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Abstract

Microbial eukaryotes may extinguish much of their nuclear phylogenetic history due to
endosymbiotic/horizontal gene transfer (E/HGT). We studied E/HGT in 32,110 contigs of
expressed sequence tags (ESTs) from the dinoflagellate Alexandrium tamarense (Dinophyceae)
using a conservative phylogenomic approach. The vast majority of predicted proteins (86.4%) in
this alga are novel or dinoflagellate-specific. We searched for putative homologs of these
predicted proteins against a taxonomically broadly sampled protein database that includes all
currently available data from algae and protists and reconstructed a phylogeny from each of the
putative homologous protein sets. Of the 2,523 resulting phylogenies, 14-17% are potentially
impacted by E/HGT involving both prokaryote and eukaryote lineages, with 2-4% showing clear
evidence of reticulate evolution. The complex evolutionary histories of the remaining proteins,
many of which may also have been affected by E/HGT, cannot be interpreted using our approach
with currently available gene data. We present empirical evidence of reticulate genome evolution
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that combined with inadequate or highly complex phylogenetic signal in many proteins may

impede genome-wide approaches to infer the tree of microbial eukaryotes.

Keywords
dinoflagellates; endosymbiosis; eukaryote evolution; horizontal gene transfer; phylogenomics

Introduction

Numerous attempts have been made in recent years to erect a comprehensive phylogeny of
eukaryotes (Burki et al. 2007, Hackett et al. 2007, Yoon et al. 2008, Parfrey et al. 2010). In
spite of an expanding database of gene and genome data, many nodes in the tree have
proven refractory to resolution using multi-gene phylogenetic methods. This is in part
explained by plastid endosymbiosis, whereby a foreign cell (e.g., a cyanobacterium or a red
alga) is captured and retained by an ancient eukaryotic lineage as a photosynthetic organelle
(Reyes-Prieto et al. 2007). Endosymbiosis results in outright gene loss (owing to loss of
gene function) from the captured cell and more importantly for phylogenetic analysis, the
movement of hundreds of its genes to the host nuclear genome v7a endosymbiotic gene
transfer (EGT), a specific instance of horizontal gene transfer (HGT; Martin & Herrmann
1998, Reyes-Prieto et al. 2006), yielding chimeric nuclear genomes. These forces are
particularly prominent in taxa that have undergone serial endosymbioses (Yoon et al. 2005,
Patron et al. 2007, Moustafa et al. 2009). However, the contribution by E/HGT to reticulate
genome evolution in photosynthetic lineages (or in taxa that have secondarily lost the
plastid; Reyes-Prieto et al. 2008) and its impact on phylogeny reconstruction among
eukaryotes are poorly understood. It is conceivable that a patchy distribution of genes
impacted by E/HGT explains the inability to unambiguously resolve the interrelationships of
algal phyla such as Rhodophyta, Viridiplantae (green algae and plants), Glaucophyta
(together, the Plantae; Rodriguez-Ezpeleta et al. 2005, Price et al. 2012), Cryptophyta, and
Haptophyta (Stiller 2007, Yoon et al. 2008, Baurain et al. 2010, Parfrey et al. 2010, Chan et
al. 2011c). These taxa are either donors (e.g., red and green algae) or recipients (e.g.,
Cryptophyta, Haptophyta) of genes implicated in EGT.

In contrast to eukaryotes, much more is known about HGT in prokaryotes where the non-
lineal movement of genes between taxa is so extensive (Beiko et al. 2005, Lerat et al. 2005,
Puigbo et al. 2010) that the ability to infer a bacterial tree of life (TOL) has been called into
question (Doolittle & Bapteste 2007, Lawrence & Retchless 2010). Although a more-
complex cellular organization and gene (e.g., exon-intron) structure may hinder HGT in
eukaryotes (Keeling & Palmer 2008), there is no a priori reason to believe that over
evolutionary time scales (i.e., hundreds of millions of years) the genomes of microbial
eukaryotes would be immune to HGT. Like prokaryotes, many of these taxa are unicellular
(i.e., each cell comprises a potential germ line), free-living, and often phagotrophic with an
unknown or poorly understood history of plastid endosymbiosis. Furthermore, opportunities
presumably exist for HGT due to long-term associations with a multitude of foreign DNA
from prey (Doolittle 1998), symbionts, and pathogens (Bowler et al. 2008, Worden et al.
2009). Therefore, unlike most plants (Bock 2010) and animals, it is important to study
genome data from microbial eukaryotes with the expectation of reticulate evolution for a
subset of genes rather than attempting to fit a model of strict vertical gene ancestry, and non-
complying data is excluded as “noise”. The question remains however, does E/HGT impart a
negligible signal to protist gene evolution or can these forces dominate the history of their
genomes? If the latter holds, then it is crucial to detect E/HGT on a genome-wide basis in
microbial eukaryotes using a gene-by-gene approach that attempts to rise above biases
introduced by taxon sampling or phylogenetic artifacts (Body# et al. 2009, Stiller 2011).

J Phycol. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chanetal.

Page 3

Among microbial eukaryotes, dinoflagellates are an important group of primary producers
and grazers that have one of the most complex evolutionary histories known (Hackett et al.
2004). The widespread peridinin-containing plastid in these taxa is of red algal origin via
secondary (i.e., eukaryotic) endosymbiosis (Yoon et al. 2005). However some fucoxanthin-
containing dinoflagellates have undergone an additional (tertiary) endosymbiosis resulting in
a haptophyte-derived plastid (Ishida & Green 2002). As shown in the schematic tree in Fig.
1A, the interrelationships between various eukaryote phyla are currently poorly resolved.
This is therefore a working hypothesis that summarizes the results of recent studies that,
taken separately, often conflict depending on the nature of the data and chosen analysis. In
particular, the grouping of Alveolata with the cryptophytes, haptophytes, and stramenopiles
(which includes the ubiquitous diatoms) under the supergroup “Chromalveolata” is highly
contentious (Baurain et al. 2010); e.g., in some analyses either or both the Cryptophyta and
Haptophyta are sister to Plantae (Burki et al. 2008, Parfrey et al. 2010, Parfrey et al. 2011).

Similarly, although a red algal secondary endosymbiosis has clearly occurred in many of
these phyla due to the presence of a plastid derived from this lineage (McFadden 2001,
Yoon et al. 2002, McFadden & van Dooren 2004), a possible cryptic green algal
endosymbiosis that has been postulated to predate the red algal capture (Moustafa et al.
2009) warrants further investigation. A recent study of diatom membrane transporters (Chan
et al. 2011b) demonstrates red and/or green algal origins of these genes, implying that E/
HGT could play a crucial role in environmental adaptation among microbial eukaryotes. In
most of these phylogenetic analyses, the simplest explanation, with the invocation of the
least number of evolutionary events, is assumed to be a plausible explanation of the data.
Nevertheless, as with any phylogenetic analysis, one cannot definitively dismiss the
possibility of data biases, such as stochastic sequence variation, rate heterogeneity,
convergent evolution, or simply, inadequate taxon sampling, which would mislead the
interpretation of evolutionary history (Gruenheit et al. 2008, Body# et al. 2009, Stiller et al.
2009, Christin et al. 2010, Stiller 2011). Whereas the impact of plastid endosymbiosis on the
interrelationships among eukaryote lineages is not yet clearly understood, the clade defined
by stramenopiles, Alveolata, and Rhizaria (SAR) has been recovered in several multi-gene
phylogenetic analyses (Burki et al. 2007, Hackett et al. 2007) and provides a provisional
phylogenetic affiliation of dinoflagellates/alveolates to other eukaryotes in the TOL (Fig.
1A).

Given this current state of understanding, the nuclear genomes of peridinin dinoflagellates
are expected to show a history of EGT involving at least the canonical red algal
endosymbiosis (Li et al. 2006) although other cryptic endosymbiosis are also likely to have
occurred during the long evolutionary history of dinoflagellates and sister phyla such as
stramenopiles (Moustafa et al. 2009, Baurain et al. 2010) that stretches back hundreds of
millions of years (Yoon et al. 2004). In addition, HGT between dinoflagellates and various
bacterial sources has been demonstrated in recent studies (Nosenko & Bhattacharya 2007,
Keeling 2009). Intriguingly, this complex history of gene recruitment in dinoflagellates
occurs in the backdrop of some of the most peculiar properties known with respect to cell
and DNA biology (Wisecaver & Hackett 2011): e.g., permanently condensed chromosomes,
highly reduced and fragmented organelle DNA (Koumandou et al. 2004), and nuclear
genomes of immense size, i.e., estimate ranging from 1.5 to 220 Gbp (LaJeunesse et al.
2005, Hackett & Bhattacharya 2008). The source of evolutionary pressure on dinoflagellates
to maintain such massive nuclear genomes, given the high energetic costs of DNA
replication is currently unknown. However, an outcome of large genome size may be the
ability to incorporate foreign genes, which may ultimately provide selective advantages in
variable environmental conditions. Therefore, the dinoflagellates provide an interesting
target for studying genome evolution in a system that may be considered a “worst-case”
scenario in terms of the complexity of evolutionary history among microbial eukaryotes.

J Phycol. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chanetal.

Page 4

Here we analyze a comprehensive expressed sequence tag (EST) dataset from the
ecologically and economically important, toxic dinoflagellate Alexandrium tamarense
(Lebour) E. Balech to assess the extent of “gene sharing” in microbial eukaryotes. Here we
use the phrase gene sharing to describe non-lineal gene transfer (and/or exchange),
regardless of the direction of transfer.

Materials and Methods

Generation of expressed sequence tag (EST) data

The ESTs were derived from the vegetative (haploid) phase of A. tamarense CCMP 1598
(Hackett et al. 2005). A pooled set of transcripts was generated by combining mRNAs
isolated from cells grown under six different culture conditions (f/2 semi-continuous, G1
pooled, -N semi-continuous, glutamine semi-continuous, -P semi-continuous, and xenic
semi-continuous) to maximize gene discovery across a variety of environmental conditions.
The xenic culture was prepared using the bacterized clone CCMP1493; i.e., a culture of A.
tamarense that contained naturally occurring bacteria. Details of these culture conditions and
the cDNA isolation procedure can be found in Moustafa et al. (2010). For 454 sequencing,
first strand synthesis of A. tamarense cDNA was performed using the Superscript® Il First-
Strand Synthesis System (Invitrogen, USA). The first-strand reaction included 5 pL of total
RNA and 50 pmol modified oligo-dT primer with PIIA tag (5" AAG CAG TGG TAT CAA
CGCAGAGTTTGTTTTTTTTTICTTTTTT TTT TVN 3°). The reaction was incubated
at 50°C for 90 min The PIIA tag was annealed to the 5’ end of full-length dinoflagellate
transcripts using the Advantage® 2 PCR kit (Clontech, USA), taking advantage of the trans-
spliced leader sequence present on mature dinoflagellate transcripts (Zhang et al. 2007,
Zhang et al. 2009). The reaction included 20 p.L of first-strand cDNA and 20 pmol of the
spliced leader-annealed PIIA primer (PHIA primer: 5’AAG CAG TGG TAT CAA CGC
AGA GTC CGT AGC CAT TTT GGC TCA AG 3"). One PCR cycle was performed (95°C
for 1 min, 68°C for 6 min). A PCR cleanup was performed using the QIAquick® PCR
purification kit (Qiagen, USA) to remove unincorporated primers and dNTPs. PCR
amplification of the resulting double-stranded cDNA was performed with the Advantage® 2
PCR kit (Clontech, USA) using 10 pmol PIIA PCR primer (5 AAG CAG TGG TAT CAA
CGC AGA GT 3). Cycling parameters included an initial denaturation step at 95°C for 1
min followed by 18 cycles of 95°C for 30 s, 58°C for 30 s, 68°C for 6 min PCR products
were visualized on an agarose gel to confirm expected cDNA size range and cleaned using
the CHROMA SPIN™ columns (400 size selection; Clontech, USA). Multiple cDNA
synthesis/amplification reactions were pooled to generate the 5,.g DNA needed for 454
sequencing and reduce the stochastic bias of PCR amplification. The cDNA was sequenced
with a 454 FLX-Titanium pyrosequencing machine at the Arizona Genomics Institute
(Tucson, AZ, USA). Combination and clustering of all A. tamarense data using CAP3
(Huang & Madan 1999) resulted in 32,716 distinct EST contigs for downstream analysis.
Excluding short ESTs (length <150 nt), we used 32,110 ESTs with lengths ranging from 150
to 3,418 nt (average length 506 nt) for subsequent analysis of HGT/EGT. The ESTs
generated from the subtracted libraries are available from http://dbdata.rutgers.edu/
alexbase/. The EST assembly used in this study is available from http://dbdata.rutgers.edu/
data/dino/. An earlier study (Moustafa et al. 2010) has demonstrated that A. tamarense
encodes ca. 40,000 unique cDNA signatures (i.e., determined using massively parallel
signature sequencing, MPSS). Therefore the EST unigene set used in the current research
represents ca. 80% of the expressed genes in the dinoflagellate.

Because the conserved 5' spliced leader sequence in dinoflagellates (Zhang et al. 2007) was
used to target cDNAs for EST library construction, we determined the proportion of
assembled ESTs that actually encoded the complete 5' terminus. Here we used the spliced
leader sequence 5-DCCGUAGCCAUUUUGGCUCAAG-3' as a query against the
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assembled unigenes and found that at the identify level of 21 nt, a total of 6,492 contigs
contain this sequence. By significantly relaxing the threshold to 10 nt identity, we found
8,158 matching EST contigs, suggesting that ca. 25% of the 32,110 contigs contain the 5'
terminus of the A. tamarense coding regions.

Analysis of exclusive gene sharing

Within the context of this study, we define a taxon as each individual terminal node of a
phylogenetic tree, and a phylum as the group of such closely related taxa, such as
dinoflagellates, apicomplexans, stramenopiles, Rhodophyta, and Viridiplantae. For this and
the following phylogenomic analyses, we used an in-house database that consists of all
annotated protein sequences from RefSeq release 43 at GenBank (http://ncbi.nih.nlm.gov/
RefSeq/), predicted protein models available from the Joint Genome Institute (ftp:/ftp.jgi-
psf.org/pub/JGI_data/), and six-frame translated proteins from EST datasets of all publicly
available algal and unicellular eukaryote sources, i.e., dbEST at GenBank (http://
ncbi.nih.nlm.gov/dbEST/) and TBestDB (http://tbestdb.bcm.umontreal.ca/), as well as data
from Porphyridium cruentum (S. F. Gray) Nageli (Porphyridiophyceae) and Calliarthron
tuberculosum (Postels and Ruprecht) E. Y. Dawson (Florideophyceae) (Chan et al. 2011c),
totaling 14,029,220 sequences (Table S1 in the supplementary material). Using 32,110
unigenes of A. famarense (each was translated into proteins in six frames) as a query
platform against the database (BLASTP, e-value <10°19), we adopted a simplified reciprocal
BLAST approach (Chan et al. 2011c) to identify the homologous protein sequence set for
each of these genes at high confidence. The frame in which the encoded protein has the most
hits among the six frames for a unigene is considered the correct frame. For each of the top
five BLASTP hits (or less if there are <5 hits) for an A. tamarense protein, we generated a
list of hits via BLASTP searches against our database. The sequence hits that are found in all
of these lists (including the A. tamarense protein) are grouped into a set. A protein set that
consists of only the dinoflagellates and one other phylum represents putative cases of
exclusive gene sharing between the two phyla.

Inference of E/HGT

For each of the remaining 4,366 ESTs (14% of 32,110) that have significant matches in the
database, gene (i.e., protein) sets were identified (maximum size = 100 with no single
species represented more than four times). No more than five bacterial groupings (e.g.,
Actinobacteria, Proteobacteria, Cyanobacteria, according to the NCBI Taxonomy) are
represented in a gene set. Given that the current database is data-rich in the groups of
Metazoa and Fungi, <15 species (for each of these two groups) were represented in a gene
set. Gene sets with <4 sequences were excluded from analysis because they are not
phylogenetically meaningful. Multiple sequence alignments for each gene set were
performed using MUSCLE (Edgar 2004). Phylogenetically non-informative sites (i.e., fast
evolving, divergent, ambiguously aligned blocks) in the alignments were removed using
GBLOCKS (Talavera & Castresana 2007) with parameters b3 = 200, b4 = 2, and b5 = a.
Sequence alignments of length <75 amino acid positions were excluded from analysis. We
did not specifically test for rate heterogeneity, compositional bias, or stochastic sequence
variation in our dataset, but this alignment “cleaning” step acts as a precautionary measure
to reduce potential phylogenetic artifacts in the subsequent tree inference. The phylogeny for
each alignment was reconstructed using a maximum likelihood approach (Stamatakis 2006)
with the WAG amino acid substitution model (Whelan & Goldman 2001) with a discrete
gamma distribution (Yang 1994) and non-parametric bootstrap of 100 replicates. The EST
unigenes and their encoded proteins, as well as the alignments and trees generated from this
work are available from http://dbdata.rutgers.edu/data/dino/. We adopted a two-step
approach, as modified from Chan et al. (2011b), for phylogeny sorting to examine strongly
supported monophyletic relationship (based on non-parametric bootstrap support at =290%,
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>70%, and =50%) between dinoflagellates and one other phylum. First, we used a simple
computational text-parsing tool (PERL script available upon request) to rapidly identify
trees with potentially (interpretable) topologies among phylogenies (in NEWICK format)
that contain =2 distinct phyla and =20 terminal taxa (number of branch tips). To minimize
the effect of missing data (another common bias of phylogenetic artifact), we required
dinoflagellates and the second phylum to each have =2 sequences within the monophyletic
clade. After that, each of these sorted trees was manually inspected by eye to identify
putative instances of E/HGT.

Functional annotation of EST

Putative functions of the EST unigenes were annotated using Blast2GO, based on sequence
similarity searches (BLASTP) against the GenBank non-redundant (NR) protein database
(e-value <107). See Appendix S1 in the supplementary material for the complete list of
annotations for the A. famarense genes used in this study.

Results and Discussion

Tracing the evolutionary origins of dinoflagellate proteins

Assembly of the A. tamarense ESTs from Sanger and Roche 454 pyrosequencing data
resulted in 32,110 unigenes, which is 80% of the ca. 40K unique genes in this species. This
latter number was previously estimated by counting unique, high quality sequence tags
generated using massively parallel signature sequencing (MPSS) of RNA derived from cells
grown under different culture conditions (Moustafa et al. 2010). For each of the unigenes,
we used a simplified reciprocal BLAST approach (Chan et al. 2011c; see Methods) to
identify putative homologs within a broadly sampled in-house protein sequence database
(ca. 14 million sequences obtained from public sources; Table S1). This study included
23,654 predicted protein sequences from the parasitic flagellate, Perkinsus marinus that
forms a basal sister lineage to dinoflagellates (i.e., including the early-branching
heterotrophic dinoflagellate, Oxyrrhis maring) (Saldarriaga et al. 2003). Here we considered
Perkinsus (Perkinsea) and the dinoflagellates (Dinophyceae) to comprise a single
phylogenetic entity. Using our conservative approach, only 9,765 (30.4%) predicted proteins
had significant BLAST hits (e-value < 10-10) to the database. This suggests that most A.
tamarense genes are novel or alternatively, too divergent when compared to existing data to
be identified based on sequence similarity. In addition to 22,345 unigenes without hits,
5,399 had hits only to other dinoflagellates. These 27,744 (86.4%) genes, putatively
dinoflagellate-specific (Fig. 1B; some of these include Perkinsus), are likely to contribute to
the many unique characteristics shared by these taxa. The remaining 4,366 genes that have
hits to other taxa in the database (13.6% of 32,110) provided the input data for
phylogenomic analysis.

To assess the phylogenetic history of dinoflagellate genes, we relied on the well-supported
affiliation of these taxa with other members of the phylum Alveolata that also includes the
heterotrophic ciliates and parasitic apicomplexans (Cavalier-Smith 1991, Gajadhar et al.
1991). Given these existing data and our limited understanding of eukaryote evolution
(Figure 1A), we postulated that, ignoring intra-phylum E/HGT, dinoflagellate genes of
vertical descent would be most closely related to other alveolates with strong bootstrap
support or, in the absence of other alveolate homologs (e.g., photosynthetic genes absent in
ciliates and apicomplexans), be sister to stramenopiles and/or Rhizaria (i.e., the SAR clade
(Burki et al. 2007)).
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Exclusive gene sharing by A. tamarense

Under the assumption that the signal of gene sharing (or apparent signal, due to the limits of
detection using BLAST or potentially convergence (Sanderson & Donoghue 1989, Brandley
et al. 2009)) is correlated with evolutionary distance, we studied the distribution of hits to
the dinoflagellate data. Of the 9,765 A. tamarense proteins with hits, 920 have hits only to
dinoflagellates and one other taxon (Fig. 1B; see also Table S2 in the supplementary
material). Figure 2A shows the proportion of A. tamarense genes for which hits are found
solely among other dinoflagellates, or between dinoflagellates and one other taxon.
Assuming that inadequate sampling is less of a concern as the number of total hits (i.e.,
taxonomic breadth) increases, we examined the two-taxon associations by requiring an
increasing minimum number of hits per query (x) from both taxa (x =2, =5, 210, and >15).
At x =2, the four most abundant foreign taxa that contain genes with hits exclusively to
dinoflagellates are Apicomplexa (206 proteins), Haptophyta (197), stramenopiles (146), and
Viridiplantae (86; Fig. 2A). As x increases (across the bars from left to right in Fig. 2A), the
proportion of hits that showed a dinoflagellate-Apicomplexa association generally increased;
i.e., 206 (3%) — 171 (7%) — 106 (13%) — 48 (13%). In comparison, the proportion of
proteins showing hits only to dinoflagellates decreased under the same condition; i.e., 5,399
(85%) — 2,042 (80%) — 539 (68%) — 246 (66%). Our approach therefore provided a
signal of evolutionary association for dinoflagellate proteins (independent of phylogeny)
that, as would be predicted, shows a close association with Apicomplexa (i.e., both groups
are alveolates; likely explained by vertical inheritance), to a lesser extent with stramenopiles
(i.e., the SAR hypothesis), as well as with the more distantly related haptophytes (197 [3%]
— 84 [3%] — 24 [3%] — 9 [2%)]) for which a complete genome sequence is available from
Emiliania huxleyi (i.e., these are probable instances of exclusive gene sharing). There are
currently no completed genomes among cryptophytes and Rhizaria, likely explaining their
absence from this list of exclusive hits.

Phylogenies of dinoflagellate protein families

Using an automated pipeline, we generated a maximum likelihood tree for 4,366 A.
tamarense protein alignments. Using a similar approach adopted from an earlier study of red
algae (Chan et al. 2011c¢) but using less stringent conditions given the large number of
unknown genes in dinoflagellates, we focused on phylogenies that contain =2 distinct phyla
and =20 terminal taxa (2,523 proteins); i.e., those with a sufficiently broad sampling of taxa
to infer protein (thus gene) history. Using the initially stringent bootstrap cut-off of =290% as
evidence of a monophyletic clade in individual trees combined with the requirement of the
clade comprising sequences from =2 dinoflagellate species and =2 species of another taxon,
we found 251 protein families (10% of 2,523 trees) to have a eukaryote origin and 18 (0.7%)
to have arisen from prokaryotes, totaling 269 trees (Fig. 2B). These numbers rose to 426
(17%) and 20 (0.8%) totaling 446 trees and to 589 (23%) and 23 (0.9%) totaling 612 trees at
bootstrap =70% and =50%, respectively (Fig. 2, C and D). The percentage of trees showing
an apicomplexan affiliation for A. tamarense protein families across each of these analyses
did not change significantly: i.e., 57% (bootstrap =90%), 57% (bootstrap =70%), and 52%
(bootstrap =50%). In summary, among the 269 trees recovered using the most conservative
bootstrap cut-off 290%, dinoflagellates were most often positioned as sister to
chromalveolate lineages (223 trees); i.e., Alveolata (Apicomplexa and/or Ciliates; 183),
stramenopiles (31), and Haptophyta (9). The remaining 46 trees showed a sister relationship
between the dinoflagellates and other lineages: i.e., Viridiplantae (20), bacteria that are not
Cyanobacteria (18), Excavata (6), Fungi (1), and Metazoa (1). The 214 trees that unite the
Alveolata and stramenopiles putatively reflect vertical inheritance consistent with the SAR
hypothesis, assuming high divergence and/or loss of genes (or the inability to identify
homologs) in other taxa. Therefore our analysis returned several hundred genes (e.g., 321 at
cut-off =50%) that provide the expected result of dinoflagellate-apicomplexan monophyly.
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These potentially comprise a set of proteins that may be useful for reconstructing the TOL
for chromalveolates and other eukaryote taxa. Despite its initial appeal, this straightforward
interpretation did not stand up to analysis of individual trees as described below. The
sporadic distribution of diverse taxa that are sister to the dinoflagellates in the other 55, 82,
and 111 proteins out of the 2,523 that were analyzed (ca. 2% at bootstrap =90%, 3% at
bootstrap =70%, and 4% at bootstrap =50%) likely reflects the convoluted evolutionary
history of these genes. These data included two classes of topologies that offer different
insights into gene history.

In the first class, dinoflagellates and a non-SAR phylum formed a strongly supported clade,
in which each of these phyla were themselves (strongly supported) monophyletic groups
with no homologs present elsewhere in the tree. This type of phylogeny could be interpreted
as cases of vertical inheritance with massive gene loss (e.g., in other alveolate or
stramenopile lineages to which dinoflagellates are most closely related), rather than E/HGT.
An alternative explanation is inadequate taxon sampling (missing data) in our current
database. An example of such a tree is shown in Fig. 3. This phylogeny of acyl-CoA
dehydrogenases supports a specific affiliation between dinoflagellates and fungi that is most
easily explained by an ancient HGT event between these taxa. This interpretation must
however be tempered by the fact that public databases currently have a strong imbalance in
data sampling among eukaryotes (i.e., Fungi- and plant-rich, protist-poor) and the
observation that dinoflagellates are sister to, and not nested within, Fungi. It is therefore
conceivable that the addition of more chromalveolate genome data could lead to the growth
of the dinoflagellate clade so that it encompasses a variety of other chromalveolate taxa and
the affiliation to fungi is weakened. In addition to convergent evolution and data biases,
ancient gene duplications and losses among eukaryotes could also potentially result in a tree
such as Fig. 3, in which relationships reflect paralog rather than ortholog gene history.

In the second class of trees, dinoflagellates were nested with strong bootstrap support within
another phylum, likely supporting an origin via E/HGT. Although we implemented a
number of precautionary measures to reduce potential artifacts during phylogeny
reconstruction (see Materials and Methods), we cannot dismiss the possibility that some of
these trees could also be a byproduct of phylogenetic artifacts. Therefore, without further
experimental verification, these putative E/HGT instances could alternatively be explained
by convergent evolution, sampling biases, or other unknown evolutionary aspects, which
result in a strongly supported clade of distantly related lineages (Body# et al. 2009, Christin
et al. 2010, Stiller 2011). Two examples of the second class of putative E/HGT candidates in
A. tamarense returned by our analysis are shown in Fig. 4. The first is the previously
recognized proteobacterial origin of histone-like DNA binding proteins (major basic nuclear
proteins) in dinoflagellates (Hackett et al. 2005; Fig. 4A) that have undergone multiple gene
duplications in different dinoflagellate lineages and are usually highly represented in EST
libraries (Hackett et al. 2005). The second HGT candidate is a GTP-binding protein of the
YchF family that is broadly distributed among eukaryotes (Fig. 4B). This tree shows a
shared origin of the gene specifically in dinoflagellates and picoprasinophytes (bacterium-
sized green algae, e.qg., Ostreococcus and Micromonas). It is important to note here that the
dinoflagellate-picoprasinophyte clade is nested within Viridiplantae (with bootstrap support
93%), thereby supporting gene origin in dinoflagellates E/HGT from a green algal source.
An alternative explanation is that dinoflagellates and green algae are specifically related to
each other independent of other Viridiplantae and alveolates, a result that is not supported by
other vertically inherited gene markers. The YchF phylogeny however combines examples
of vertical inheritance (e.g., in Fungi and in Alveolata excluding dinoflagellates) and HGT
with the gene in the choanoflagellate (Monosiga ovata) and the photosynthetic stramenopiles
(e.g., Phaeodactylum tricornutum) having a green algal origin from a putative ancient gene
duplication product shared by Viridiplantae. This tree demonstrates a key point we wish to
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make, that vertical inheritance is a relative characteristic of eukaryote protein families.
Lineages with a history of phagotrophy such as chromalveolates and choanoflagellates are
much more likely to show evidence of E/HGT (again, notwithstanding other explanations
due to phylogenetic artifacts) than most plant, fungal, and animal lineages that have often
been used as models to elucidate gene history and function. Therefore, unusual (but
phylogenetically, highly misleading) examples of E/HGT (or simply an unusual association
of distantly related phyla) need to be identified in protists if genome data, such as that shown
in Figure 4B are to be used as markers of eukaryote evolution (see also discussion of
eukaryotic translation elongation factor 2 in Hackett et al. 2007).

Complicating factors in phylogenetic inference

Thus far, we have identified putative cases of E/HGT based on the presence of a strongly
supported clade within a phylogeny that contains lineages of only dinoflagellates and one
sister phylum. However, examples of E/HGT from Plantae into lineages basal to
dinoflagellates (i.e., endosymbiotic transfer of algal genes into the ancestral alveolate or
SAR lineage) could also indicate non-lineal sources of genes in these taxa. These cases,
alternatively explained by convergent evolution, would not be detected by the approach
described above. To evaluate this important aspect of gene transfer, we implemented a less-
stringent approach for phylogeny sorting in which we allowed the presence of interrupting
phyla (other than dinoflagellates and the Plantae) within the clade, whereby they constitute
<30% of the total number of lineages within the clade. That is, dinoflagellates and the
Plantae taxa (each with >2 sequences) constitute >70% of the total lineages within a strongly
supported clade. These sorted trees are available at http://dbdata.rutgers.edu/data/dino/.
Many of these phylogenies document a history of non-exclusive gene sharing involving
dinoflagellates that could be explained by EGT events from Plantae to photosynthetic
chromalveolates and Euglenozoa (e.g., phylogeny of the cytochrome b6-f complex iron-
sulfur subunit, shown in Fig. S1). This predicted migration of endosymbiont genes to the
nucleus of A. tamarense and other dinoflagellates accounts for 4, 147, and 142 genes of
rhodophyte, Viridiplantae, and rhodophyte/Viridiplantae/glaucophyte origin, respectively at
bootstrap >90% (totaling 293). At bootstrap >70%, the total number became 353. Together
with the number of putatively E/HGT-implicated genes we observed in Fig. 2, we estimate
as many as 348 (at bootstrap =90%) to 435 (at bootstrap >70%) of dinoflagellate genes
(14-17% of the examined phylogenies in this study) are implicated in non-lineal gene
sharing during their evolutionary history. These numbers, albeit speculative, represent
conservative estimates that are dependent on the criteria used in phylogeny sorting.

Another example of a complex protein family history in dinoflagellates and other
chromalveolates is shown in Fig. S2 (see supplementary material). This is the phylogeny of
a putative triose-phosphate isomerase, an enzyme that in plants is involved in multiple
metabolic pathways including glycolysis, gluconeogenesis, and the Calvin cycle. The tree
shows a well-supported haptophyte-dinoflagellate association: i.e., monophyly of the
haptophyte /sochrysis galbana and dinoflagellates at bootstrap 98%. Other gene copies from
the dinoflagellates are distributed outside the clade, associated with the other haptophyte in
the analysis, Emiliania huxleyi, and the stramenopile Aureococcus anophagefferens (at
bootstrap 100%), whereas the parasitic alveolate, Perkinsus marinus is positioned elsewhere
in the tree. This phylogeny generally shows weak support (bootstrap <50%) at the deeper
splits, particularly the ambiguous separation among lineages of chromalveolates (e.g., the
resolution of alveolates and stramenopiles) and excavates. The origin of this gene in the
dinoflagellates remains unclear due to the patchy distribution of diverse taxa (except for
Viridiplantae and Opisthokonta) within the tree, even though a strong haptophyte-
dinoflagellate association is recovered. The phylogeny again combines vertical inheritance
in groups such as Metazoa and Viridiplantae with a highly complex pattern likely explained
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by serial endosymbiosis, HGT, gene duplication and loss, and stochastic variation of
sequences among chromalveolates that is currently impossible to decipher. Many
dinoflagellate protein families display this type of topology (see http://dbdata.rutgers.edu/
data/dino/). These results provide empirical evidence for a complex evolutionary history of
dinoflagellate genes and the existence of complicating factors other than E/HGT (e.g., gene
duplication and loss) that would significantly attenuate, if not invalidate, the use of these
genes in inferring phylogenetic relationships, particularly among the chromalveolates.

It should also be noted that much of the genome data that are currently available from
microbial eukaryotes (including the dinoflagellates in this study) comprise EST sequences
that usually contain incomplete/partial gene transcripts and may include unidentified
contaminants or potentially be misidentified due to sample mislabeling. These sequences,
when included in an alignment can introduce systematic biases (e.g., long-branch attraction,
(Bergsten 2005) resulting in inaccuracies in phylogenetic inference. Our simplified
reciprocal BLAST approach was designed to reduce the inclusion of short, partial transcripts
in a sequence alignment to minimize (not exclude) these biases. Nevertheless, our gene-by-
gene approach did not consider other complicating factors that limit the ability to detect E/
HGT, such as transfer of genetic fragments irrespective of gene boundaries (Chan et al.
2009), as demonstrated in prokaryotes (Inagaki et al. 2006, Chan et al. 2011a) and
eukaryotes (Nikoh & Nakabachi 2009), as well as genome amelioration (Lawrence &
Ochman 1997, Chan et al. 2006). These complicating issues with regard to detecting HGT
are described in a recent review (Ragan & Beiko 2009). Given the existence of taxon (gene)
sampling biases, the numbers reported here should be considered as conservative estimates
of E/HGT because they were inferred using relatively stringent phylogenetic criteria (e.g.,
imposing a minimum threshold for the number of distinct phyla and terminal taxa in trees).
The expectation was that this approach played to the strengths of phylogenetic inference
methods and therefore was more likely to have few significant artifacts.

Conclusions

We used a rich collection of ESTs from a microbial eukaryote (Hackett et al. 2004) to study
genome evolution. As found for many previously unexplored protist lineages, most of the
expressed genes in A. tamarense are unique to this species or to dinoflagellates in general,
removing 86.4% of the genome data from our comparative analyses. Of the remaining genes
with BLASTP hits to our database, only 7.9% were present in =2 distinct phyla with =20
terminal taxa and therefore broadly enough distributed to be considered as a potential
phylogenetic marker of the TOL. Here we defined a phylogenetic marker to be any gene/
protein that is broadly distributed across the eukaryote TOL and provides moderate to strong
bootstrap support for vertical inheritance; i.e., no detectable evidence for non-lineal gene
sharing (due to E/HGT). Therefore, although the phylogenomic analysis provides clear
evidence for the expected apicomplexan affiliation for A. tamarense proteins, this small
piece of the “genome pie” in the dinoflagellate also contains clear examples of E/HGT or an
evolutionary history that is too complex to yet be interpreted with currently available gene
and genome data.

The major implication of our work is obvious: we have much to learn about protist genome
evolution. It is clear that analysis of genome data with readily identifiable homologs in other
lineages addresses only a small fraction of the encoded information in dinoflagellates; the
assumption of vertical gene inheritance reduces this number further. When these taxa are
included in multi-gene analyses, extreme care must be taken with each gene in each genome
to assure that a common set of vertically inherited genes are compared across diverse taxa.
In the extreme case, one could argue that there are potentially no vertically inherited
phylogenetic markers that can be applied across the entire eukaryote TOL if the requirement
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is that the orthologs in each taxon are readily identifiable and free of E/HGT. TOL inference
is therefore by necessity a compromise between the choice of appropriate taxa and marker
genes. Ultimately far more genome data are needed from dinoflagellates and other alveolates
to fully understand the phylum- and species-specific patterns of E/HGT and vertical
inheritance. The failure to go beyond a select set of conserved gene trees (e.g., rDNA, heat
shock proteins) to represent dinoflagellate evolution is problematic, and in some ways
analogous to what has been found in comparisons of rDNA in phytoplankton, whereby
significantly different genome structures and protein divergence are often masked by nearly
identical rDNA sequences (Palenik et al. 2007, Worden et al. 2009, Cuvelier et al. 2010).
These results also suggest the possibility that the biogeographic distribution of microbes
(irrespective of phylogenetic relatedness, (Gogarten et al. 2002) may facilitate gene sharing
among taxa living in similar environmental niches (Beiko et al. 2005). Conversely, related
taxa living in different environments may show inconsistent patterns of gene sharing based
on local circumstances. Both of these exciting prospects would further complicate the
evolutionary history of protist genomes. Therefore, it may turn out that E/HGT has a far
more complex distribution on the tree of eukaryotes than can be explained by fitting
available data to the most parsimonious explanation (e.g., red algal-derived plastid
distribution in support of the chromalveolate hypothesis, Cavalier-Smith 1998, Yoon et al.
2002).

Finally, the extent of gene sharing among prokaryotes has previously been estimated to be
2% (Ge et al. 2005), 13% (Beiko et al. 2005), 60% (Lerat et al. 2005), and 90% (Mirkin et
al. 2003) of genes or bipartitions based on phylogenetic approaches. The findings of a
previous study based on the characteristics of genome sizes (Dagan & Martin 2007) suggest
that all prokaryote genes have undergone HGT. Here we find the levels of E/HGT in
dinoflagellates are comparable to prokaryotes. A comprehensive understanding of the
eukaryote TOL will therefore necessitate similar care as has been used to assess prokaryote
phylogeny when taxa such as alveolates are included in genome-wide multi-gene datasets
that include their major partners of gene sharing (e.g., stramenopiles, red, and green algae).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

The putative eukaryote tree of life (TOL). (A) Schematic tree showing major endosymbiotic/
horizontal gene transfer (E/HGT) events that have occurred as a result of plastid evolution.
The contribution of genes from lineages of the red and green algae is thought to be
prominent in most chromalveolate (including dinoflagellates), whereas haptophyte-derived
genes are known to be present in fucoxanthin-type dinoflagellates. Other dinoflagellates
have undergone tertiary endosymbiosis with different algae (Hackett et al. 2004). The
arrows represent instances of gene transfer/sharing. The grouping of “Chromalveolata”, in
which the ancestral branch is shown as a dashed line remains controversial in the literature.
(B) The number of Alexandrium tamarense genes used in this study, breakdown by those
with no hits in the current database, those with hits only in dinoflagellates, and those with
hits with other taxa.
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Evolutionary origins of dinoflagellate protein families. (A) The distribution of phyla with
exclusive BLASTP hits to A. tarmarense proteins, across the minimum number of hits per
query, x 22, 25, 210, and =15. The different phyla that share proteins exclusively with A.
tamarense are shown. For each bar, the number of proteins for each phylum is shown, with
the total on top. (B) Distribution of phyla that are found to share genes with dinoflagellates,
based on the number of protein phylogenies in which a strongly supported (bootstrap =90%)
monophyly between these phyla and dinoflagellates was recovered. This distribution is also
shown for (C) bootstrap =70% and (D) bootstrap 250%. In these cases, at least two
dinoflagellate sequences and two from the sister taxon are required to be counted as a
monophyletic lineage at the prescribed bootstrap cut-off value.
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Phylogeny of acyl-CoA dehydrogenase that provides evidence of an HGT event involving

dinoflagellates and fungi. Non-parametric bootstrap support values =50% are shown at the

nodes of the tree. Dinoflagellates are highlighted in boldface. The unit of branch length is in

the number of substitutions per site.
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Examples of proteins that have an origin in dinoflagellates via E/HGT. (A) Phylogeny of
genes encoding the DNA-binding major basic nuclear proteins in dinoflagellates that has a
proteobacterial HGT origin prior to the diversification of these algal taxa. (B) Phylogeny of
a gene encoding a GTP-binding protein of the YchF family. This tree shows strong bootstrap
support (97%) for a shared origin of the gene in picoprasinophytes and dinoflagellates. For
both trees, non-parametric bootstrap support values =50% are shown at the nodes.
Dinoflagellates are highlighted in boldface. The unit of branch length is in the number of
substitutions per site.
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