paraphysomonas_bandaiensis___c16438_g1_i1|m.34244
Mallomonas_sp___c21889_g2_i2|m.26018

Phaeomonas_parva___c17827_g1_i1|m.58776
Pinguiococcus_pyrenoidosus___c8608_g3_i3|m.64654

Pelagophyceae_sp_CCMP2097___c13120_g2_i1|m.61161
Aureococcus_anophagefferens_genome___rna9508|m.36421
Aureococcus_anophagefferens___c18846_g1_i6|m.109089
Pelagophyceae_sp_RCC1024___c17235_g1_i16|m.52649
Pelagococcus_subviridis___c16973_g1_i6|m.88658
Pelagomonas_calceolata_CCMP1756___c8811_g1_i10|m.47452
Pelagomonas_calceolata_RCC969___c14474_g1_i3|m.38697

Chrysocystis_fragilis___c10826_g1_i1|m.24304
Aureoumbra_lagunensis___c2994_g1_i1|m.4347

Chrysoreinhardia_sp_CCMP3193___c7248_g2_i5|m.31059 81.75
Chrysoreinhardia_sp_CCMP2950___c12233_g1_i2|m.51309 83.94
Florenciella_parvula_CCMP2471___c17919_g1_i1|m.71711 82.48

Dictyocha_speculum___c19786_g1_i1|m.7804
Rhizochromulina_marina___c22080_g1_i1|m.67305
Pteridomonas_danica___c21358_g4_i1|m.59103
Pseudopedinella_elastica___c36531_g1_i1|m.46519

Bolidomonas_sp_RCC2347___c12999_g2_i1|m.22197
Bolidomonas_pacifica_RCC208___c6155_g1_i1|m.8905 82.48
Bolidomonas_sp_RCC1657___c17600_g1_i1|m.40537 81.02

Bolidomonas_pacifica_CCMP1866___c818_g1_i1|m.1172
Corethron_pennatum___c30642_g2_i1|m.116448
Corethron_hystrix___c14353_g1_i2|m.41516

Leptocylindrus_danicus_var_apora___c610_g1_i1|m.592 81.02
Leptocylindrus_danicus___c9041_g2_i1|m.12885
Leptocylindrus_danicus_var_danicus___c12346_g1_i1|m.10425
Aulacoseira_subarctica___c9832_g3_i1|m.22310

Stephanopyxis_turris___c40542_g1_i1|m.36365 54.01
Proboscia_inermis___c25966_g1_i1|m.34338
Proboscia_alata___c22991_g1_i1|m.57710
Rhizosolenia_setigera___c8857_g1_i1|m.6203
Coscinodiscus_wailesii___c9864_g1_i1|m.4688
Eucampia_antarctica___c19137_g3_i2|m.9569
Dactyliosolen_fragilissimus___c9283_g1_i1|m.16432

Chaetoceros_neogracile___c14561_g1_i1|m.21401 81.02
Chaetoceros_affinis___c11987_g1_i1|m.14060
Chaetoceros_debilis___c1859_g1_i1|m.2037
Chaetoceros_sp_GSL56___c7779_g1_i1|m.25747

Chaetoceros_cf_neogracile___c1442_g1_i1|m.1622 81.02
Minutocellus_polymorphus_NH13___c8871_g1_i1|m.19672
Minutocellus_polymorphus_RCC2270___c15372_g7_i1|m.45784
Odontella_aurita___c23015_g1_i1|m.75690
Odontella_Sinensis___c16032_g4_i1|m.13144

Thalassiosira_weissflogii_CCMP1336___c10669_g1_i4|m.35557
Cyclotella_meneghiniana___c7120_g1_i4|m.16023 81.75

Thalassiosira_pseudonana_genome___rna463|m.839
Thalassiosira_sp_FW___c9791_g1_i2|m.31482

Skeletonema_marinoi_FE7___c14705_g1_i1|m.26055 81.02
Skeletonema_marinoi_FE60___c13359_g2_i1|m.18295 79.56

Skeletonema_marinoi_SM1012Den03___c11300_g1_i3|m.23712
Skeletonema_costatum___c12713_g1_i1|m.27595
Skeletonema_marinoi_UNC1201___c10424_g2_i1|m.9248
Skeletonema_dohrnii___c9413_g2_i1|m.7582
Skeletonema_marinoi_SM1012Hels07___c8545_g1_i2|m.14186
Skeletonema_japonicum___c11082_g1_i1|m.17020
Skeletonema_grethea___c8516_g3_i1|m.5769
Skeletonema_menzelii___c10643_g1_i1|m.28877

Thalassiosira_oceanica_genome___rna27937|m.54391 81.75
Thalassiosira_oceanica___c10769_g1_i1|m.29728
Thalassiosira_sp_NH16___c12711_g2_i1|m.37142
Detonula_confervacea___c9775_g1_i1|m.19459
Thalassiosira_miniscula___c28544_g1_i1|m.11971
Thalassiosira_antarctica___c15859_g1_i1|m.20039
Thalassiosira_punctigera___c27410_g1_i1|m.84054

Thalassiosira_rotula_CCMP3096___c12832_g2_i1|m.31341
Thalassiosira_rotula_GSO102___c13275_g3_i1|m.18216

Thalassiosira_gravida___c10726_g1_i1|m.13744 81.02
Ditylum_brightwellii_GSO104___c22934_g1_i1|m.39792
Ditylum_brightwellii_Pop1_SS4___c7999_g4_i1|m.7773
Ditylum_brightwellii_Pop2_SS10___c11027_g1_i1|m.12681

Ditylum_brightwellii_GSO105___c15639_g1_i2|m.26912 78.10
Attheya_septentrionalis___c12600_g1_i1|m.34785 80.29

Asterionellopsis_glacialis___c22647_g1_i1|m.24719
Asterionellopsis_glacialis_unknown___c14434_g1_i1|m.15620
Asterionellopsis_glacialis_CCMP1581___c13526_g2_i1|m.19670

Staurosira_complex_sp___c8681_g3_i1|m.11720
Grammatophora_oceanica___c30869_g4_i1|m.33529 81.02

Licmophora_paradoxa___c20395_g2_i2|m.33034
Synedropsis_recta_cf___c16938_g1_i2|m.20275 81.02

Thalassionema_nitzschioides_L26B___c10130_g1_i1|m.15269
Thalassionema_frauenfeldii___c2126_g2_i1|m.2908
Thalassiothrix_antarctica___c18788_g2_i1|m.26788
Cylindrotheca_closterium___c849_g1_i1|m.1036
Nitzschia_sp___c13953_g1_i2|m.55074
Nitzschia_punctata___c9428_g1_i1|m.12583
Fragilariopsis_kerguelensis_L2_C3___c15680_g1_i2|m.4002
Pseudonitzschia_australis___c3456_g1_i1|m.4797
Pseudonitzschia_pungens_cf_cingulata___c8731_g1_i2|m.18360
Pseudonitzschia_pungens_cf_pungens___c12553_g1_i3|m.32803
Pseudonitzschia_fraudulenta___c89578_g1_i1|m.100950
Pseudonitzschia_heimii___c7135_g1_i1|m.13623
Pseudonitzschia_delicatissima_UNC1205___c11397_g3_i1|m.21224
Pseudonitzschia_delicatissima___c4720_g1_i1|m.8013
Pseudonitzschia_arenysensis___c12457_g1_i1|m.28825

Phaeodactylum_tricornutum_genome___rna2740|m.5392
Amphiprora_sp___c13196_g1_i1|m.69042
Amphiprora_paludosa___c16725_g1_i1|m.51568

0.25
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removed from the further analysis and consideration, only those sequences with strong evidence 

of non-orthology should be flagged. 

3.2.5 In-paralog and Sister Paralog Search 

In the previous two tests only the top hits, as ranked by HMMsearch bitscore, were 

tested. In this test, the non-top hits are also evaluated. The purpose of this test is to filter the 

target sequence databases, to be used in a second round of searches, of sequences that are in-

paralogs or sister to the high confidence non-orthologous sequences flagged by the previously 

discussed high stringency distance matrix outlier analysis. This step is crucial to the final 

analysis that will evaluate the proper functioning of the pipeline for each gene under 

consideration. This final analysis makes use of statistics including the average number of total 

hits per OTU.  

The previously generated trimmed MSAs are used to find gene trees using RAxML. For 

each gene, each species with multiple hits individually has the additional sequences added to the 

previously generated MSA using the –add feature of MAFFT. These new MSAs are then used to 

find new gene trees using the previously generated gene trees as a constraint tree to determine 

the placement of the new sequences in the gene tree. Each of these new gene trees is analyzed to 

identify in-paralogs. The sequence with the shortest branch length from a set of in-paralogs is 

retained and the longer branching sequences are flagged for removal from the target database. 

Remaining sequences are then tested to see if they are sister to a non-orthologous sequence 

identified by the high stringency distance matrix outlier analysis (see Chapter 3.2.4). Sequences 

sister to a putatively non-orthologous sequence are also flagged for removal from the target 

database. Gene tree images for each gene and each species with non-top hits are produced 

indicating which sequences were checked, and which sequences were flagged by this test as well 
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as the distance-matrix outlier analysis (Figure 10). These tree images are linked from the HTML 

report. 

 

Figure 10 – Example In-Paralog and Sister-Paralog Analysis 

In the in-paralog and sister-paralog analysis non-top hits are checked one species at a time. In this example from the 
gene BUSCO 004338 for the species Pelagomonas_calceolata_RCC969, four sequences are evaluated (in red and 
blue). Sequences flagged by the distance matrix outlier analysis are marked in grey.  Sequences checked are 
indicated in blue, unless flagged for removal, then they are flagged in red. Sequences are flagged for removal if they 
are in-paralogs or if they are sister to sequences marked by the distance matrix analysis as non-orthologs. The 
sequence with the shortest branch length from a set of in-paralogs is retained. In this example one sequence was 
marked as paralogous since it was sister to sequences flagged by the distance matrix analysis. Two more sequences 
were flagged as being in-paralogs. In the end only a single sequence from this species will be retained. Note that 
only a portion of the entire gene tree is pictured. 

3.2.6 Preparing Inputs for Second Round of Sequence Searches 

Prior to starting a second round of searches, the output from the previously described 

tests is used to generate both new query terms and new filtered target databases. New target 

databases are generated by removing sequences identified by the distance matrix analysis and the 

Cafeteria_roenbergensis___c14944_g1_i1|m.31732

Bicosoecid_sp___c10505_g2_i1|m.16673

Cafeteria_sp___c16416_g2_i1|m.61474

Blastocystis_hominis_genome___rna5273|m.11147

Blastocystis_sp_ST4_genome___rna4385|m.5698

Blastocystis_Group_of_uncharacterized_isolates_genome___rna4385|m.1638

Aplanochytrium_stocchinoi___c15638_g1_i1|m.16673

Aurantiochytrium_limacinum___c2936_g1_i1|m.4352

Schizochytrium_aggregatum___c11812_g1_i1|m.30544

Thraustochytrium_sp___c8063_g1_i1|m.14897

Stramenopile_sp_NY07348D___c2434_g1_i1|m.4048

Plasmopara_halstedii_genome___rna3827|m.7418

Phytophthora_sojae_genome___rna24524|m.53880

Phytophthora_nicotianae_genome___rna9392|m.18192

Phytophthora_parasitica_genome___rna19516|m.39373

Phytophthora_infestans_genome___rna11677|m.19977

Aphanomyces_invadans_genome___rna12662|m.52239

Aphanomyces_astaci_genome___rna9054|m.34071

Saprolegnia_diclina_genome___rna7072|m.27995

Saprolegnia_parasitica_genome___rna5752|m.22577

Paraphysomonas_Imperforata___c11590_g1_i1|m.44255

Paraphysomonas_bandaiensis___c16438_g1_i1|m.34244

Paraphysomonas_vestita___c12507_g5_i1|m.10982

Chromulina_nebulosa___c12171_g1_i1|m.13586

Ochromonas_sp_CCMP1899___c4251_g1_i1|m.2594

Ochromonas_sp_CCMP1393___c9525_g1_i1|m.22562

Pedinellales_sp_CCMP2098___c23126_g1_i1|m.22237

Skeletonema_marinoi_skelA___c26214_g2_i1|m.41419

Dinobryon_sp___c9686_g1_i1|m.31225

Ochromonas_sp_BG1___c12032_g3_i1|m.19195

Mallomonas_sp___c21889_g2_i2|m.26018

Synchroma_pusillum___c13871_g1_i1|m.39832

Heterosigma_akashiwo_CCMP2393___c37151_g1_i1|m.39538

Heterosigma_akashiwo_NB___c50905_g1_i1|m.78220

Heterosigma_akashiwo_CCMP3107___c37909_g7_i2|m.30483

Chattonella_subsalsa___c23769_g2_i1|m.20231

Pinguiococcus_pyrenoidosus___c8608_g3_i3|m.64654

Phaeomonas_parva___c17827_g1_i1|m.58776

Rhizochromulina_marina___c22080_g1_i1|m.67305

Dictyocha_speculum___c19786_g1_i1|m.7804

Pseudopedinella_elastica___c36531_g1_i1|m.46519

Pteridomonas_danica___c21358_g4_i1|m.59103

Aplanochytrium_sp___c6458_g1_i1|m.4805

Chrysoreinhardia_sp_CCMP2950___c12233_g1_i2|m.51309

Pelagomonas_calceolata_RCC969___c13609_g1_i2|m.31350

Chrysoreinhardia_sp_CCMP3193___c7248_g2_i5|m.31059

Vaucheria_litorea___c24857_g1_i2|m.21461

Ectocarpus_siliculosus_genome___rna10551|m.49115

Florenciella_parvula_CCMP2471___c17919_g1_i1|m.71711

Bolidomonas_sp_RCC1657___c17600_g1_i1|m.40537

Bolidomonas_pacifica_RCC208___c6155_g1_i1|m.8905

Leptocylindrus_danicus_var_apora___c610_g1_i1|m.592

Cyclotella_meneghiniana___c7120_g1_i4|m.16023

Skeletonema_marinoi_FE60___c13359_g2_i1|m.18295

Skeletonema_marinoi_FE7___c14705_g1_i1|m.26055

Thalassiosira_oceanica_genome___rna27937|m.54391

Thalassiosira_gravida___c10726_g1_i1|m.13744

Grammatophora_oceanica___c30869_g4_i1|m.33529

Synedropsis_recta_cf___c16938_g1_i2|m.20275

Chaetoceros_cf_neogracile___c1442_g1_i1|m.1622

Chaetoceros_neogracile___c14561_g1_i1|m.21401

Ditylum_brightwellii_GSO105___c15639_g1_i2|m.26912

Stephanopyxis_turris___c40542_g1_i1|m.36365

Attheya_septentrionalis___c12600_g1_i1|m.34785

Aureococcus_anophagefferens_genome___rna9508|m.36421

Aureococcus_anophagefferens___c18846_g1_i6|m.109089

Pelagophyceae_sp_RCC1024___c17235_g1_i16|m.52649

Pelagococcus_subviridis___c16973_g1_i6|m.88658

Pelagomonas_calceolata_CCMP1756___c8811_g1_i10|m.47452

Pelagomonas_calceolata_RCC969___c14474_g1_i1|m.38691

Pelagomonas_calceolata_RCC969___c14474_g1_i19|m.38729

Pelagomonas_calceolata_RCC969___c14474_g1_i3|m.38697

Pelagophyceae_sp_CCMP2097___c13120_g2_i1|m.61161

Chrysocystis_fragilis___c10826_g1_i1|m.24304

Aureoumbra_lagunensis___c2994_g1_i1|m.4347

Bolidomonas_pacifica_CCMP1866___c818_g1_i1|m.1172

Bolidomonas_sp_RCC2347___c12999_g2_i1|m.22197

Corethron_pennatum___c30642_g2_i1|m.116448

Corethron_hystrix___c14353_g1_i2|m.41516

Leptocylindrus_danicus_var_danicus___c12346_g1_i1|m.10425

Leptocylindrus_danicus___c9041_g2_i1|m.12885

Coscinodiscus_wailesii___c9864_g1_i1|m.4688

Aulacoseira_subarctica___c9832_g3_i1|m.22310

Proboscia_inermis___c25966_g1_i1|m.34338

Proboscia_alata___c22991_g1_i1|m.57710

Rhizosolenia_setigera___c8857_g1_i1|m.6203

Minutocellus_polymorphus_NH13___c8871_g1_i1|m.19672

Minutocellus_polymorphus_RCC2270___c15372_g7_i1|m.45784

Odontella_Sinensis___c16032_g4_i1|m.13144

Odontella_aurita___c23015_g1_i1|m.75690

Eucampia_antarctica___c19137_g3_i2|m.9569

Dactyliosolen_fragilissimus___c9283_g1_i1|m.16432

Chaetoceros_sp_GSL56___c7779_g1_i1|m.25747

Chaetoceros_debilis___c1859_g1_i1|m.2037

Chaetoceros_affinis___c11987_g1_i1|m.14060

Thalassiosira_weissflogii_CCMP1336___c10669_g1_i4|m.35557

Thalassiosira_pseudonana_genome___rna463|m.839

Thalassiosira_sp_FW___c9791_g1_i2|m.31482

Thalassiosira_punctigera___c27410_g1_i1|m.84054

Thalassiosira_rotula_GSO102___c13275_g3_i1|m.18216

Thalassiosira_rotula_CCMP3096___c12832_g2_i1|m.31341

Thalassiosira_antarctica___c15859_g1_i1|m.20039

Thalassiosira_miniscula___c28544_g1_i1|m.11971

Thalassiosira_sp_NH16___c12711_g2_i1|m.37142

Detonula_confervacea___c9775_g1_i1|m.19459

Thalassiosira_oceanica___c10769_g1_i1|m.29728

Skeletonema_grethea___c8516_g3_i1|m.5769

Skeletonema_japonicum___c11082_g1_i1|m.17020

Skeletonema_marinoi_UNC1201___c10424_g2_i1|m.9248

Skeletonema_marinoi_SM1012Den03___c11300_g1_i3|m.23712

Skeletonema_marinoi_SM1012Hels07___c8545_g1_i2|m.14186

Skeletonema_costatum___c12713_g1_i1|m.27595

Skeletonema_dohrnii___c9413_g2_i1|m.7582

Skeletonema_menzelii___c10643_g1_i1|m.28877

Ditylum_brightwellii_Pop2_SS10___c11027_g1_i1|m.12681

Ditylum_brightwellii_Pop1_SS4___c7999_g4_i1|m.7773

Ditylum_brightwellii_GSO104___c22934_g1_i1|m.39792

Asterionellopsis_glacialis___c22647_g1_i1|m.24719

Asterionellopsis_glacialis_unknown___c14434_g1_i1|m.15620

Asterionellopsis_glacialis_CCMP1581___c13526_g2_i1|m.19670

Licmophora_paradoxa___c20395_g2_i2|m.33034

Thalassionema_frauenfeldii___c2126_g2_i1|m.2908

Thalassionema_nitzschioides_L26B___c10130_g1_i1|m.15269

Thalassiothrix_antarctica___c18788_g2_i1|m.26788

Staurosira_complex_sp___c8681_g3_i1|m.11720

Cylindrotheca_closterium___c849_g1_i1|m.1036

Nitzschia_sp___c13953_g1_i2|m.55074

Nitzschia_punctata___c9428_g1_i1|m.12583

Fragilariopsis_kerguelensis_L2_C3___c15680_g1_i2|m.4002

Pseudonitzschia_fraudulenta___c89578_g1_i1|m.100950

Pseudonitzschia_australis___c3456_g1_i1|m.4797

Pseudonitzschia_pungens_cf_cingulata___c8731_g1_i2|m.18360

Pseudonitzschia_pungens_cf_pungens___c12553_g1_i3|m.32803

Pseudonitzschia_delicatissima_UNC1205___c11397_g3_i1|m.21224

Pseudonitzschia_delicatissima___c4720_g1_i1|m.8013

Pseudonitzschia_arenysensis___c12457_g1_i1|m.28825

Pseudonitzschia_heimii___c7135_g1_i1|m.13623

Phaeodactylum_tricornutum_genome___rna2740|m.5392

Amphiprora_sp___c13196_g1_i1|m.69042

Amphiprora_paludosa___c16725_g1_i1|m.51568

0.25
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in-paralog and sister paralog analysis, from the original target databases. Sequences identified 

solely by the long branch outlier analysis will not be removed from target databases, but will not 

be used as query terms. Query terms should represent the set of sequences with the highest 

confidence of being orthologs. Only sequences passing all three tests are gathered into FASTA 

files for each gene, and HMMs and cut-off scores are calculated as previously described (see 

Chapter 3.2.2). The user can then execute a second round of searches that uses the newly 

generated query terms and filtered databases as input instead of the inputs used for the first round 

of searches. 

3.2.7 Tests of Second Round of Searches  

Following the second round of searches the user is presented with a comma-separated file 

with a new coverage table and a command that will initiate a final series of tests to determine 

which genes should be used for the final phylogenetic tree finding. The central questions 

addressed in these tests is whether the pipeline can identify a single putative ortholog for each 

OTU. If the pipeline is unable to find sequences for many of the taxa, finds multiple sequences 

for each OTU, or finds sequences that are still flagged as non-orthologous by the high stringency 

distance matrix and in-paralog analyses then the hits for the given gene should not be considered 

orthologous and should not be used as phylogenetic markers. 

The checks start by running the distance matrix outlier analysis and the in-paralog and 

sister paralog analysis (see Chapters 3.2.4 and 3.2.5 respectively). The first test checks the 

percentage of OTUs remaining for each gene relative to the total number of OTUs selected by 

the user for inclusion in the analysis. After sequences identified by the distance matrix outlier 

analysis and in-paralog and sister paralog analysis have been removed, more than 75% of the 

OTUs must still be present to pass this test. Next the number of non-top hits are counted and an 
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average hits per OTU is calculated. A gene must have fewer than 1.1 hits per OTU to pass this 

test. Lastly the percentage of top hits flagged by the distance matrix outlier analysis and in-

paralog and sister paralog analysis must be below 15%. It is possible for the user to set these 

cutoffs to values of even greater stringency. The highest stringency would be 100% of the OTUs 

present, 1.0 hits per OTU, and zero sequences should be flagged by the high stringency distance 

matrix analysis and in-paralog analysis. A new gene list is written and a command prompt is 

presented to the user to generate new alignments for tree finding using both the new gene list and 

excluding sequences flagged by the tests. 

3.2.8 Preparation of Input Sequences for Case Study 

Sequences for the case study came from two sources: (1) genomic assemblies and 

annotations deposited in The National Center for Biotechnology Information (NCBI), and (2) 

Illumina RNA reads from The Marine Microbial Eukaryote Transcriptome Sequences Project 

(MMETSP)[79] (Table 1). 

Amino acid sequences and corresponding nucleic acid sequences were prepared for the 

genomic assemblies by extracting open-reading frames (ORFs) using the corresponding 

annotation file and the gffread utility provided in the Cufflinks package v2.2.1 and translating the 

ORFs using the TransDecoder v2.1.0 utility [80,81]. While many Stramenopile genome 

assemblies are available via NCBI, only those with annotations sufficient to extract ORFs were 

used in this case study.  

Amino acid and corresponding nucleic acid sequences were prepared by assembling raw 

Illumina reads provided by the MMETSP. Prior to assembly, Illumina reads from the same 

species isolate were concatenated, then trimmed of sequencing adaptors and low quality 

sequences using the BBDuk package (09/2014) using a kmer size of 25 and trim quality cutoff of 



 43 

10. The trimmed reads were then assembled using Trinity (version 2014 07 17), and ORFs were 

found using TransDecoder v2.1.0[79,81].  

Each OTU was named according to standard binomial nomenclature, as provided by the 

submitter, plus an additional strain name when needed to differentiate between strains of the 

same species. Four taxa submitted to MMETSP contained either no identification beyond 

placement among Stramenopiles (one species), or placement only to the level of Order (three 

species). These taxa were given binomial names indicative of their lowest identified taxonomic 

level in order to have unique identification in the binomial structure expected by the pipeline. 

3.3 Results and Discussion 

3.3.1 Case Study Input 

An example analysis utilizing publicly available data was used to demonstrate the 

function and utility of the pipeline described here. One hundred sixty-four datasets comprised of 

142 transcriptomic and 22 genomic data sets representing 127 species, 13 classes, and 43 orders 

across Stramenopiles (Supplemental Table 1) were analyzed to determine the phylogenetic 

affinity of seven taxa whose placement was uncertain (Table 1). It is worth noting that taxon 

sampling is poor amongst the Phaeista, Pseudofungi, and Bigyra. 

Three of the unknown taxa, Ochromonas_sp_CCMP1899, Ochromonas_sp_CCMP1393, 

Ochromonas_sp_BG1, had been provisionally identified to the level of Genus, another three 

taxa, Pelagophyceae_sp_CCMP2097, Pelagophyceae_sp_RCC1024, 

Pedinellales_sp_CCMP2098, had predicted taxonomic placement to the level of Order, one 

taxon, Stramenopile_sp_NY07348D, had only been identified as a Stramenopile.   
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Library	ID	 Strain	 Name	 Phylum	 Class	 Order	

MMETSP0198,9	 LLF1b	 Thraustochytrium_sp	 Bigyra	 Labyrinthulea	 Thraustochytriida		

MMETSP1105	 BG1	 Ochromonas_sp_BG1	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

MMETSP0004,5	 CCMP1393	 Ochromonas_sp_CCMP1393	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

MMETSP1177	 CCMP1899	 Ochromonas_sp_CCMP1899	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

MMETSP0990-3	 CCMP2098	 Pedinellales_sp_CCMP2098	 Ochrophyta	 Dictyochophyceae	 Pedinellales	

MMETSP0974-7	 CCMP2097	 Pelagophyceae_sp_CCMP2097	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

MMETSP1329	 RCC1024	 Pelagophyceae_sp_RCC1024	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

MMETSP1433	 NY07348D	 Stramenopile_sp_NY07348D	 		 		 		

Table 1 – Species with uncertain identification. 

Table of the seven taxa of uncertain phylogenetic placement. All unknown taxa were assembled from raw reads 
generated by the Marine Microbial Eukaryote Transcriptomic Sequencing Project (MMETSP).  

3.3.2 Case Study Statistics 

The pipeline was executed using the 164 transcriptomic and genomic data sets according 

to the default settings. The initial round of searches involved 495,116 uBLAST searches, 

yielding 342,535 unique hits. 88,261 of those hits passed the hmmsearch bitscore cut-off test, of 

which 68,642 were top hits leaving another 19,619 non-top hits. Upon completion of the first 

round of searches, the gene coverage table was manually reviewed and genes and species were 

successively culled until a final set of genes and species were selected in which 70% of the genes 

were found for each species and 70% of the species were present for each gene. This selection 

process yielded 150 OTUs of the original 164 analyzed and 387 genes of the original 603 to go 

forward in the pipeline.  

New query terms for the second round of searches were produced from a set of 45,992 

sequences, averaging 119 sequences per gene. Distance matrix outlier analysis identified 165 

sequences for removal from the target databases. An additional 8,526 sequences were removed 
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from these databases based on the results of the in-paralog and sister paralog analysis. This 

amounted to 9.8% of the total hits after hmmsearch bitscore cut-off score screening. The second 

round of searches involved 6,898,800 uBLAST searches, yielding 378,821 unique hits, 60,846 of 

which passed the cut-off score test, for a total of 54,132 top hits and 6,714 non-top hits. Upon 

completion of the second round of searches the coverage table was again screened to produce a 

set of genes and species with very few data gaps. This produced a set of 150 species with at least 

70% of genes present and 377 genes with at least 70% of the species present. The distance matrix 

analysis performed as part of the final tests revealed 85 putative paralogs, while the in-paralog 

analysis identified 920 putative paralogs. Following the final tests (see Chapter 3.2.7), a set of 

373 genes were selected to find the final trees. 

3.3.3 Case Study Phylogenetics 

The Maximum-Likelihood (ML) trees generated by the long-branch outlier analysis 

provide an early look at how the pipeline is performing prior to any screening. The amino acid 

and nucleic acid trees are nearly identical (Supplemental Figure 1 and Supplemental Figure 2), 

differing largely in the branch order among Cafeteria sp., Cafeteria roenbergensis, and Biscoid 

sp., and the placement of a clade containing the Cymatosirales and Triceratiales. All unknown 

OTUs of interest have been placed in identical locations on both trees with bootstrap support 

greater than 80% in all cases. The three Ochromonas species were placed into a clade comprised 

of the genera Ochromonas, Chromulina, Dinobryon, Paraphysomonas, and Mallomonas, but not 

sister to one another. This clade contained another of the unknown species, 

Pedinellales_sp_CCMP2098. The two unknown Pelagophyceae species, 

Pelagophyceae_sp_CCMP2097 and Pelagophyceae_sp_RCC1024, were both found within the 

Pelagomonadales, but not sister to one another. Pelagophyceae_sp_CCMP2097 is placed basally 
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to the other Pelagomonadales, comprised of the genera Aureococcus and Pelagomonas. 

Pelagophyceae_sp_RCC1024 is sister to a clade comprised of the genus Pelagomonas. All 

bootstrap values within the Pelagomonadales are 100% for both the nucleic acid and amino acid 

trees. Lastly, the OTU identified as Stramenopile_sp_NY07348D was placed with 100% 

bootstrap support among the Thraustochytriida in both trees. One OTU, 

Skeletonema_marinoi_skelA was placed in an unexpected place with 90% bootstrap support in 

the amino acid tree and 100% bootstrap support in the nucleic acid tree. This OTU is found 

amongst the Ochromonadales rather than with the ten other members of its genus which form a 

distinct clade. It is worth noting that at this point in the pipeline non-orthologous sequences, 

including contaminant sequences, have not yet been screened. 
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Final phylogenetic analyses produce amino acid and nucleic acid trees nearly identical to the trees found after 
the first round of searches (Figure 11 and 
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Figure 12). The Cymatosirales and Triceratiales form a monophyletic group in both 

trees, matching the topology of the pre- screening amino acid tree. The phylogenetic placement 

of the unknown species only changed in subtle ways. The biggest changes are amongst the 

Ochromonas spp. and Pedinellales_sp_CCMP2098.  Pedinellales_sp_CCMP2098 is the earliest 

branch of a clade comprising the Ochromonas, Dinobryon, Chromulina, Paraphysomonas, and 

Mallmonas. The unknown species of Ochromonas form a clade with Dinobryon and 

Chromulina. The anomalous placement of Skeletonema_marinoi_skelA changed dramatically. In 

the final trees it is placed on a long branch among the other members of its genus. This change 

could be attributed to the removal of contaminant sequences during the screening. Bootstrap 

values across both trees worsened, most notably among the unknown Ochromonas, as well as in 

branches separating the non-monophyletic Marista and Limnista clades. 

The Phaeista are paraphyletic, as are the Marista, and Limnista contained within it. The Marista 

are split amongst two clades, one comprising the Alophycidae, and another uniting the poorly 

sampled Raphidophyceae, Phaeophyceae, and Xanthophycaea. The placement of the 

Pingulophycidae differs between the nucleic acid and amino acid trees; placed at the base of the 

Limnista in the amino acid tree and at the base of the Marista in the nucleic acid tree. The 

Limnista are also split amongst two clades. One clade comprised of Ochromonas, Chromulina, 

Dinobryon, Paraphysomonas, and Mallmonas, and another comprised of Pedinellales, 

Florenciellales, and Rhizosoleniales. Poor bootstrap support at critical branches underlying these 

groups casts doubt on the accuracy of this topology, and it is notable that this is one of the areas 

with the poorest taxon sampling in this data-set.  
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Figure 11 – Stramenopile Nucleic Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using GTR substitution matrix with gamma correction and 100 bootstraps. 
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Figure 11 - Continued 
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Figure 12 – Stramenopile Amino Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using automatic selection of a substitution matrix with gamma correction 
and 100 bootstraps. 
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Figure 12 - Continued  
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3.4 Conclusions 

The scripts and algorithms developed for this pipeline will be useful, either individually or 

in concert as part of the intended pipeline, to researchers interested in ortholog identification and 

phylogenetic analysis in cases where deep sequencing data is available for a large number of 

related species. The use of preliminary sequences from large number of deeply sequences taxa 

identified using traditional ortholog discovery methods to generate statistics to refine the 

identification of orthologs will be particularly useful in cases where complex gene families or 

contaminating sequences are expected to be present. The distance matrix outlier analysis in 

particular, may lend itself to more uses than applied by this pipeline, as it is a rapid taxonomy-

agnostic method of identifying anomalous sequences in a set of amino acid or nucleic acid 

sequences.  

This pipeline greatly improves the identification of orthologs in groups with deep 

divergence times or complex gene families that may hamper traditional ortholog clustering 

techniques. While many phylogenetic pipelines have been made available that utilize deep 

sequencing data [69,70,82], my pipeline is novel in that it leverages statistical analyses of all 

clusters under scrutiny to provide an additional layer of information beyond pairwise 

comparisons of single target and query sequences or target to sequence models. Because the 

pipeline is so dependent on deep sequencing of multiple related species, it fails to provide 

benefits beyond traditional ortholog clustering when taxon sampling is sparse. This failing is 

particularly noticeable among the Bigyra, where sparse taxon sampling has resulted in long 

branches uniting OTUs. Without broad taxon sampling, the pipeline is only a modest 

improvement over traditional forms of ortholog detection. Further, since the distance matrix 

analysis makes use of data from all sequences identified by the initial ortholog search, the 



 54 

analysis could be greatly improved with the addition of more gene queries. Since the CEGMA 

and BUSCO query terms were generated as conserved clusters across all eukaryotes, there are 

likely additional clusters that may be specific to the lineages under consideration. The addition of 

lineage specific clusters would increase the depth of data under analysis and thereby improve the 

statistical analysis underlying the distance matrix analysis and thus improve the overall 

functioning of the pipeline. 

3.5 Availability of supporting data 

All transcriptomic data can be found at the iMicrobe website under MMETSP 

(http://data.imicrobe.us/project/view/104). Genomic assemblies were downloaded from Genbank 

or JGI as indicated in Supplemental Table 1. Scripts developed for this pipeline, and detailed 

documentation can be found at the following github repository: 

https://github.com/mendezg/DATOL.  
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4 Application of a New Ortholog Detection Pipeline to the Discovery 

of Phylogenetic Markers in Dinoflagellates 

4.1 Introduction 

Dinoflagellates are an important group of microorganisms whose members take on trophic 

roles as diverse as primary produces, predators, and parasites, and even directly affect human 

health in the form of harmful algal blooms. They are a large diverse group of organisms, 

estimated to number 11,000 species[83]. In marine systems they make up the most abundant 

group below 5µm, and the most species rich group below 180µm[84]. Taylor’s 1987 synthesis of 

phylogenetic and morphological data, identifies six major groups: Gymnodinales, Peridinales, 

Suessiales, Gonyaulacales, Prorocentrales, and Dinophysiales[23]. These initial six clades of 

dinoflagellates described by Taylor[23] all unambiguously exhibit a dinokaryon, permanently 

condensed chromosomes lacking nucleosomes, and make up the dinophyceae. Later analyses by 

Taylor [24] and Fensome[25], added the Syndinales and Noctilucales, which were thought to 

lack a dinokaryon all the time or only part of the time (respectively). Study of the Syndinales 

species Amoebophrya would later revise this understanding when a dinokaryon was observed 

during specific times during its life cycle[26]. While the Syndinales and Noctilucales are 

considered members of dinokaryota, their cryptic expression of the dinokaryon has placed them 

outside of the dinophyceae in syntheses of phylogenetic and morphological data[24,27]. 

Unfortunately, the Noctilucales and Syndinales (as well as the Dinophysiales) are difficult to 

culture, and therefore molecular data of individuals from these groups are difficult to obtain. 

Studies of this diverse group of organisms has struggled to elucidate the relationships between 

the major taxonomic groups, as well as the placement of many individual species. Traditional 
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morphological analyses have relied on the arrangement of cellulosic plates located in cortical 

alveoli, termed thecal plates, but many dinoflagellates lack thecal plates and are thus assigned to 

a clade, the Gymnodinales, comprised of species whose defining characteristic is a lack of this 

common morphological character (though a laborious procedure involving the stripping of the 

outer membrane can be used to investigate the arrangement of the cortical alveolae). Further 

vexing morphological taxonomy are clades where there has been significant modification of 

thecal plates, such as the Prorocentrales, where two plates, termed valves in this clade, cover the 

majority of the cell surface and the remaining plates have been reduced to microplates around an 

apical pore from which the organism’s two flagella emerge. Phylogenetic analyses have 

dramatically improved the taxonomic understanding of dinoflagellates, most notably by moving 

them from a dubious position outside Eukaryota to a position in the crown of Eukaryota sister to 

the parasitic Apicomplexa[2-4]. However, a series of unusual genomic characteristics has 

presented significant challenges to phylogeneticists. The most significant of these unusual 

genomic characteristics are: 

1. ribosomal DNA (rDNA) is a poor phylogenetic marker, resulting in poorly supported 

clades that change greatly depending on the taxa selected for the analysis. 

2. The mitochondrial and chloroplast genomes are small and unusual in structure 

3. The nuclear genome size averages 20X the human genome. 

4. Most, if not all, genes occur in large complex gene families 

Difficulties in culturing dinoflagellates and in amplifying genes of interest from 

dinoflagellates has meant that phylogenetic studies utilizing more than one gene remain rare, and 

taxon sampling continues to hamper analyses. While taxon sampling is improving, most analyses 

still utilize only rDNA genes (usually the small and large subunit of the nuclear operon; SSU or 
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LSU). Of the eight clades noted here, only two of them, the Suessiales and Dinophysiales, 

reproducibly form monophyletic groups in phylogenetic analyses of rDNA, though it is rare for 

multiple members of any of these groups to be present in rDNA analyses[5-9]. The addition of 

mitochondrial or chloroplast genes to phylogenetic analyses has been hindered by massive 

transfer of genes from these organellar genomes to the nuclear genome and rapid sequence 

evolution in these genomes[10-12]. An unresolved knot of species classified in different groups 

based upon morphological characters, termed the GPP complex and comprised of members of 

the Gymnodinales, Peridinales, and Prorocentrales, was partially unraveled with the addition of 

protein coding genes to phylogenetic analyses [25,28,39,85-87]. Taxon sampling in these larger 

phylogenetic analyses was likely limited by the difficulties isolating orthologous sequences from 

a large number of dinoflagellate taxa, owing to large genomes and large complex gene families 

of dinoflagellates. Genomic sequences are unusually difficult to obtain owing to genomes that 

are on average 10X larger than the human genome[13], and with most genes belonging to large 

heterogeneous gene families[19]. Collectively, these unusual characteristics significantly impede 

phylogenetic studies. One recent phylogenetic analysis utilized a set of 73 short protein-coding 

ribosomal genes identified from a mixture of 19 dinoflagellate expressed sequence tag (EST) 

libraries and new transcriptomic assemblies[28]. That analysis consistently supported monophyly 

for the Gonyaulacales, Prorocentrales, and Suessiales present, but was unable to resolve 

relationships between major clades or place Crypthecodinium cohnii, a species with uncertain 

phylogenetic affinity. Despite utilizing all deep sequencing data available at the time, the study 

was likely hindered by taxon sampling, notably lacking any members of the Peridinales, 

Dinophysiales, or Noctilucales. 
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Here a custom pipeline is used to identify orthologs given the unusual challenges of the 

dinoflagellate nucleus.  668 genes are identified comprising nearly 700,000 base pairs. 

Representatives of all eight major dinoflagellate clades are present, and multiple representatives 

from five of the major clades, Gymnodinales, Suessiales, Prorocentrales, Gonyaulacales, and 

Peridinales, are present. This allows for phylogenetic analysis on a scope not previously possible 

for this group of organisms, and sheds light on the evolution and relationships within this large 

and diverse group. 

4.2 Materials and Methods 

4.2.1 Taxon Selection and Transcriptomic Assembly 

Seventy-seven transcriptomic assemblies and one genomic assembly were selected for 

analysis, representing 54 dinoflagellate species across seven major clades, and three outgroup 

taxa (Supplemental Table 1). To our knowledge, this was all transcriptomic and genomic scale 

data available available at the time this work was performed. The data from Perkinsus marina is 

the only genomic dataset in this analysis. Raw reads from 69 of the assemblies was acquired 

from the Marine Microbe Eukaryotic Transcriptomic Sequencing Project (MMETSP). Eight 

transcriptomes were sequenced in-house using the culturing, RNA extraction, and sequencing 

methods as previously described [28]. The transcriptomic assembly from Hematodinium sp. was 

provided by Ross Waller [88]. These data cover 54 dinoflagellate species, with 11 species 

represented multiple times by separate isolates. The three non-dinoflagellate species, Perkinsus 

marina, Vitrella brassicaformis (two isolates), and Chromera velia, were selected for use as 

outgroups since they are thought to belong to groups between dinoflagellates and their sister 

clade the Apicomplexans. 



 59 

Raw Illumina reads from MMETSP and those produced in-house were first pooled, 

where possible, so that separate sequencing runs from identical isolates would be concatenated 

into one assembly. These reads files were then processed using BBDuk(09/2014) to remove 

Illumina adaptor sequences and trim low quality sequences using a kmer size of 25 and trim 

quality cutoff of 10. Processed reads were assembled using Trinity (version 2014 07 17). Open-

reading frames from transcriptomic assemblies were identified and written using TransDecoder 

v2.1.0.  

4.2.2 Query Sequence Preparation 

Query terms for ortholog identification were combined from three non-redundant sets of 

highly conserved gene clusters. As previously described (see Chapter 3), query terms, HMMs, 

and HMMsearch bitscore cut-offs from the CEGMA and BUSCO projects were combined into a 

non-redundant set of 729 query terms. For this analysis, a third set of query terms was added to 

the CEGMA and BUSCO set. Amino acid sequence files from eight dinoflagellate 

transcriptomic assemblies were selected representing five major dinoflagellate clades (Table 1).  
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OTU Clade Sequences 

Amphidinium_carterae_MMET Gymnodinales 44,771 

Amphidinium_massartii Gymnodinales 54,308 

Gambierdiscus_australes Gonyaucales 67,226 

Gonyaulax_spinifera Gonyaucales 45,056 

Gyrodinium_instriatum Gymnodinales 181,267 

Peridinium_aciculiferum Peridinales 81,349 

Prorocentrum_minimum Prorocentrales 109,764 

Symbiodinium_sp_CCMP421 Suessiales 93,175 

 

Table 2 – Assemblies used for Clustering 

Transcriptomic assemblies selected for preliminary ortholog clustering to generate query terms to be used in the 
more extensive ortholog discovery pipeline. 

Sequences were clustered using get_homologues [89] using the COGtriangles [90] 

algorithm and configured to require at least one sequence from each species. The resultant 1486 

clusters were aligned using MAFFT (version 7.215) [73], and Maximum Likelihood trees were 

found using RAxML v8.1.24 using automatic protein model selection and gamma correction[75]. 

Trees were analyzed using custom python scripts to test whether cases of multiple sequences 

from the same OTU yielded a monophyletic group. Clusters where all sequences from each 

species were monophyletic were selected as potential query terms for use in the pipeline. Each of 

these dinoflagellate clusters was then checked for similarity to query terms already in the non-

redundant set of 729 CEGMA and BUSCO query terms. Only sequences with no hits to 

sequences in the CEGMA and BUSCO sets were retained as query terms for the pipeline. This 

process yielded 763 dinoflagellate sequence clusters. When combined with the 729 query terms 
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from CEGMA and BUSCO this is a total of 1492 query clusters. HMMs were built for each 

dinoflagellate cluster using HMMbuild 3.1b1[63] and bitscore cut-offs were calculated as 

previously described (see Chapter 3.2.2). 

4.2.3 Ortholog Identification 

Putative orthologs were identified using the custom pipeline previously described (see 

Chapter 3) using default settings for all variables, and query terms described above (see Chapter 

4.2.2). After the searches of each stage of the pipeline, the resultant coverage table was reviewed 

as instructed by the pipeline to generate a list of OTUs and genes to move forward in the 

pipeline. To generate a less “gappy” dataset, species and genes with poor coverage were 

successively culled, with live updating of the remaining percentages, until all species had at least 

70% of the genes and all genes were present in at least 70% of the species.  

4.2.4 Phylogenetic Analysis 

Analyses were run using RAxML version 8.1.17 [75]. Nucleic acid analyses were 

performed using a general time reversible model with gamma rate correction. Amino acid 

analyses were performed using automatic protein substitution model selection with gamma rate 

correction. For branch support of concatenated multiple sequence alignment analysis trees, 

nonparametric bootstrap analyses were performed with 100 replicates.  

4.3 Results 

4.3.1 Sequence Searches and Screening 

The initial round of searches involved 942,474 uBLAST searches, yielding 559,706 

unique hits. 111,197 of those hits passed the hmmsearch bitscore cut-off test, of which 68,614 

are top hits leaving another 42,583 non-top hits. The manual review of the coverage table 



 62 

produced a set of 58 species and 1,125 genes to continue forward in the pipeline. New query 

terms for a second round of searches were produced from a set of 50,577 sequences, averaging 

45 sequences per gene. Distance matrix outlier analysis identified 839 sequences for removal 

from target databases. An additional 27,522 sequences were removed from these databases based 

on the results of the in-paralog and sister paralog analysis. This amounts to 25% of the total hits 

after hmmsearch bitscore cut-off score screening. The second round of searches involved 

3,945,006 uBLAST searches, yielding 575,828 unique hits. This was reduced to 75,005 

following the cut-off score screening, for a total of 60,846 top hits and 14,159 non-top hits. The 

coverage table review produced a set of 58 species and 1,101 genes for final testing. The distance 

matrix outlier analysis detected 87 putatively non-orthologous sequences, and the in-paralog and 

sister paralog analysis identified 3,484 putatively non-orthologous sequences. Of the 1,101 genes 

examined in the final analysis, a set of 668 genes were recommended for phylogenetic analysis.  

4.3.2 Phylogenetic Analyses 

The concatenated MSA amino acid and nucleic acid trees produced prior to screening 

show little disagreement between the two trees (Supplemental Figures 1 and 2). The placement 

of Noctiluca scintilans is the only topological difference between the two trees; sister to the 

Amphidinales in the nucleic acid tree and moved one tree node more basal in the amino acid tree 

to be sister to all dinophycean dinoflagellates. Of the major taxonomic clades as discussed by 

Taylor for which multiple species are present in the analysis, only the Gymnodinales fails to 

form a monophyletic group[24]. The Suessiales, Gonyaulacales, Prorocentrales, and Peridinales 

each form monophyletic groups. Taxa of unknown phylogenetic affinity, Crypthecodinium 

cohnii, Heterocapsa spp, Azadinium spinosum, and Dinophysis acuminata, have been placed on 

the tree with 100% bootstrap support in all cases other than a 73% bootstrap support on the 
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branch of Azadinium spinosum on the nucleic acid tree. Two branches on the amino acid tree are 

below 100% bootstrap support; the branch placing Alexandrium monilatum and Alexandrium 

margalefi sister to Alexandrium tamarense (95%), and the branch placing Togula jolla and 

Gymnodinium catenatum sister to Gyrodinium instriatum (93%) (Supplemental Figure 4). In 

both cases, short internal branches link long terminal branches. Four branches have bootstraps 

below 100% on the nucleic acid tree: the branch placing Azadinium spinosum sister to the 

Suessiales (73%), The branch placing the Azadinium spinosum – Suessiales clade sister to the 

Peridinales clade (73%), the branch placing the Prorocentrales – Dinophyiales clade sister to the 

Gonyaulacales (73%), and the branch placing Gymnodinium catenatum sister to Togula jolla 

(99%) (Supplemental Figure 3).  

The final concatenated multiple sequence alignments included 58 OTUs and 668 genes. 

The nucleic acid alignment contained 699,010 characters of which 326,149 were parsimony-

informative. The amino acid alignment contained 220,547 characters of which 143,963 were 

parsimony-informative. The topology of the final amino acid and nucleic acid trees is identical 

(Figure 13 and Figure 14). Noctiluca scintillans is sister to the Amphidinales, as it is in the 

nucleic acid tree generated prior to paralog screening. Bootstrap values for the nucleic acid tree 

are all 100%, while a single branch on the amino acid tree is below 100%; the branch placing 

Noctiluca scintillans sister to the Amphidinales has a bootstrap score of 98%. All major 

dinoflagellate clades are monophyletic, with the exception of the Gymnodinales. It is worth 

noting, however, that the Dinophysiales, Noctilucales and Syndinales are each represented by a 

single taxon, and hence cannot be tested for monophyly. The positions of Crypthecodinium 

cohnii, and the Heterocapsa species remain unchanged from the pre-screening trees, both 

members of the Peridinales. Azadinium spinosum, on the other hand, is placed as the earliest 
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branch among the Gonyaulacales. The Prorocentrales and Dinophysiales form a monophyletic 

group sister to the Gonyaulacales. The Suessiales are sister to the Peridinales, and this clade is 

sister to the clade comprised of the Gonyaulacales, Prorocentrales, and Dinophysiales. The 

Gymnodinales form three separate monophyletic groups: the Amphidinales (sister to the 

Noctilucales), the fucoxanthin-containing Kareniacae (Karlodinium veneficum and Karenia 

Brevis), and the remaining Gymnodinales (Togula jolla, Gymnodinium catenatum, and 

Gyrodinium instriatum). Kryptoperidinium foliaceum and Durinskia baltica, the dinoflagellates 

which contain a tertiary plastid of diatom origin form, a monophyletic group sister to 

Brandtodinium nutriculum within the Peridinales. The genus Scripsiella does not form a 

monophyletic group, with both Peridinium aciculiferum and Crypthecodinium cohnii within the 

smallest clade comprising all Scripsiella species.   
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Figure 13 – Dinoflagellate Nucleic Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using GTR substitution matrix with gamma correction and 100 bootstraps. 
Separate multiple sequence alignments (MSAs) of 668 genes were concatenated into a single MSA of 699,010 
characters of which 326,149 were parsimony-informative 
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Figure 14 – Dinoflagellate Amino Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using automatic selection of a substitution matrix with gamma correction 
and 100 bootstraps. Separate multiple sequence alignments (MSAs) of 668 genes were concatenated into a single 
MSA of 220,547 characters of which 143,963 were parsimony-informative.  
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4.4 Discussion 

That dinoflagellate phylogenetics could be improved through increased taxon sampling 

and the addition of more protein coding genes to analyses has been apparent for some time and 

the focus of several previous studies [25,28,38,85-87,91]. While recent advances in sequencing 

have made transcriptome-scale data accessible for the first time, identifying orthologs in the 

unique genomic environment of the dinoflagellate cell is challenging. In this study, I introduce a 

novel pipeline that combines traditional ortholog discovery approaches with new algorithms that 

leverage the broad taxon sampling and deep sequencing data now available. As a result, the 

number of genes available to phylogenetic analysis has been greatly expanded. Taxonomic 

groups based primarily upon plate tabulation (Gonyaulacales, Peridinales, and Suessiales) have 

held together well in phylogenetic analyses including multiple genes, but here, the relationships 

between these groups are also well supported using sequencing data. While well supported 

relationships between major dinoflagellate lineages might be new, the underlying topology offers 

few surprises. In fact, the topology of the trees found in this study is perfectly consistent with the 

trees presented in Bachvaroff et al. 2014 [28]. 

The placement of Crypthecodinium cohnii and the genus Heterocapsa within the 

Peridinales, with strong bootstrap support, will hopefully resolve confusion surrounding the 

inconsistent placement of these groups, particularly as it relates to the treatment of these 

organisms as early branching dinoflagellates offering insights into the ancestral state of 

dinoflagellate characters. Instead, the paraphyletic group of non-dinophycean taxa are the earliest 

branching dinoflagellates. Dinophycean dinoflagellate, characterized by a permanent 

dinokaryon, are monophyletic. Improved taxon sampling among the difficult to culture 

Gymnodinales, Noctilucales, and Syndinales will be necessary to further explore questions 
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surrounding the ancestral states of dinoflagellate characters, but the topology here and of 

Bachvaroff [28] suggests a transition from an ancestral state in which a dinokaryon was only 

present during part of the life cycle to a permanent dinokaryon. 

The evolution of cellulosic thecal plates has followed a similar evolutionary process. A 

paraphyletic group of athecate dinoflagellates occupy the base of the dinoflagellate tree, while 

the thecate dinoflagellates form a monophyletic clade. Within this thecate clade, both the 

reduction of thecal plates in groups such as the Dinophysiales and Prorocentrales, as well as the 

increase in thecal plates, as in the Suessiales, can be recognized as derived character states rather 

than indications of an ancestral state. 

It has long been suspected that  Dinophysiales and Prorocentrales are sister clades on the 

basis of plate tabulation [92], but until this study it has never been supported in a phylogenetic 

analyses. The presence of toxin producing species in both of these groups is interesting, and a 

deeper phylogenetic analysis of this group undertaken in the context of the presence of toxin 

producing genes across the clade could be helpful in identification and management of harmful 

algal blooms produced by members of this clade. The placement of this Prorocentrales-

Dinophysiales group sister to the Gonyaulacales supports hypotheses of thecal plate reduction 

and anterior flagellation as derived characters in this group, which was previously suggested by 

Fensome [92]. 

Logares had previously noted the genetic similarities between Scrippsiella hangoei and 

Peridinium aciculiferum, suggesting the species diverged recently[93]. The non-monophyly of 

the genus Scrippsiella in my analysis as well as the similarity of sequences, here and noted 

previously by Logares[93], between Scripsiella hangoei and Peridinium aciculiferum indicates 

the need for a deeper analysis and reevaluation of taxonomy of this group.  
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Other areas of this analysis could be greatly improved by increased taxon sampling. The 

Dinophysiales, Noctilucales, and Syndinales, each with only a single member representing the 

entire clade, are obvious areas that could use more representatives, but the bases of both the 

Gonyaulacales and Prorocentrales are also poorly sampled. In fact, only a single member of the 

benthic toxin producing clade of Prorocentrales, Prorocentrum hoffmannianum, is present. The 

classification of taxa placed in the Gymnodinales, revealed as paraphyletic, is another group 

ready for deeper analysis and reevaluation. This analysis suggests the Gymnodinales can be 

divided into three clades: one closely related to the thecate dinoflagellates, the Kareniacae, and 

the Amphidinales. Although this is the most taxon-rich analysis of this size we are familiar with, 

it still has relatively few members of the Gymnodinales, and these three clades are likely to be 

revised in further studies. 

4.5 Availability of supporting data 

All transcriptomic data can be found at the iMicrobe website under MMETSP 

(http://data.imicrobe.us/project/view/104). Genomic assemblies were downloaded from Genbank 

or JGI as indicated in Supplemental Table 2. Scripts used in this analysis, and detailed 

documentation can be found at the following github repository: 

https://github.com/mendezg/DATOL.  
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5 Conclusions 

The unique characteristics of the dinoflagellate nucleus has long presented challenges 

for the evolutionary understanding of this group of organisms. The permanently 

condensed and fibrillary arched bands of dinoflagellate chromosomes led to mistaken 

interpretations of dinoflagellates as early branching eukaryotes or even a fourth 

kingdom of life entirely (the Mesokaryota)[1]. As phylogenetic techniques became 

available, the large genomes and tandemly repeated genes of the dinoflagellates 

would stymie phylogenetic studies [13,17,19]. Taxonomic groups based largely upon 

morphological analyses of thecal plate arrangement were supported by phylogenetic 

analyses of rDNA, but relationships between these taxonomic groups remained 

elusive[25,92,94]. An unresolved knot of species classified in different groups based 

upon morphological characters, termed the GPP complex and comprised of members 

of the Gymnodinales, Peridinales, and Prorocentrales, was partially unraveled with 

the addition of protein coding genes to phylogenetic analyses [25,28,39,85-87]. 

Taxon sampling in these larger phylogenetic analyses was likely limited by the 

difficulties isolating orthologous sequences from a large number of dinoflagellate 

taxa, owing to large genomes and large complex gene families of dinoflagellates. 

Recent advancements in sequencing technology has made deep transcriptomic 

sequencing of dinoflagellates widely accessible, but current methods of ortholog 

identification were not designed with the challenges of the dinoflagellate nucleus in 

mind, nor were they designed to leverage the statistical power these large datasets 

offer. 
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In this dissertation the longest contiguously sequenced tandem gene array is 

sequenced and analyzed. Current models of dinoflagellate genomic organization are 

described and compared to the tandem array. While this work was not designed to 

comprehensively test the or accuracy of existing models of genomic organization, it is 

notable that the genomic organization observed in this tandem repeat is inconsistent 

with existing models. This is particularly evident in the intron density of the tandem 

repeat. Tandem repeats had previously been described as intron-poor [19], but this 

tandem repeat had more intronic bases than exonic. Intron dense genes were expected 

to be present only in low copy genes, but this gene was the most numerous sequence 

in EST libraries of the species under study. The conservation of intergenic and 

intronic regions of the tandem repeat also suggest a genome-level duplication method 

as well as relatively recent duplication or concerted evolution (or both). The rapid 

advancements in sequencing technology and the associated reduction in the price per 

sequenced base will soon make the complete sequencing of a dinoflagellate genome 

economically feasible. Multiple attempts have already been made to survey the 

genomes of the dinoflagellates with the smallest genomes, the endosymbiotic 

Symbiodinium species [20,21]. Perhaps the most useful finding of the analysis of the 

tandem repeat was the characterization of a non-canonical splicing method. The 

description of this previously undescribed non-canonical splicing method will 

certainly improve modeling and automated annotation of genes in an assembled 

dinoflagellate genome. While genomic data for dinoflagellates is currently scarce, 

future phylogenetic studies will likely prefer to use whole genome data to 
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transcriptomic data. Accurate automated modeling and annotation of genes will be 

fundamental in the identification of orthologs from data of this kind. 

To leverage the tremendous potential of new transcriptomic data sets, a new 

approach to ortholog discovery was developed. Building upon existing methods of 

ortholog detection, this pipeline employed statistics of the data-set encompassing 

many species and genes to screen the orthologs discovered using the standard 

techniques for anomalous sequences (contaminants, horizontally transferred genes, or 

paralogous sequences). In this manner, a much larger set of phylogenetic characters 

should be analyzed than what would be feasible with more manual approaches.  

Phylogenetic analysis of dinoflagellates with the genes identified with this 

pipeline was consistent with the topology of the most recent phylogenetic studies of 

the group[28], but for the first time resolved relationships between major 

dinoflagellate clades with good bootstrap support and consistency between amino 

acid and nucleic acid trees. Organisms that had long held inconsistent or poorly 

supported positions on the tree, such as Crypthecodinium cohnii, had well supported 

placement on the trees. The hypothesis placing the Dinophysiales sister to the 

Prorocentrales, long supported based on morphological characters [24,25,92] had 

strong support. Three paraphyletic clades of Gymnodinales were revealed, which 

underscores the need for improved taxon sampling of this under-sampled group of 

dinoflagellates. The strong support for a Suessiales-Peridinales clade and a 

Gonyaulacales-Prorocentrales-Dinophysiales clade, as well as a clade of 

Gymnodinales sister to this thecate clade is a hypothesis in need of further testing as 

well as detailed study in the context of the morphological characters. 



 73 

The pipeline developed and employed in this dissertation was a necessary 

improvement over existing ortholog discovery tools, due to the unique challenges of 

the dinoflagellate nucleus. Notably, the initial round of sequence searches from the 

dinoflagellates yielded over 40% non-top hits, while the equivalent search in the 

Stramenopiles yielded 22% non-top hits. However, the pipeline’s use of statistics 

generated from full genomes and transcriptomes from many species also proved 

useful in the discovery of orthologs in the Stramenopiles, a group of organisms with 

typical eukaryotic genome organization, size, and gene duplication. It is likely that 

approaches similar to those used in this dissertation may be helpful in the 

reconstruction of other groups of eukaryotes, and perhaps in resolving the 

relationships between major eukaryotic clades.  

While the genes in this study were selected for their phylogenetic utility, they 

may also be used as a training set to provide the statistical depth to guide the selection 

of orthologs for genes of interest for entirely different reasons. Developing sets of 

genes for this use for other groups of organisms could greatly improve casual 

ortholog identification underlying many BLAST searches, as well as the automated 

annotation of genomic data. 

The statistics used in the pipeline were developed to remove anomalous 

sequences, but they could easily be modified to select for the anomalous sequences. 

Anomalous sequences may be of interest in studies of horizontal gene transfer or the 

isolation of sequences from a symbiont or parasite. 
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Appendix A – Supplemental Figures 

Supplemental Figure 1 – Preliminary Stramenopile Nucleic Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using GTR substitution matrix with gamma correction and 
100 bootstraps. This tree was found prior to any screening. 
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Supplemental Figure 2 – Preliminary Stramenopile Amino Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using automatic selection of a substitution matrix with 
gamma correction and 100 bootstraps. This tree was found prior to any screening.
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Supplemental Figure 3 – Preliminary Dinoflagellate Nucleic Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using GTR substitution matrix with gamma correction and 
100 bootstraps. This tree was found prior to any screening.
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Supplemental Figure 4 – Preliminary Dinoflagellate Amino Acid Maximum Likelihood Tree 

The most likely tree found using RAxML using automatic selection of a substitution matrix with 
gamma correction and 100 bootstraps. This tree was found prior to any screening. 
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Appendix B – Supplemental Tables 

Supplemental Table 1 – Organisms used in Stramenopile Case Study 

Data	Type	 Library	ID	 Strain	 Name	 Phylum	 Class	 Order	

transcriptome	 MMETSP0115	 ms1	 Bicosoecid_sp	 Bicosoecida	 Bicosoecida	 Bicosoecida	

transcriptome	 MMETSP0942	 E4-10	 Cafeteria_roenbergensis	 Bigyra	 Bicosoecida	 Anoecida		

transcriptome	 MMETSP1104	 Caron	Lab	Isolate	 Cafeteria_sp	 Bigyra	 Bicosoecida	 Anoecida		

genome	 GCF_000151665.1	
isolate	B	(sub-type	
7)	 Blastocystis_hominis	 Bigyra	 Blastocystea	 Blastocystida	

genome	 GCF_000743755.1	 WR1	 Blastocystis_sp_ST4	 Bigyra	 Blastocystea	 Blastocystida	

genome	 JGI	20121220	 		 Aplanochytrium_kerguelense	 Bigyra	 Labyrinthulea	 Thraustochytriida		

transcriptome	 MMETSP0954-7	 PBS07	 Aplanochytrium_sp	 Bigyra	 Labyrinthulea	 Thraustochytriida		

transcriptome	 MMETSP1346-9	 GSBS06	 Aplanochytrium_stocchinoi	 Bigyra	 Labyrinthulea	 Thraustochytriida		

transcriptome	 MMETSP0958-61	 ATCCMYA-1381	 Aurantiochytrium_limacinum	 Bigyra	 Labyrinthulea	 Thraustochytriida		

genome	 JGI	20120618	 		 Aurantiochytrium_limacinum	 Bigyra	 Labyrinthulea	 Thraustochytriida		

transcriptome	 MMETSP0962-5	 ATCC28209	 Schizochytrium_aggregatum	 Bigyra	 Labyrinthulea	 Thraustochytriida		

transcriptome	 MMETSP0198,9	 LLF1b	 Thraustochytrium_sp	 Bigyra	 Labyrinthulea	 Thraustochytriida		

transcriptome	 MMETSP1064	 CCAP	1002/5	 Aulacoseira_subarctica	 Ochrophyta	 Bacillariophyceae	 Aulacoseirales		

transcriptome	 MMETSP0017	 KMMCC:B-181	 Cylindrotheca_closterium	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

genome	 JGI		 		 Fragilariopsis_cylindrus	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP0906-9	 L2-C3	 Fragilariopsis_kerguelensis_L2_C3	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP0744-7	 CCMP561	 Nitzschia_punctata	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP0014	 RCC80	 Nitzschia_sp	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP0329	 B593	 Pseudo_nitzschia_arenysensis	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP0139-42	 10249	10	AB	 Pseudo_nitzschia_australis	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP0327	 B596	 Pseudo_nitzschia_delicatissima	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP0850-3	 WWA7	 Pseudo_nitzschia_fraudulenta	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP1060	 cf.	cingulata	 Pseudo_nitzschia_pungens_cf_cingulata	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP1061	 cf.	pungens	 Pseudo_nitzschia_pungens_cf_pungens	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP1432	 UNC1205	 Pseudo_nitzschia_delicatissima_UNC1205	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP1423	 UNC1101	 Pseudo_nitzschia_heimii	 Ochrophyta	 Bacillariophyceae	 Bacillariales	

transcriptome	 MMETSP1449	 CCMP2084	 Attheya_septentrionalis	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP0088-92	 CCMP159	 Chaetoceros_affinis	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP1435	 CCMP164	 Chaetoceros_brevis	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP1336	 RCC1993	 Chaetoceros_cf_neogracile	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP0716-9	 unknown	 Chaetoceros_curvisetus	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP0149-50	 MM31A-1	 Chaetoceros_debilis	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP1447	 CCMP1751	 Chaetoceros_dichaeta	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP0751-4	 CCMP1317	 Chaetoceros_neogracile	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP0200	 GSL56	 Chaetoceros_sp_GSL56	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP1429	 UNC1202	 Chaetoceros_sp_UNC1202	 Ochrophyta	 Bacillariophyceae	 Chaetocerotanae	

transcriptome	 MMETSP0010	 308	 Corethron_hystrix	 Ochrophyta	 Bacillariophyceae	 Corethrales		

transcriptome	 MMETSP0169,71	 L29A3	 Corethron_pennatum	 Ochrophyta	 Bacillariophyceae	 Corethrales		

transcriptome	 MMETSP1066	 CCMP2513	 Coscinodiscus_wailesii	 Ochrophyta	 Bacillariophyceae	 Coscinodiscales	

transcriptome	 MMETSP0397	 ECT3854	 Cyclophora_tenuis	 Ochrophyta	 Bacillariophyceae	 Cyclophorales		

transcriptome	 MMETSP1434	 CCMP3303	 Minutocellus_polymorphus_CCMP3303	 Ochrophyta	 Bacillariophyceae	 Cymatosirales	

transcriptome	 MMETSP1070	 NH13	 Minutocellus_polymorphus_NH13	 Ochrophyta	 Bacillariophyceae	 Cymatosirales	

transcriptome	 MMETSP1322	 RCC2270	 Minutocellus_polymorphus_RCC2270	 Ochrophyta	 Bacillariophyceae	 Cymatosirales	

transcriptome	 MMETSP0705-8	 CCMP134	 Asterionellopsis_glacialis	 Ochrophyta	 Bacillariophyceae	 Fragilariales	

transcriptome	 MMETSP1394	 CCMP1581	 Asterionellopsis_glacialis_CCMP1581	 Ochrophyta	 Bacillariophyceae	 Fragilariales	
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transcriptome	 MMETSP0713	 unknown	 Asterionellopsis_glacialis_unknown	 Ochrophyta	 Bacillariophyceae	 Fragilariales	

transcriptome	 MMETSP1176	 CCMP1620	 Synedropsis_recta_cf	 Ochrophyta	 Bacillariophyceae	 Fragilariales	

transcriptome	 MMETSP1437	 CCMP1452	 Eucampia_antarctica	 Ochrophyta	 Bacillariophyceae	 Hemiaulales	

transcriptome	 MMETSP1362	 CCMP1856	 Leptocylindrus_danicus	 Ochrophyta	 Bacillariophyceae	 Leptocylindrales	

transcriptome	 MMETSP0322	 B651	 Leptocylindrus_danicus_var_apora	 Ochrophyta	 Bacillariophyceae	 Leptocylindrales	

transcriptome	 MMETSP0321	 B650	 Leptocylindrus_danicus_var_danicus	 Ochrophyta	 Bacillariophyceae	 Leptocylindrales	

transcriptome	 MMETSP1360	 CCMP2313	 Licmophora_paradoxa	 Ochrophyta	 Bacillariophyceae	 Licmophorales		

transcriptome	 MMETSP1002,5	 GSO103	 Ditylum_brightwellii_GSO103	 Ochrophyta	 Bacillariophyceae	 Lithodesmiales	

transcriptome	 MMETSP1010,3	 GSO104	 Ditylum_brightwellii_GSO104	 Ochrophyta	 Bacillariophyceae	 Lithodesmiales	

transcriptome	 MMETSP0998,1001	 GSO105	 Ditylum_brightwellii_GSO105	 Ochrophyta	 Bacillariophyceae	 Lithodesmiales	

transcriptome	 MMETSP1062	 Pop1	(SS4)	 Ditylum_brightwellii_Pop1_SS4	 Ochrophyta	 Bacillariophyceae	 Lithodesmiales	

transcriptome	 MMETSP1063	 Pop2	(SS10)	 Ditylum_brightwellii_Pop2_SS10	 Ochrophyta	 Bacillariophyceae	 Lithodesmiales	

transcriptome	 MMETSP1171	 CCMP826	 Helicotheca_tamensis	 Ochrophyta	 Bacillariophyceae	 Lithodesmiales	

transcriptome	 MMETSP0794	 CCMP815	 Stephanopyxis_turris	 Ochrophyta	 Bacillariophyceae	 Melosirales		

transcriptome	 MMETSP1065	 CCMP125	 Amphiprora_paludosa	 Ochrophyta	 Bacillariophyceae	 Naviculales	

transcriptome	 MMETSP0724-7	 CCMP467	 Amphiprora_sp	 Ochrophyta	 Bacillariophyceae	 Naviculales	

transcriptome	 MMETSP1442	 CCMP3328	 Craspedostauros_australis	 Ochrophyta	 Bacillariophyceae	 Naviculales	

genome	 GCF_000150955.2	 CCAP	1055/1	 Phaeodactylum_tricornutum	 Ochrophyta	 Bacillariophyceae	 Naviculales	

transcriptome	 MMETSP1352	 CCMP1120	 Stauroneis_constricta	 Ochrophyta	 Bacillariophyceae	 Naviculales	

transcriptome	 MMETSP1361	 CCMP2646	 Staurosira_complex_sp	 Ochrophyta	 Bacillariophyceae	 Naviculales	

transcriptome	 MMETSP0580	 unknown	 Dactyliosolen_fragilissimus	 Ochrophyta	 Bacillariophyceae	 Rhizosoleniales		

transcriptome	 MMETSP0174,6	 PI-D3	 Proboscia_alata	 Ochrophyta	 Bacillariophyceae	 Rhizosoleniales		

transcriptome	 MMETSP0816	 CCAP1064/1	 Proboscia_inermis	 Ochrophyta	 Bacillariophyceae	 Rhizosoleniales		

transcriptome	 MMETSP0789	 CCMP1694	 Rhizosolenia_setigera	 Ochrophyta	 Bacillariophyceae	 Rhizosoleniales		

transcriptome	 MMETSP0009	 CCMP	410	 Grammatophora_oceanica	 Ochrophyta	 Bacillariophyceae	 Striatellales		

transcriptome	 MMETSP0800	 CCMP2910	 Striatella_unipunctata	 Ochrophyta	 Bacillariophyceae	 Striatellales		

transcriptome	 MMETSP1443	 UTEXLB2267	 Entomoneis_sp	 Ochrophyta	 Bacillariophyceae	 Surirellales		

transcriptome	 MMETSP0786	 CCMP1798	 Thalassionema_frauenfeldii	 Ochrophyta	 Bacillariophyceae	 Thalassionematales	

transcriptome	 MMETSP0693	 unknown	 Thalassionema_nitzschioides	 Ochrophyta	 Bacillariophyceae	 Thalassionematales	

transcriptome	 MMETSP0156,8	 L26-B	 Thalassionema_nitzschioides_L26B	 Ochrophyta	 Bacillariophyceae	 Thalassionematales	

transcriptome	 MMETSP0152,4	 L6-D1	 Thalassiothrix_antarctica	 Ochrophyta	 Bacillariophyceae	 Thalassionematales	

transcriptome	 MMETSP0316-8	 CCMP127	 Amphora_coffeaeformis	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP1057	 CCMP	338	 Cyclotella_meneghiniana	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0013	 1716	 Skeletonema_costatum	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0562,3	 SkelB	 Skeletonema_dohrnii	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0578	 CCMP1804	 Skeletonema_grethea	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0593	 CCMP2506	 Skeletonema_japonicum	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP1040	 FE60	 Skeletonema_marinoi_FE60	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP1039	 FE7	 Skeletonema_marinoi_FE7	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0918,20	 skelA	 Skeletonema_marinoi_skelA	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0320	 SM1012Den-03	 Skeletonema_marinoi_SM1012Den03	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0319	 SM1012Hels-07	 Skeletonema_marinoi_SM1012Hels07	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP1428	 UNC1201	 Skeletonema_marinoi_UNC1201	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP0603,4	 CCMP793	 Skeletonema_menzelii	 Ochrophyta	 Bacillariophyceae	 Thalassiophysales		

transcriptome	 MMETSP1058	 CCMP353	 Detonula_confervacea	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0902-5	 CCMP982	 Thalassiosira_antarctica	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0492-4	 GMp14c1	 Thalassiosira_gravida	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0737-40	 CCMP1093	 Thalassiosira_miniscula	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

genome	 GCA_000296195.2	 CCMP1005	 Thalassiosira_oceanica	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0970-3	 CCMP1005	 Thalassiosira_oceanica	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

genome	 GCF_000149405.2	 CCMP1335	 Thalassiosira_pseudonana	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		
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transcriptome	 MMETSP1067	 Tpunct2005C2	 Thalassiosira_punctigera	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0403,4	 CCMP3096	 Thalassiosira_rotula_CCMP3096	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0910-3	 GSO102	 Thalassiosira_rotula_GSO102	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP1059	 FW	 Thalassiosira_sp_FW	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP1071	 NH16	 Thalassiosira_sp_NH16	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0878-81	 CCMP1336	 Thalassiosira_weissflogii_CCMP1336	 Ochrophyta	 Bacillariophyceae	 Thalassiosirales		

transcriptome	 MMETSP0015	 isolate	1302-5	 Odontella_aurita	 Ochrophyta	 Bacillariophyceae	 Triceratiales	

transcriptome	 MMETSP0160	 Grunow	1884	 Odontella_Sinensis	 Ochrophyta	 Bacillariophyceae	 Triceratiales	

transcriptome	 MMETSP1175	 CCMP147	 Triceratium_dubium	 Ochrophyta	 Bacillariophyceae	 Triceratiales	

transcriptome	 MMETSP0418	 13vi08-1A	 Astrosyne_radiata	 Ochrophyta	 Bacillariophyceae	 		

transcriptome	 MMETSP0785	 CCMP1866	 Bolidomonas_pacifica_CCMP1866	 Ochrophyta	 Bolidophyceae	 Bolidomonadales	

transcriptome	 MMETSP1319	 RCC208	 Bolidomonas_pacifica_RCC208	 Ochrophyta	 Bolidophyceae	 Bolidomonadales	

transcriptome	 MMETSP1321	 RCC1657	 Bolidomonas_sp_RCC1657	 Ochrophyta	 Bolidophyceae	 Bolidomonadales	

transcriptome	 MMETSP1320	 RCC2347	 Bolidomonas_sp_RCC2347	 Ochrophyta	 Bolidophyceae	 Bolidomonadales	

transcriptome	 MMETSP0019,20,0812	 UTEXLB2267	 Dinobryon_sp	 Ochrophyta	 Chrysophyceae	 Chromulinales		

transcriptome	 MMETSP1095	 UTEXLB2642	 Chromulina_nebulosa	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

transcriptome	 MMETSP1105	 BG1	 Ochromonas_sp_BG1	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

transcriptome	 MMETSP0004-5	 CCMP1393	 Ochromonas_sp_CCMP1393	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

transcriptome	 MMETSP1177	 CCMP1899	 Ochromonas_sp_CCMP1899	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

transcriptome	 MMETSP1103	 Caron	Lab	Isolate	 Paraphysomonas_bandaiensis	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

transcriptome	 MMETSP0103-4	 PA2	 Paraphysomonas_Imperforata	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

transcriptome	 MMETSP1107	 GFlagA	 Paraphysomonas_vestita	 Ochrophyta	 Chrysophyceae	 Ochromonadales		

transcriptome	 MMETSP1167	 CCMP3275	 Mallomonas_Sp	 Ochrophyta	 Chrysophyceae	 Synurales	

transcriptome	 MMETSP1174	 unknown	 Dictyocha_speculum	 Ochrophyta	 Dictyochophyceae	 Dictyochales		

transcriptome	 MMETSP1344	 CCMP2471	 Florenciella_parvula_CCMP2471	 Ochrophyta	 Dictyochophyceae	 Florenciellales	

transcriptome	 MMETSP1323	 RCC1693	 Florenciella_parvula_RCC1693	 Ochrophyta	 Dictyochophyceae	 Florenciellales	

transcriptome	 MMETSP1325	 RCC1007	 Florenciella_sp_RCC1007	 Ochrophyta	 Dictyochophyceae	 Florenciellales	

transcriptome	 MMETSP1324	 RCC1587	 Florenciella_sp_RCC1587	 Ochrophyta	 Dictyochophyceae	 Florenciellales	

transcriptome	 MMETSP0990-3	 CCMP2098	 Pedinellales_sp_CCMP2098	 Ochrophyta	 Dictyochophyceae	 Pedinellales	

transcriptome	 MMETSP1068,97	 CCMP716	 Pseudopedinella_elastica	 Ochrophyta	 Dictyochophyceae	 Pedinellales	

transcriptome	 MMETSP0101,2	 PT	 Pteridomonas_danica	 Ochrophyta	 Dictyochophyceae	 Pedinellales	

transcriptome	 MMETSP0914-7	 CCMP1850	 Aureococcus_anophagefferens	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

genome	 GCF_000186865.1	 CCMP1984	 Aureococcus_anophagefferens	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

transcriptome	 MMETSP0882-5	 CCMP1429	 Pelagococcus_subviridis	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

transcriptome	 MMETSP0886-9	 CCMP1756	 Pelagomonas_calceolata_CCMP1756	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

transcriptome	 MMETSP1328	 RCC969	 Pelagomonas_calceolata_RCC969	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

transcriptome	 MMETSP0974-7	 CCMP2097	 Pelagophyceae_sp_CCMP2097	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

transcriptome	 MMETSP1329	 RCC1024	 Pelagophyceae_sp_RCC1024	 Ochrophyta	 Dictyochophyceae	 Pelagomonadales	

transcriptome	 MMETSP1163	 CCMP2877	 Phaeomonas_parva	 Ochrophyta	 Dictyochophyceae	 Pinguiochrysidales	

transcriptome	 MMETSP1160	 CCMP2078	 Pinguiococcus_pyrenoidosus	 Ochrophyta	 Dictyochophyceae	 Pinguiochrysidales	

transcriptome	 MMETSP1173	 CCMP1243	 Rhizochromulina_marina	 Ochrophyta	 Dictyochophyceae	 Rhizosoleniales		

transcriptome	 MMETSP0890	 CCMP1510	 Aureoumbra_lagunensis	 Ochrophyta	 Dictyochophyceae	 Sarcinochrysidales		

transcriptome	 MMETSP1165	 CCMP3189	 Chrysocystis_fragilis	 Ochrophyta	 Dictyochophyceae	 Sarcinochrysidales		

transcriptome	 MMETSP1164	 CCMP2950	 Chrysoreinhardia_sp_CCMP2950	 Ochrophyta	 Dictyochophyceae	 Sarcinochrysidales		

transcriptome	 MMETSP1166	 CCMP3193	 Chrysoreinhardia_sp_CCMP3193	 Ochrophyta	 Dictyochophyceae	 Sarcinochrysidales		

transcriptome	 MMETSP1170	 CCMP770	 Sarcinochrysis_sp	 Ochrophyta	 Dictyochophyceae	 Sarcinochrysidales		

genome	 GCF_000240725.1	 CCMP526	 Nannochloropsis_gaditana	 Ochrophyta	 Eustigmatophyceae		 Eustigmatales	

genome	 GCA_000310025.1	 Ec	32	 Ectocarpus_siliculosus	 Ochrophyta	 Phaeophyceae	 Ectocarpales	

transcriptome	 MMETSP0947-50	 CCMP2191	 Chattonella_subsalsa	 Ochrophyta	 Raphidophyceae	 Chattonellales	

transcriptome	 MMETSP1339	 unknown	 Fibrocapsa_japonica	 Ochrophyta	 Raphidophyceae	 Chattonellales	

transcriptome	 MMETSP0292-6	 CCMP2393	 Heterosigma_akashiwo_CCMP2393	 Ochrophyta	 Raphidophyceae	 Chattonellales	
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transcriptome	 MMETSP0409-11	 CCMP3107	 Heterosigma_akashiwo_CCMP3107	 Ochrophyta	 Raphidophyceae	 Chattonellales	

transcriptome	 MMETSP0894-7	 CCMP452	 Heterosigma_akashiwo_CCMP452	 Ochrophyta	 Raphidophyceae	 Chattonellales	

transcriptome	 MMETSP0414-6	 NB	 Heterosigma_akashiwo_NB	 Ochrophyta	 Raphidophyceae	 Chattonellales	

transcriptome	 MMETSP1452	 CCMP3072	 Synchroma_pusillum	 Ochrophyta	 Synchromophyceae	 Synchromales	

transcriptome	 MMETSP0945,6	 CCMP2940	 Vaucheria_litorea	 Ochrophyta	 Xanthophyceae		 Vaucheriales	

genome	 GCA_000325885.1		 LT1534	 Phytophthora_capsici	 Oomycota		 Peronosporea	 Peronosporales	

genome	 GCF_000142945.1		 T30-4	 Phytophthora_infestans	 Oomycota		 Peronosporea	 Peronosporales	

genome	 GCA_001482985.1	 race	1	 Phytophthora_nicotianae	 Oomycota		 Peronosporea	 Peronosporales	

genome	 GCF_000247585.1	 INRA-310	 Phytophthora_parasitica	 Oomycota		 Peronosporea	 Peronosporales	

genome	 GCF_000149755.1	 P6497	 Phytophthora_sojae	 Oomycota		 Peronosporea	 Peronosporales	

genome	 GCA_900000015.1	 unknown	 Plasmopara_halstedii	 Oomycota		 Peronosporea	 Peronosporales	

genome	 GCF_000520075.1	 APO3	 Aphanomyces_astaci	 Oomycota		 Peronosporea	 Saprolegniales	

genome	 GCF_000520115.1	 NJM9701	 Aphanomyces_invadans	 Oomycota		 Peronosporea	 Saprolegniales	

genome	 GCF_000281045.1		 VS20	 Saprolegnia_diclina	 Oomycota		 Peronosporea	 Saprolegniales	

genome	 GCF_000151545.1	 CBS	223.65	 Saprolegnia_parasitica	 Oomycota		 Peronosporea	 Saprolegniales	

genome	 GCA_001029375.1	 Pi-S	 Pythium_insidiosum	 Oomycota		 		 Pythiales	

transcriptome	 MMETSP1433	 NY07348D	 Stramenopile_sp_NY07348D	 		 		 		

 

Supplemental Table 2 – Organisms used in Dinoflagellate Study 

ID	 Group	
Culture	Collection	
ID	 MMET	ID	

Akashiwo_sanguinea	 Gymnodinales	 CCCM	885	 MMETSP0223_2	

Alexandrium	andersonii	 Gonyaulacales	 CCMP2222	 MMETSP1436	

Alexandrium	catenella	 Gonyaulacales	 OF101	 MMETSP0790	

Alexandrium	margalefi	 Gonyaulacales	 AMGDE01CS-322	 MMETSP0661	

Alexandrium	minutum	 Gonyaulacales	 CCMP113	 MMETSP0328	

Alexandrium_fundyense	 Gonyaulacales	 CCMP1719	 MMETSP0196C	MMETSP0347	

Alexandrium_monilatum	 Gonyaulacales	 CCMP3105	 MMETSP0093	MMETSP0095	MMETSP0096	MMETSP0097	

Alexandrium_tamarense	 Gonyaulacales	 CCMP1771	 MMETSP0378	MMETSP0380	MMETSP0382	MMETSP0384	

Amoebophrya	sp.	 Syndiniales	 Ameob2	 MMETSP0795	

Amphidinium	massartii	 Gymnodinales	 CS-259	 MMETSP0689_2	

Amphidinium_carterae	 Gymnodinales	 CCMP1314	 MMETSP0258	MMETSP0259MMETSP0398C	

Amphidinium_carterae	 Gymnodinales	 CCMP1314		 		

Amphidinium_sp	 Gymnodinales	 		 MMETSP1374	

Azadinium	spinosum	 Gymnodinales	 3D9	 MMETSP1036_2	MMETSP1037_2MMETSP1038_2	

Brandtodinium	nutriculum	 Peridinales	 RCC3387	 MMETSP1462	

Ceratium_fusus	 Gonyaulacales	 PA161109	 MMETSP1074	MMETSP1075	

Chromera_velia	 Chromista	 CCMP2878.2	 MMETSP0290	

Crypthecodinium_cohnii	 Gonyaulacales	 Seligo	 MMETSP0323_2	MMETSP0324_2	MMETSP0325_2	MMETSP0326_2	

Dinophysis_acuminata	 Dinophyisales	 DAEP01	 MMETSP0797	

Durinskia_baltica	 Dinotrichales	 CSIRO	CS-38	 MMETSP0116	MMETSP0117	

Gambierdiscus	austales	 Gonyaulacales	 CAWD	149	 MMETSP0766_2	
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Gambierdiscus_sp	 Gonyaulacales	 mixed_PR	 		

Gambierdiscus_sp	 Gonyaulacales	 1659	 		

Gonyaulax_spinifera	 Gonyaulacales	 CCMP409	 MMETSP1439	

Gymnodinium	catenatum	 Gymnodinales	 GC744	 MMETSP0784	

Gyrodinium	dominans	 Gymnodinales	 SPMC	103	 MMETSP1148	

Gyrodinium_instriatum	 Gymnodinales	 CCMP3173	 		

Hematodinium_sp	 Syndiniales	 		 		

Heterocapsa_arctica	 Peridinales	 CCMP445	 MMETSP1441	

Heterocapsa_rotundata	 Peridinales	 SCCAP	K-0483	 MMETSP0503	

Heterocapsa_triquestra	 Peridinales	 CCMP	448	 MMETSP0448	

Karenia_brevis	 Gymnodinales	 Wilson	 MMETSP0201	MMETSP0202	

Karenia_brevis	 Gymnodinales	 SP3	 MMETSP0527_2	MMETSP0528_2		

Karenia_brevis	 Gymnodinales	 CCMP2229	 MMETSP0027	MMETSP0029	MMETSP0030	MMETSP0031	

Karenia_brevis	 Gymnodinales	 SP1	 MMETSP0573	MMETSP0574	

Karlodinium_veneficum_CCMP2283	 Gymnodinales	 CCMP2283	 MMETSP1015	MMETSP1016	MMETSP1017	

Kryptoperidinium_foliaceum_MMETSP0118_0119	 Thoracosphaerales	 CCAP	1116/3	 MMETSP0118	MMETSP0119	

Kryptoperidinium_foliaceum_MMETSP0120_0121	 Dinotrichales	 CCMP	1326	 MMETSP0120	MMETSP0121	

Lessardia	elongata	 Peridinales	 SPMC	104	 MMETSP1147	

Lingulodinium_polyedrum	 Gonyaulacales	 CCMP	1738	 MMETSP1032	MMETSP1033	MMETSP1034	MMETSP1035	

Noctiluca_scintilans	 Noctilucales	 unknown	 MMETSP0253	

Oxyrrhis	marina	 Oxyrrhinales	 CCMP1788	 MMETSP0044	

Oxyrrhis	marina	 Oxyrrhinales	 CCMP1795	 MMETSP0451_2C	

Oxyrrhis	marina	 Oxyrrhinales	 LB1974	 MMETSP1424	MMETSP1425	MMETSP1426	

Oxyrrhis	marina	 Oxyrrhinales	 unknown	 MMETSP0468	469	470	471	

Pelagodinium	beii	 Suessiales	 RCC1491	 MMETSP1338	

Peridinium_aciculiferum	 Peridinales	 PAER-2	 MMETSP0370	MMETSP0371	

Perkinsus	chesapeaki	 Perkinsorida	 ATCC	PRA-65	 MMETSP0924	

Perkinsus	marinus	 Perkinsorida	 ATCC	50439	 MMETSP0922	

Perkinsus	marinus	 Perkinsorida	 ATCC	50983	 GCA_000006405.1	

Polarella_glacialis	 Suessiales	 CCMP1383		 		

Polarella_glacialis	(Moore)	 Suessiales	 CCMP2088	 MMETSP1440	

Polarella_glacialis	(Moore)	 Suessiales	 CCMP	1383	 MMETSP0227	

Prorocentrum	lima	 Prorocentrales	 CCMP	684	 MMETSP0252	

Prorocentrum	minimum	 Prorocentrales	 CCMP2233	 MMETSP0267	MMETSP0268	MMETSP0269	

Prorocentrum	minimum	 Prorocentrales	 CCMP1329	 MMETSP0053	MMETSP0055	MMETSP0056	MMETSP0057	

Prorocentrum_hoffmannianum	 Prorocentrales	 CCMP683	 		

Prorocentrum_micans	 Prorocentrales	 CCMP1589	 		

Prorocentrum_micans_CCCM845	 Prorocentrales	 CCCM	845	 MMETSP0251_2	

Prorocentrum_sp	 Prorocentrales	 CCMP3122	 		
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Protoceratium	reticulatum	 Gonyaulacales	 CCCM	535	 MMETSP0228	

Pyrocystis	lunula	 Pyrocystales	 CCCM	517	 MMETSP0229_2	

Pyrodinium	bahamense	 Gonyaulacales	 pbaha01	 MMETSP0796	

Scrippsiella_Hangoei	 Peridinales	 SHTV-5	 MMETSP0359	MMETSP0360	MMETSP0361	

Scrippsiella_Hangoei-like	 Peridinales	 SHHI-4	 MMETSP0367	MMETSP0368	MMETSP0369	

Scrippsiella_trochoidea	 Peridinales	 CCMP3099	 MMETSP0270	MMETSP0271	MMETSP0272	

Symbiodinium_kawagutii	 Suessiales	 CCMP2468	 MMETSP0132_2C	

Symbiodinium_sp	 Suessiales	 D1a	 MMETSP1377	

Symbiodinium_sp	 Suessiales	 CCMP2430	 MMETSP1115	MMETSP1116	MMETSP1117	

Symbiodinium_sp	 Suessiales	 CCMP421	 MMETSP1110		

Symbiodinium_sp	 Suessiales	 C15	 MMETSP1370	MMETSP1371	

Symbiodinium_sp	 Suessiales	 Mp	 MMETSP1122	MMETSP1123	MMETSP1124	MMETSP1125	

Symbiodinium_sp	 Suessiales	 C1	 MMETSP1367	MMETSP1369	

Thoracosphaera_heimii	 Thoracosphaerales	 CCCM	670)	 MMETSP0225	

Togula_jolla	 Gymnodinales	 CCCM	725	 MMETSP0224	

Vitrella_brassicaformis	 Chromista	 CCMP3346	 MMETSP1451	

Vitrella_brassicaformis_CCMP3155	 Chromista	 CCMP3155	 MMETSP0288	
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