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Abstract

The alveolates are composed of three major lineages, the ciliates, dinoflagellates, and
apicomplexans. Together these “protist’ taxa play key roles in primary production and ecology, as
well as in illness of humans and other animals. The interface between the dinoflagellate and
apicomplexan clades has been an area of recent discovery, blurring the distinction between these
two clades. Moreover, phylogenetic analysis has yet to determine the position of basal
dinoflagellate clades hence the deepest branches of the dinoflagellate tree currently remain
unresolved. Large-scale mRNA sequencing was applied to 11 species of dinoflagellates, including
strains of the syndinean genera Hematodinium and Amoebophrya, parasites of crustaceans and
dinoflagellates, respectively, to optimize and update the dinoflagellate tree. From the
transcriptome-scale data a total of 73 ribosomal protein-coding genes were selected for phylogeny.
After individual gene orthology assessment, the genes were concatenated into a >15,000 amino
acid alignment with 76 taxa from dinoflagellates, apicomplexans, ciliates, and the outgroup
heterokonts. Overall the tree was well resolved and supported, when the data was subsampled with
gblocks or constraint trees were tested with the approximately unbiased test. The deepest branches
of the dinoflagellate tree can now be resolved with strong support, and provides a clearer view of
the evolution of the distinctive traits of dinoflagellates.
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1. Introduction

Alveolates include three major lineages, the ciliates, dinoflagellates and apicomplexans
(Gajadhar et al., 1991; Taylor, 1999; Burki et al., 2007). The dinoflagellates are notable
primary producers, especially in marine environments, and the apicomplexans are known as
parasites, particularly the malaria-causing genus Plasmodium, which infects 149 million to
274 million and kills 537,000-907,000 individuals annually (WHO, 2010). The third
alveolate group, the ciliates, is most notable for the diversity of their habitats and unusual
cell biology including dual nuclei, one germinal and the other somatic. The alveolates, in
turn, are most closely related to the heterokonts, a very diverse group ranging from members
of the human gut flora, plant pathogens, to the photosynthetic diatoms and the giant kelps
(Baldauf, 2003; Burki et al., 2007; Parfrey et al., 2010).

Within the alveolates, the dinoflagellates and apicomplexans are more closely related, and
the area between them has been one of recent discovery which confounds simple
interpretations of the evolution of these groups (Okamoto et al., 2012; Leander et al., 2003).
For example, while parasitic apicomplexans are known to harbor a non-photosynthetic
plastid, the discovery of Chromera velia demonstrates that photosynthetic members of the
apicomplexan lineage are extant (Moore et al., 2008; Keeling, 2013). Meanwhile, in the
dinoflagellates, best known as free-living photosynthetic autotrophs, the non-photosynthetic
oyster parasite Perkinsus marinus diverges from the base of the dinoflagellate lineage
(Bachvaroff et al., 2011; Reece et al., 1997; Saldarriaga et al., 2003). Clearly both C. velia
and P. marinus have the potential to independently lose or gain characteristics, but at the
simplest level the lifestyles of the deepest branching members of the apicomplexan and
dinoflagellate clades strongly contrast with the more familiar members of these lineages.

Simultaneously with the description of new species between apicomplexans and
dinoflagellates has been the discovery of an astonishing breadth and abundance of sequences
attributable to ‘marine alveolates’ from marine environmental clone libraries. At a first
approximation many of these sequences are placed with known syndinean dinoflagellates in
phylogenies, although the raw abundance of such sequences (>1000 in GenBank) dwarfs the
tens of sequences attributed to described syndinean species or genera (Bachvaroff et al.,
2012). The relationships between Marine Alveolate clades I-VIII are not resolved. Indeed,
all Marine Alveolate clades may not be syndinean dinoflagellates or parasites, although
certainly clades I, Il and 1V contain syndinean taxa (Bachvaroff et al., 2012; Coats and
Bachvaroff, 2012; Harada et al., 2007; Skovgaard et al., 2005, 2009). In the present study
we define two major lineages of dinoflagellates, the syndineans and the core dinoflagellates
(Hoppenrath and Leander, 2010; Okamoto et al., 2012). The term core dinoflagellate is used
in preference to what were formally called the dinokaryotes, since recent studies have cast
doubt on the synapomorphies of the dinokaryon (Gornik et al., 2012; Sano and Kato, 2009).

The dinokaryotic state lacks a strict definition, but could be defined as a nucleus with
chromosomes condensed throughout the cell cycle, a very low basic protein:DNA ratio, and
lack of bulk DNA packaging into nucleosomes. Together these characteristics produce an
‘arched fibrillar’ appearance of the DNA in transmission electron micrographs of
dinokaryote chromosomes (Taylor, 1989). Also, these features appear to be correlated with a
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high degree of gene duplication (Bachvaroff and Place, 2008; Bachvaroff et al., 2009;
Shoguchi et al., 2013).

The outlying species Oxyrrhis marina has features reminiscent of dinokaryotes including
high DNA content, ‘conspicuously banded’ chromosomes, and multiple gene copies (Sano
and Kato, 2009). In recent reviews on the evolution of the dinokaryon O. marina is placed
just outside of the core dinoflagellates (Saldarriaga et al., 2004; Wisecaver and Hackett,
2011). Such a placement, however, disagrees with other taxonomic treatments that place O.
marina outside of both the syndineans and core dinoflagellates based on cell morphology
and flagellar arrangement (Adl et al., 2005; Fensome et al., 1993). Clearly independent
phylogenetic assessment of O. marina is warranted to resolve this discordance.

Well-defined relationships between P. marinus, O. marina, syndineans and core
dinoflagellates are essential to interpreting the evolution of distinctive characters found in
dinoflagellates, notably the state of the dinokaryon. In pursuit of this used ‘next-generation’
sequencing data acquired from two syndineans and their dinoflagellate hosts and another 8
novel datasets from core dinoflagellate taxa, in combination with existing data from P.
marinus and O. marina, to develop basic taxon sampling for the dinoflagellate clade.

Here a specific category of protein-coding genes, the ribosomal proteins, was used to create
a phylogeny of the dinoflagellate lineage, other alveolates and heterokonts. These proteins
contribute the protein fraction of the ribosome (Nakao et al., 2004). Given that the rRNA
may be the most commonly used sequence for nuclear molecular phylogeny, a logical
progression would be to use ribosome associated proteins where orthology assignment and
horizontal gene transfer may be less of a problem. There are approximately 70+ ribosomal
genes in eukaryotes, with some diversification into gene families (Nakao et al., 2004). Many
of these genes are quite small, conserved, and highly expressed, providing an easily
obtainable fraction of orthologous genes for phylogeny, particularly from EST datasets
already available in GenBank. For the core dinoflagellates many genes for ribosomal
proteins exist as multiple duplicated gene copies, however most of the differences between
gene copies are synonymous, and thus amino acid translations were used (Bachvaroff et al.,
2009; Bachvaroff and Place, 2008; Kim et al., 2011).

2. Materials and methods

The photosynthetic dinoflagellates were cultured under autotrophic growth conditions
(Table 1). The two parasitic dinoflagellates from the genus Amoebophrya used free-living
photosynthetic hosts. One was grown on Karlodinium veneficum, and the second on
Akashiwo sanguinea and so are referred to here as Amoebophrya sp. ex. Karlodinium
veneficum and Amoebophrya sp. ex Akashiwo sanguinea (Gunderson et al., 1999, 2002).
Host cultures of ~10,000 hosts mI~1 were inoculated with ~100,000 parasite dinospores
ml~1. After incubation for 48-72 h, parasite dinospores were isolated from remaining hosts
using nucleopore (Whatman, Piscataway, NJ) filters (5 um for dinospores produced from K.
veneficum host, and 8 pm for dinospores from A. sanguinea host) (Coats and Park, 2002;
Park et al., 2002). Parasite cells were pelleted by centrifugation at 10,000g for 10 min. Total
RNA was isolated using the RNAqueous kit (Ambion, Grand Island, NY) with LiCl
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precipitation as recommended by the manufacturer. The RNA quality was assessed on the
Experion system (BioRad, Hercules, CA). lllumina (San Diego, CA) sequencing was
performed by Macrogen with paired end reads of 76 or 100 bases (Table 1). The sequence
data were assembled using Trinity for most datasets (Grabherr et al., 2011) or Abyss
(Simpson et al., 2009). The choice of assembly program was arbitrary although Trinity
required larger memory space computers and longer run times than Abyss. Hematodinium
sp. ex Nephops norvegicus was cultured, its RNA extracted, sequenced and assembled as
described in Jackson et al. 2012.

2.1. Assembling orthologous genes

A non-composite strategy was used in this study. Data from individual studies, strains and
species were treated as individual taxa. Sequences were downloaded from GenBank using
the species-specific taxonomic identifier from refseq, nr, or db_est as appropriate
(Supplemental Table T1) and formatted into blast databases, with one database for each
species. Similarly, in-house assembled datasets were formatted into blast databases. All
species within the heterokonts and apicomplexans with >1000 EST sequences in db_est or a
comparable sized nucleotide dataset in the nr database were used.

Sequences for Nannochloropsis gaditana were downloaded from http://
nannochloropsis.genomeprojectsolutions-databases.com. Sequences from recent
publications based on 454 or Illumina sequencing of RNA from dinoflagellates were also
downloaded and formatted into local databases for Symbiodinium spp. (Bayer et al., 2012),
Alexandrium tamarense (Moustafa et al., 2010) and Lingul odinium polyedrum (Roy and
Morse, 2012).

A manually curated set of Perkinsus marinus ribosomal proteins was used as a reference
query against the individual species' blast databases. Sequences were gleaned from the
individual taxa by combining blast search (using the ncbi blast+ suite) with sequence
retrieval and translation as necessary using perl scripts. For the sequences from the two
Amoebophrya host—parasite cultures a total of 10 sequences (if available) from each host—
parasite system were harvested. The increased depth for host—parasite datasets was used to
ensure both host and parasite versions of each gene were collected. For nucleotide sequences
from nr or db_est, or the autotrophic dinoflagellates three sequences were collected (if
available) followed by translation into amino acids using the blast hit reading frame and the
appropriate genetic code. Amongst the study organisms the ciliates use an alternate
translation of the codons TAA and TAG which are translated as Glutamine (Caron and
Meyer, 1985). Thus for Ichthyopthiriius multifiliis, Anophryoides haemophila, Entodinium
caudatum and Miamiensis avidis the ciliate genetic code was used. For Tetrahymena
thermophila and Paramecium tetraurelia the NCBI ref_seq protein database was used so
translation was not necessary (see Supplemental Table T1). For amino acid sequences from
ref_seq only the best hit was retained. The resulting amino acid sequences were then aligned
with clustalo version 1.0.3 (Sievers et al., 2011) using the full iteration option. The
sequences were then inspected in Mesquite version 2.74 to confirm start and stop sites, and
to combine overlapping partial or frame-shifted sequences into a single consensus sequence.
The manual curation step often found potential contaminant sequences from parasitic
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species, but these sequences were retained for individual gene analysis. No attempt was
made at this stage to assign sequences to host or parasite, although partial or fragmentary
sequences were removed.

2.2. Phylogenetic analysis

Individual gene alignments were used in a preliminary analysis to screen for contaminants,
particularly from EST datasets for parasitic species and to confirm orthology. For these
preliminary analyses RAXML (Stamatakis, 2006) with the JTT model with Gamma
correction was used with 100 bootstrap replicates. For some organellar ribosomal genes,
manual annotation of mitochondrial, plastid and bacterial (contaminant) clades was required.

Selected individual alignments were then concatenated and the optimal amino acid
substitution matrix for the concatenated dataset was determined by comparing the full suite
of substitution matrices. A second round of individual gene analysis was then done using the
optimal LG model. In this analysis any redundant gene copies from a single species were
eliminated. Two criteria were used to remove duplicate gene copies: first the longest
sequences were retained, deleting any fragmentary gene copies. Secondly, amongst the full-
length sequences for an individual taxon the least divergent gene copy based on the
phylogeny, was retained. Putative contaminant host sequences from EST datasets of
parasitic taxa were identified based on aberrant placement in the single gene phylogenies
and removed after confirmation by blast searches against the nr database. The host and
parasite assignments of the sequences from Amoebophrya-infected dinoflagellates were
made based on phylogeny. The simple heuristic of AT bias for Amoebophrya sp. ex K.
veneficumwas also used to confirm parasite sequences (Bachvaroff et al., 2009).

The dataset was also tested for putative contamination or cross contamination of paralogs by
searching for identical gi numbers within the dataset. This process revealed that two copies
of genes from the rpl7 gene family in Alveolates aligning to the same copy from the
outgroup heterokonts. This was resolved by removing the duplicate heterokont sequences
from the alignment (see below). The program gblocks was used to trim the dataset using
default parameters except for the ‘with-half’ gaps option (Castresana, 2000). This program
was designed to scan for contiguous blocks of aligned sequence and remove poorly aligned
regions.

A total of 73 ribosomal proteins were concatenated of which five were mitochondrial
ribosomal proteins. For core dinoflagellates 16 taxa were sampled, with five additional taxa
including three syndinean parasites. Outgroups included 22 apicomplexans, eight ciliates
and 25 heterokonts for a total of 76 taxa. For the final analysis of concatenated datasets the
optimal LG model for amino acid substitution with Gamma correction and 500 bootstrap
replicates was used.

Near-complete gene sampling was available for many species (Fig. 1; Supplemental Table
T1; Supplemental Fig. S1). For the 76 taxa in this study a mean of 59 genes were present,
although excluding the nine taxa with poor coverage increased the average to 65 genes per
taxon. The largest alignment was composed of 76 taxa and 15,487 amino acid sites
(Treebase Accession 13997). Three additional datasets were constructed by subsampling the
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first dataset using either gblocks to remove sites or reducing taxa with missing data, or both.
The second dataset had all taxa, but gblocks reduced the alignment to 10,127 sites. In the
third dataset the 9 OTUs with the most missing data (30 or more genes absent, 67 taxa
remained) were removed and the alignment was not trimmed with gblocks (15,392 sites).
Finally, the fourth dataset was the result of gblocks trimming of the third dataset to 9597
sites, combining taxon and site reduction.

A set of minimally constrained trees were constructed for Approximately Unbiased (AU)
testing (Table 2), and the most likely tree compatible with the constraint was constructed
with RAXML (Shimodaira, 2000). The CONSEL package was used to calculate AU test

values based on the site likelihoods from RAXML (Shimodaira and Hasegawa, 2001).

3.1. Orthology assignment

One rpl7 gene seems to have been duplicated in the alveolates when compared to the
heterokonts. For this gene, independent assembly of alignments with rpl7-1 and rpl7-2 from
P. marinus collected identical sequences for heterokonts with both P. marinus genes. When
analyzed as single genes both rpl7-1 and 7-2 placed heterokont versions as the outgroup to
alveolates. When both genes were combined in a single alignment rpl7-1 and rpl7-2 formed
two distinct clades in alveolates, independently recapitulating the (Ciliate (Apicomplexan,
Dinoflagellate)) phylogeny. For purposes of concatenation, the rpl7-1 gene copies were
more closely related to heterokonts on the combined tree, and so heterokonts were removed
from the rpl7-2 alignment.

3.2. Phylogenies

All phylogenies generated with the four datasets showed the alveolates as a monophyletic
lineage with respect to the heterokonts. Within the alveolates, the apicomplexans and
dinoflagellates were more closely related to each other than to the ciliates. In all four
datasets, most branches consistently had 100% bootstrap support and the overall topology
was mostly consistent (Fig. 2).

3.2.1. Dinoflagellate phylogeny—Dinoflagellates resolved as a monophyletic clade
grouped with the apicomplexans and then ciliates, all with good bootstrap support, and
consistent with the accepted relationship of Alveolata. Within the broad dinoflagellate
lineage, Perkinsus marinus was followed by Oxyrrhis marina, then the three syndinean taxa
Hematodinium sp ex. Nephrops norvegicus, Amoebophrya sp. ex Karlodinium veneficum,
and Amoebophrya sp. ex Akashiwo sanguinea formed one clade, and the 16 core
dinoflagellates formed a second clade. Alternate topologies of P. marinus, O. marina, the
syndineans, and core dinoflagellates were all rejected by the AU test (Table 2).

Consistent and well-supported features of the core dinoflagellate clade included the
divergence of A. carterae from the base of the clade, and the monophyly of the suessialeans
(Polarella glacialis and Symbiodiniumsp.), Kareniaceae (Karenia brevisand Karlodinium
veneficum), the genus Prorocentrum (3 spp.), and the gonyaulacoids composed of
Alexandrium (3 spp.) together with Lingulodinium polyedrum.
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Within the core dinoflagellates many branches were poorly supported or inconsistently
found using the four different datasets, although the dataset with all taxa and gblocks
trimming differed the most (dataset 2). For example, Prorocentrum and the gonyaulacoids
(Alexandriumwith Lingulodinium polyedrum) formed two well-supported monophyletic
clades in all datasets. These two clades were grouped together with poor (32-72%) bootstrap
support in three of the four datasets, but not in the dataset with all taxa and gblocks
trimming. In this dataset, the gonyaulacoids were placed between Crypthecodinium cohnii
and the remaining dinoflagellates with poor bootstrap support. Similarly, C. cohnii was
placed with the suessaleans in three of the four datasets, albeit with poor support (up to
59%). The haptophyte-pigmented Kareniaceae (Karlodinium veneficum and Karenia brevis)
were found between A. carterae and Akashiwo sanguinea, again with poor support (60—
74%) in three of four datasets.

3.2.2. Apicomplexan phylogeny—Within the apicomplexans, Chromera velia was the
first branching taxon with poor to moderate bootstrap support (71-86%), followed by
Gregarina niphandrodes on a long branch, again with variable and reduced bootstrap
support (67-85%). The AU test did not reject placement of C. velia with the dinoflagellate
lineage, or a topology where G. niphandrodes was constrained outside of the apicomplexans
including C. velia. The remaining features of the tree were consistently well supported
except for the relationship of Eimeria acervulina with Eimeria maxima (85-87%), and the
placement of Plasmodium falciparum with Plasmodium knowlesi and Plasmodium vivax
(52-69%). The non-gregarine apicomplexans were well supported and well resolved with
Cryptosporidium (3 spp.), followed by the Eimeria, Sarcocystis, and Toxoplasma clade next,
and finally the clade composed of Babesia (2 spp.) plus Theileria (2 spp) next to the
Plasmodium clade (6 spp.). Interestingly, the genus Theileria was embedded within the
Babesia clade. Within Plasmodium the subgenus Vinckeia (P. chabaudi, yoelli, and berghei)
was well supported, although the branch grouping P. yodlli with P. berghel varied from 81%
to 96%. Intriguingly, P. falciparum (representing subgenus Laveriana) was placed with the
subgenus Plasmodium (P. knowlesi and P. vivax), although the alternate topology of P.
falciparum as the basal member of the Plasmodium clade was not rejected by the AU test.

3.2.3. Outgroup phylogeny—The heterokonts could be divided into two major lineages,
the photosynthetic heterokonts and the oomycetes, with Schizochytrium sp. and Blastocystis
hominis outside of these two lineages. Within heterokonts one branch was inconsistent with
different analyses, with the deep-branching Nannochloropsis spp. placed with the
phaeophytes when gblocks was used. This alternate topology was not rejected by the AU
test. In addition gblocks trimming reduced bootstrap support by about 20% for two branches
within the Phytophthora spp. clade, while increasing support for the deeper branch with
Pythium ultimum.

4. Discussion

With advances in data availability, ‘genome-scale’ or phylogenomic studies have become
possible. For species for which genome data remain unavailable due to genome size or other
constraints, phylogenies can still be generated using a subset of the transcriptome data.
Some phylogenetic studies employ a composite strategy where data from multiple species or
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studies are combined to represent specific groups (Burki et al., 2007; Parfrey et al., 2010),
whereas here the data from individual studies, strains and species were treated as individual
taxa. Ribosomal proteins are particularly accessible because these genes are well conserved,
allowing for easy identification, homology assessment, and alignment. For these highly
expressed and often short genes (<200 amino acids), full-length coding sequences can be
gleaned from even small scale Sanger sequencing EST surveys. Within the dinoflagellates,
and across the tree as a whole, gene sampling was very robust, with most taxa represented
by 59 genes even when including relatively poorly sampled taxa. These short gene
sequences provide relatively little phylogenetic resolution when analyzed individually, but
can be concatenated to alleviate alignment length as a limiting factor. Even with the sharp
increase in high-throughput sequencing that has occurred in recent years, relatively few taxa
have been sequenced when compared to PCR-based single-gene datasets, and taxon
sampling is certainly an area that could be improved. The data reported here for the
dinoflagellate clade includes 11 novel datasets combined with a further 10 dinoflagellates
from previously published surveys.

The tree agrees with generally accepted phylogeny where dinoflagellates grouped with
apicomplexans, followed by ciliates and then heterokonts, a topology consistently recovered
in multiple studies using both rRNA and protein-coding genes (Bachvaroff et al., 2011;
Baldauf, 2003; Burki et al., 2007; Parfrey et al., 2010). Almost all of the branches on the tree
are consistent and well supported even when the large alignment was trimmed into three
subsampled datasets.

4.1. Improved phylogeny of basal dinoflagellates

The central objective of this study was to improve the understanding of dinoflagellate
phylogeny and the novel data collection includes both syndineans and core dinoflagellates.
Within the dinoflagellate lineage the present tree provides a well-resolved framework at the
foundation of the clade, with significantly increased support relative to previous studies for
relationships between P. marinus, O. marina, syndineans, and core dinoflagellates
(Bachvaroff et al., 2011; Saldarriaga et al., 2003). Oxyrrhis marina is a clear outgroup to the
syndineans and core dinoflagellates. In contrast to a previous smaller scale ribosomal protein
phylogeny (Bachvaroff et al., 2011), the AU tests with a longer alignment and more taxa
reject alternate topologies at the base of the dinoflagellate clade. The AU test rejects placing
O. marina with the core dinoflagellates, or P. marinus with the syndineans. Interestingly, the
AU test did not reject an alternate topology placing Chromera velia with dinoflagellates.
Further, the phylogeny resolves ambiguous rRNA phylogenies of syndineans and core
dinoflagellates. Syndinean rRNA sequences, mostly from environmental clone libraries, did
not resolve the branching order of the different ‘Marine Alveolate Group’ (MAG) clades I-
VIII and the core dinoflagellates (Bachvaroff et al., 2012; Guillou et al., 2008). Here, the
syndineans representing Marine Alveolate clades 11 (Amoebophrya) and 1V (Hematodinium)
form a distinct monophyletic lineage sister to the core dinoflagellates.

Previous core dinoflagellate trees based on rRNA suffer from poor bootstrap support and
conflict between analytic methods, a result that is completely consistent with the results
from the ribosomal proteins presented here (Bréte et al., 2010; Coats et al., 2010;
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Saldarriaga et al., 2001; Shalchian-Tabrizi et al., 2006; Jgrgensen et al., 2004; Hoppenrath
and Leander, 2010; Logares et al., 2007; Okamoto et al., 2012; Murray et al., 2005). The
most strongly supported and consistent features within the core dinoflagellates in the present
study have also been seen in rRNA phylogenies. For example the gonyaulacoids
(Alexandrium and Gonyaulax) are monophyletic with both rRNA and ribosomal protein
trees. The Suessiales including Symbiodinium sp. and Polarella glacialis are found in both
the rRNA and the protein-coding gene trees. Monophyly of the Kareniaceae is often poorly
supported in the rRNA phylogenies cited above, which is surprising because these
dinoflagellates share a tertiary plastid of haptophyte origin (Tengs et al., 2000). The two
Kareniaceae are monophyletic with good support in the present analysis. Similarly the
morphologically distinct genus Prorocentrum, although not recovered on SSU trees is
monophyletic in this study. The divergence of A. carterae from the remaining core
dinoflagellates was a feature first found with LSU trees (Jgrgensen et al., 2004) and
reinforced by protein-coding genes (Zhang et al., 2007). Within the core dinoflagellates the
position of A. carterae suggests thecate dinoflagellates arose from an athecate ancestor (Orr
et al., 2012), although multiple groups of thecate and athecate dinoflagellates were not
sampled here. (Bachvaroff et al., 2009; Bachvaroff and Place, 2008; Kim et al., 2011).

4.2. Different permutations of the data

Gblocks prefilters rapidly changing or poorly sampled sites and excludes them from the
analysis, but likelihood parameters for site-to-site rate variation account for rapidly changing
sites. In the context of this study, gblocks trimmed alignments did not consistently improve
bootstrap support, with values shifted up in some parts of the tree and down in others.
Within genera Pythium and Phytopthera, previously shown to be paraphyletic (Villa et al.,
2006; Runge et al., 2011), large changes in bootstrap values occurred with gblocks
trimming. The short branches between the four Phytopthora spp. had much lower bootstrap
support with gblocks trimming, although the next branch with Pythium ultimum had
increased support. This result suggests more variable or poorly sampled regions help
distinguish the subtly different Phytopthora spp. but may introduce inconsistency in
bootstrap support at the next deeper branch.

This becomes important within the core dinoflagellates where the combination of the
gonyaulacoids and Prorocentrum spp. is very sensitive to the gblocks trimming. Only
datasets without gblocks trimming moderately supported this clade (69—-72%) and when
gblocks was used the support fell, or the branch was not observed. The sites removed by
gblocks may be important for resolving core dinoflagellate relationships, but in the global
context of the alignment such sites were excluded by gblocks. An additional confounding
factor is the gene duplication and potential for sequencing error in EST datasets, which can
mask true orthologous gene copies (Kim et al., 2011) For example, the two datasets for
Alexandrium tamarense were collected by traditional EST and 454 methods from the same
strain, yet they appear to be distinct taxa on the tree. Likely this represents a combination of
sequencing, assembly, and alignment error potentially masking the most similar or identical
gene copies and instead substituting slightly variant gene copies. Similarly, two strains of
Symbiodinium are distinct on the phylogeny. Thus, while additional taxon sampling is an
obvious next step in resolving the core dinoflagellate topology, methods to account for
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subtly variant copies will also be required, particularly when comparing closely related taxa
(Bachvaroff and Place, 2008; Kim et al., 2011). Even more distinct were the differences
between the two Amoebophrya strains, where previous studies of rRNA previously
suggested multiple species might be present (Gunderson et al., 2002), and gene duplication
is not as common as in core dinoflagellates (Bachvaroff et al., 2009).

4.3. Additional novel features of the phylogeny

Despite many points of agreement, there are several points on the tree that differ from
previous phylogenies. For example within the heterokonts, the Khakista group combining
diatoms, Aureococcus anophagefferens, and Pseudochattonella farcimen, are relatively well
supported (81-95%) (Edvardsen et al., 2007). This result contrasts strongly with the study of
Riisberg et al. 2009 where the diatoms were at the base of the heterokonts.

A controversial portion of the tree within the apicomplexans would be the placement of
Plasmodium fal ciparum within the subgenus Plasmodium, albeit with poor bootstrap
support. In previous studies with deeper taxon sampling but shorter alignments, P.
falciparum was placed outside of the two subgenera Plasmodium (P. knowlesi, and P. vivax)
and Vinkeia (P. chabaudi, P. yoelli, and P. berghei) (Martinsen et al., 2008; Duval et al.,
2010). However, in this tree P. falciparum, representing the Laveriana subgenus is found
within subgenus Plasmodium, implying a closer relationship of P. falciparum with the other
primate malarias.

4.4. Conclusions

There are two parallel developments that clarify character evolution in the dinoflagellate
lineage. First, broader taxon sampling and longer alignments have improved the resolution
and support for molecular phylogenies. Second, the actual character states of many species
have been more precisely described. For example, the previous analysis of 21 ribosomal
proteins from dinoflagellates was not able to clearly place O. marina, P. marinus, and
Amoebophrya sp. in relation to the outgroup and core dinoflagellates (Bachvaroff et al.,
2011), whereas with the addition of both more taxa and longer alignments now these
branches are clearly resolved.

Nuclear characters were used to divide the dinoflagellates two major clades, the syndineans
and core dinoflagellates (Adl et al., 2005). The core dinoflagellates share aberrant nuclear
characters including high DNA content, numerous chromosomes condensed during
interphase, and large-scale gene duplication. The syndineans have been considered more like
typical eukaryotes because of reduced chromosome number and no obvious gene
amplification (Bachvaroff et al., 2009; Ris and Kubai, 1974). Syndinean nuclei also stain
with alkaline fast green, suggesting larger basic protein to DNA ratios than core
dinoflagellates (Cachon and Cachon, 1987). These features were explicit or implicit
evidence that syndinean nuclei were more like typical eukaryotes forming an outgroup to the
core dinoflagellates. Rooted in this manner, the monophyletic core dinoflagellates (often
termed dinokaryotes), appeared to share a suite of derived nuclear characters (Adl et al.,
2005; Saldarriaga et al., 2004; Wisecaver and Hackett, 2011; Lin, 2011). The character state
of the Oxyrrhis marina nucleus, however, was more ambiguous, with a large genome (55.8
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pg), duplicated genes, and alkaline fast green positive chromatin, deviating from the typical
eukaryotic state and perhaps representing an intermediate dinokaryotic state (Sano and Kato,
2009). Our ribosomal protein phylogenies now firmly place O. marina outside of both the
syndineans and core dinoflagellates, suggesting that remodeling of the nucleus commenced
early in dinoflagellate radiation prior to the emergence of O. marina. Further, recent
discovery of a specific protein (DVNP) that has apparently displaced major histone
functions in dinoflagellates was shown to be present in the syndinean Hematodinium sp., the
core dinoflagellates, and O. marina, but it is absent in P. marinus (Gornik et al., 2012). In
Hematodinium bulk nucleosomal packing is absent, chromosomes are substantially
condensed, and the DNA content is relatively large (4.5 pg, although less than O. marinus
and many of the core dinoflagellates). Similarly, in the dinospore stage of Amoebophrya sp.
ex A. sanguinea partially condensed interphase chromosomes were observed (Miller et al.,
2012). The combined evidence suggests that major changes observed in the nuclei of
dinoflagellates are shared between O. marina, syndineans and core dinoflagellates. This new
interpretation is, in a sense, a return to the arguments of Chatton, where he determined the
dinoflagellate affinity of many syndinean parasites based on nuclear and mitotic
characteristics (Chatton, 1920).

Remaining potential synapomorphies for core dinoflagellates include more detailed features,
such as liquid crystal “arched fibrillar’ chromosomes, although this character is only strictly
observable by transmission electron microscopy the refringent chromosomes are often
visible with light microscopy (Biitschli, 1880) (Fig. 3). Perhaps arched fibrillar chromosome
arrangement coincides with the histone-like proteins representing an additional protein
substitution unique to core dinoflagellates beyond the DVNP shared by both core and
syndinean dinoflagellates (Vernet et al. 1990, Chudnovsky et al. 2002).

The diagnostic dinokont morphology of the core dinoflagellate clade is based on the helical
transverse and undulating trailing flagella both typically partly enclosed in grooves on the
outside of the cell, although the genus Prorocentrum lacks such grooves. Oxyrrhis marina
and most syndineans lack obvious grooves for flagella (Coats, 1988; Coats et al. 2012;
Miller et al., 2012; Dodge and Crawford, 1971), although in the syndinean genera

| chthyodinium and Syndinium grooves are present in some life stages (Skovgaard et al.,
2005, 2009). In core dinoflagellates the transverse flagellum is usually widened into a ribbon
shape with an additional membrane-enclosed fiber called the striated strand (Dodge and
Greuet, 1987). This type of transverse flagellum has not been observed in syndineans
(Cachon and Cachon, 1970; Miller et al., 2012), although clearly more detailed
investigations are required.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A representation of the alignment used for phylogenetic analysis. Along the y axis are the

taxa used in the study in the same order as in the tree, with the genes along the x axis. The
genes were sorted by name with the large ribosomal subunit associated genes on the left and
the small subunit genes on the right. Nuclear encoded mitochondrial targeted genes are
noted with the abbreviation ‘mito’. The fill color is proportional to the fraction of aligned
characters, with darker colors representing more aligned characters. The nine taxa missing
more than 30 genes are highlighted with arrows.
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Fig. 2.

Plasmodium falciparum

58 Plasmodium knowlesi

76 Plasmodium vivax —

58

68 _— 299% bootstrap support all datasets

— <99% bootstrap support all datasets
branch not found in all datasets

The most likely tree found by RAXML using the LG amino acid substitution matrix with
gamma correction and 500 rapid bootstraps. Bold branches were found in 100% of bootstrap
replicates. The dataset was partitioned both by using gblocks and by removing the 9 taxa
with fewer aligned characters as shown on the legend in the figure. For branches with
variable support in different partitions of the alignment (>5% difference in bootstrap values)
the values are shown for all four different alignments.
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Fig. 3.

Perkinsus marinus

Oxyrrhis marina

Low chromosome numbers.

Parasites with intracellular or

invasive life stages.

Flagella generally not in distinct circumferential
and longitudinal grooves, with specific exceptions.
Striated strand on transverse flagellum absent.

Syndinean dinoflagellates

Loss of bulk nucleosomes.
Gain of Dino / Viral NucleoProtein
as major nuclear protein .
Core dinoflagellates

Ribbon-like transverse flagellum with striated

Liquid chrystal chromosomes 1
w'(t]h arched fibrillar DNA strands strand. Both flagella generally enclosed in
Addition of Histone Like Protein and grooves on the outside of cell with specific
reduction of protein: DNA ratio exceptions.
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A putative evolutionary scheme for the evolution of dinoflagellate characters. Evolution of

nuclear and morphologic characters are described based on the ribosomal protein phylogeny.
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