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a b s t r a c t

Phylomes (comprehensive sets of gene phylogenies for organisms) are built to investigate fundamental
questions in genomics and evolutionary biology, such as those pertaining to the detection and character-
ization of horizontal gene transfer in microbes. To address these questions, phylome construction
demands rigorous yet efficient phylogenetic methods. Currently, many sequence alignment and tree-
building models can analyze several thousands of genes in a high-throughput manner. However, the phy-
logenetics is complicated by variability in sequence divergence and different taxon sampling among
genes. In addition, homolog selection for automated approaches often relies on arbitrary sequence sim-
ilarity thresholds that are likely inappropriate for all genes in a genome. To investigate the effects of auto-
mated homolog selection on the detection of horizontal gene transfer using phylogenomics, we
constructed the phylome of a transcriptome assembly of Alexandrium tamarense, a microbial eukaryote
with a history of horizontal and endosymbiotic gene transfer, using seven sequence similarity thresholds
for selecting putative homologs to be included in phylogenetic analyses. We show that no single thresh-
old recovered informative trees for the majority of A. tamarense unigenes compared to the pooled results
from all pipeline iterations. As much as 29% of trees built could have misleading phylogenetic relation-
ships that appear biased in favor of those otherwise indicative of horizontal gene transfer. Perhaps worse,
nearly half of the unigenes were represented by a single tree built at just one threshold, making it difficult
to assess the validity of phylogenetic relationships recovered in these cases. However, combining the
results from several pipeline iterations maximizes the number of informative phylogenies. Moreover,
when the same phylogenetic relationship for a given unigene is recovered in multiple pipeline iterations,
conclusions regarding gene origin are more robust to methodological artifact. Using these methods, the
majority of A. tamarense unigenes showed evolutionary relationships indicative of vertical inheritance.
Nevertheless, many other unigenes revealed diverse phylogenetic associations, suggestive of possible
gene transfer. This analysis suggests that caution should be used when interpreting the results from phy-
logenetic pipelines implementing a single similarity threshold. Our approach is a practical method to mit-
igate the problems associated with automated sequence selection in phylogenomics.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

The phylome is the complete set of phylogenies for every gene
in an organism (Sicheritz-Pontén and Andersson, 2001). As practi-
cal tools for biologists, phylomes can be used to predict the func-

tion of uncharacterized proteins (Eisen, 1998), distinguish
orthologs from paralogs (Gabaldón, 2008), and predict species
trees from gene trees (Delsuc et al., 2005). Phylomes also offer in-
sight into large-scale processes in evolution including patterns of
gene duplication (Huerta-Cepas et al., 2010) and horizontal gene
transfer (Peña et al., 2010). Given the advantage of incorporating
an evolutionary perspective into genomic analyses (i.e., phyloge-
nomics), the automation of phylogenetic tree building for the pur-
pose of reconstructing these phylomes is often the first hurdle
faced by many investigators.

For those who study the evolution of microbial eukaryotes, phy-
logenomics offers a tremendous opportunity as well as a signifi-
cant challenge. Increasingly, it is clear that many microbial
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eukaryotes have mosaic genomes, with a significant number of
genes non-vertically acquired (Keeling and Palmer, 2008). Gene in-
flux in these organisms is typically divided into two main catego-
ries: the more general horizontal gene transfer (HGT), and the
special case of endosymbiotic gene transfer (EGT), which includes
genes transferred to host nuclear genomes during organelle endo-
symbiosis. Many eukaryotic lineages are impacted by both of these
processes, having a complicated history of heterotrophy, mixotro-
phy and autotrophy (Archibald et al., 2003; Nosenko et al., 2006;
Minge et al., 2010; Wisecaver and Hackett, 2010; Maruyama
et al., 2011). Untangling such complex evolutionary history bene-
fits greatly from automated phylome construction, which has been
used to quantify and qualify genes acquired from these different
sources and thus has shed light on broader processes in eukaryote
evolution (Stiller, 2011).

Three practical challenges for automated phylogenomics in the
study of microbial eukaryotes are that (1) these analyses necessar-
ily include highly divergent organisms from across the tree of life,
(2) many branches of the eukaryotic tree are unresolved, and (3)
most eukaryotic lineages are still poorly sampled, with many
groups represented by none or only a handful of genomes. Gene
sequences that are available for non-model microbial eukaryotes
often contain errors due to poor gene models, partial cDNA
sequences or contamination, creating complex taxon sampling
issues susceptible to long-branch attraction and phylogenetic noise
(Hartmann and Vision, 2008). As a result, eukaryotic tree of life
studies invest heavily on manual curation of sequences
(Rodriguez-Ezpeleta et al., 2007; Parfrey et al., 2010). Unfortu-
nately, the scale of phylogenomic analysis necessitates the use of
methods that emphasize speed often at the expense of rigour.
Nonetheless, approximate methods do not always result in
decreased accuracy. Although branch-length estimates are reliant
on best-fit phylogenetic models, tree topology is relatively robust
to model choice (Kelchner and Thomas, 2007). Additionally, new
alignment and tree-building methods employ faster algorithms
with little degradation in accuracy (e.g., Liu et al., 2011). Perhaps
the weakest step in the process currently, is the selection of
homologs included in the individual gene trees.

This paper evaluates a common methodology for selecting
appropriate sequences for automatic tree building and its impact
on detection of HGT/EGT in microbial eukaryotes. Generally, all
genes from an organism are queried against a database of repre-
sentative taxa using local alignment methods. Putative homologs
are then extracted based on some set of thresholds for assessing
the match significance (recent examples include Peña et al.,
2010; Nowack et al., 2011; Maruyama et al., 2011; Price et al.,
2012; Curtis et al., 2012). Often, the top 50-1000 BLAST hits are se-
lected and filtered using a combination of E-value, sequence iden-
tity, and coverage cutoffs. The total number of sequences included
from a particular species or lineage can be restricted in an attempt
to minimize the number of paralogs in the analysis (e.g., Chan
et al., 2011). When working with closely related and well-sampled
groups, such as model plants or animals, precompiled clustered
orthologs are available for tree building (O’Brien et al., 2005; Penel
et al., 2009). However, clustering methods require complete gene
sets from a limited number of genomes (Remm et al., 2001; Li
et al., 2003). These predefined ortholog clusters can be augmented
with additional sequences from further taxa, but this approach re-
quires that the phylogeny of core taxa be known (Ebersberger
et al., 2009). Ambiguity in the backbone of the eukaryotic tree
and poor representation of many lineages makes query-based sim-
ilarity searches the most sensitive approach for investigating diver-
gent microbial eukaryotes (Chen et al., 2007).

Whether any method of homolog selection listed in the previ-
ous paragraph is appropriate for accurate and comprehensive phy-
lome reconstruction has not been rigorously investigated. No

standard guidelines exist to automate the taxon sampling process
even after two decades of debate (Nabhan and Sarkar, 2012), de-
spite widespread knowledge that sufficient taxon sampling is one
of the most important factors influencing phylogenetic accuracy
(Heath et al., 2008). In many cases, taxon sampling is critical not
only for phylogenetic inclusiveness, but also because including
more taxa decreases the average length of terminal branches,
which can ameliorate the effects of long branch attraction (Brink-
mann et al., 2005). Importantly, the best BLAST hits are often not
equal to the nearest neighbor once a phylogenetic model is applied,
further illustrating the importance of parsing a sufficient number
of homologs from the BLAST report in automated pipelines (Koski
and Golding, 2001). However, limiting the number of superfluous
sequences is equally important, because increased sequence diver-
gence can decrease accuracy by introducing additional long
branches and increasing the number of poorly aligned columns
in an alignment. A large number of sequences in phylogenetic anal-
yses also impose practical limitations by adding computational
complexity and running time. In particular, the inclusion of unnec-
essary out-paralogs (i.e., homologous genes originating through
gene duplication in the common ancestor of multiple species)
not only complicates tree building but also confounds downstream
analysis of monophyly. The lack of standard guidelines is sensible,
to some degree, because genes evolve at different rates, both in
terms of sequence divergence and rate of duplication (Pal et al.,
2006). Accordingly, no one set of significance thresholds is suffi-
cient for all genes. There may exist some sampling optimum for
each gene, where depth of taxon coverage is maximized while min-
imizing the number of more divergent sequences and thereby
achieve the most accurate phylogenetic tree. What remains to be
seen is whether this optimum is similar for most genes in a gen-
ome and if a single set of significance thresholds can be used to ex-
tract appropriate homologs from local alignments for the majority
of gene trees in a phylome.

We created an automated phylogenomic pipeline to reconstruct
the phylome of the dinoflagellate Alexandrium tamarense. The dino-
flagellates are an ideal group for investigating the impact of taxon
sampling in automated phylogenetic pipelines. A substantial
amount of HGT and EGT has occurred in this lineage, with genes
from bacterial and algal sources prevalent in the genome (Hackett
et al., 2005, 2013; Janouskovec et al., 2010; Chan et al., 2012). How-
ever, dinoflagellate phylogenetic placement among related eukary-
otes is consistently resolved, well-supported, and stable in
phylogenetic analyses (Parfrey et al., 2010). Predicted proteins
from the recently sequenced transcriptome of A. tamarense were
run through a custom phylogenomic pipeline seven times while
altering the threshold for what was considered an acceptable
match for extracting putative homologs for tree building. This
study tests the sensitivity of phylome reconstruction to automated
phylogenetic methods. Our results suggest that no single threshold
recovers the majority of trees in the phylome. However, pooling
the results from the different pipeline iterations creates a set of
supported trees with phylogenetic associations that can be evalu-
ated for evolutionary signals of interest such as horizontal gene
transfer.

2. Materials and methods

Details on cell culturing and Illumina sequencing has been pub-
lished elsewhere (Hackett et al., 2013). Briefly, RNA-seq data were
produced for Alexandrium tamarense CCMP1598 using cultures
grown under nutrient replete as well as nitrogen and phosphorus
limiting conditions. Fragments from polyadenylated RNAs were
isolated and prepared for paired-end sequencing using an mRNA-
seq reagent kit from Illumina (RS-100-0801). Sequencing was
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completed on an Illumina Genome Analyzer 2.0 by the Biomicro
Center at MIT (Cambridge, MA). RNA-seq data from A. tamarense
(SRA052316) were quality trimmed with the trim read module in
the CLC genomics workbench (www.clcbio.com) using a quality
score limit of 0.05 and removing all ambiguous nucleotides.
Trimmed reads were assembled in Velvet (version 1.1.02) using
the Oases extension (version 0.1.20) with tracking of short read
positions enabled (Zerbino and Birney, 2008). A range of hash
lengths (23, 27, 31, 35, 39, 43, 51) was used to create a final merged
assembly (Schulz et al., 2012). The A. tamarense assembly has been
deposited in DDBJ/EMBL/GenBank under the accession
GAIQ01000000.

A. tamarense contigs were queried against local protein and
nucleotide databases by BLAST (see 2.1. Databases). Protein se-
quences were predicted from the nucleotide data using top BLAST
hit information and FrameDP to correct for frameshift assembly er-
rors (Gouzy et al., 2009). Generic Gene Ontology (GO) slim terms
were assigned to A. tamarense translated sequences in Blast2GO
using default cutoff values (Conesa et al., 2005). GO slim enrich-
ment tests were done in Blast2GO using two-tailed Fisher’s Exact
Test with a false discovery rate of 0.05.

2.1. Databases

Two local databases were constructed for the purpose of this
paper. The protein database included NCBI’s Reference Sequence
(release 42) and predicted protein sequences from recently se-
quenced microbial eukaryotes (JGI genome portal and Ghent Uni-
versity’s online genome annotation server BOGAS). Sequences
from additional algal and protist species and strains not present
in the protein database were included in a nucleotide database
comprised of expressed sequence tags and next-generation tran-
scriptome assemblies from NCBI’s dbEST and TSA. Both the protein
and nucleotide databases were further subdivided based on major
taxonomic groups (for list of groups see the Supplementary
Table S1), and each taxonomic group was individually queried
using BLAST.

2.2. Phylogenetic pipeline

The phylome of A. tamarense was constructed using a custom
phylogenetics pipeline (Fig. 1A); scripts are available from the
authors upon request. Predicted amino acid sequences were first
queried using BLASTP and TBLASTN against the local databases.
For each BLAST result, a hit was considered significant if the E-va-
lue was less than 1e!3 and the bit score was greater than 60. To
investigate the impact of taxon sampling on phylome reconstruc-
tion, the BLAST reports were parsed seven times using a range of
fraction conserved (FC) thresholds (0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9).
If a hit passed the E-value, bitscore, and FC thresholds, the associ-
ated sequence was extracted from the database using a custom
perl script. For matches to the nucleotide database, only the trans-
lations of the high-scoring segment pairs were included. To reduce
the number of paralogs in the analysis, only the top hit per species
was extracted.

Extracted sequences were reordered based on global similarity
to the query sequence with MAFFT using the minimum linkage
clustering method and rough distance measure (number of shared
6mers) (Katoh et al., 2005). After reordering, the files were reduced
to include only the top 1000 sequences, and files with less than 4
sequences were eliminated. Alignments were performed with
MAFFT using the auto strategy selection and the BLOSUM scoring
matrix closest to the FC threshold (i.e., a lower BLOSUM matrix
was used when average sequence conservation was low, and a
higher BLOSUM matrix was used when average sequence conser-
vation was high). Poorly aligned positions and sequences were

removed from the alignment using REAP (Hartmann and Vision,
2008), and trimmed alignments were further refined by a second
MAFFT alignment using the same parameters as above. Phyloge-
netic trees were inferred using FastTree assuming a JTT + CAT ami-
no acid model of substitution and 1000 resamples (Price et al.,
2009, 2010).

2.3. Identifying nearest neighbors

Trees were filtered using a perl script that eliminated trees in
which only dinoflagellates were present or dinoflagellates did not
form a monophyletic group. Trees that contained only one dinofla-
gellate species were also removed because monophyly could not
be assessed and to mitigate any potential signal from contamina-
tion. For each tree, dinoflagellate nearest neighbors were identified
using Phylosort, a tool for sorting phylogenetic trees by searching
for a user specified grouping of interest (Moustafa and Bhattach-
arya, 2008). For this analysis, a nearest neighbor association is de-
fined as a sister relationship between a clade of dinoflagellates and
another group of organisms with FastTree local support of 0.75 or
greater (see Fig. 1D for a list of groups analyzed). Although we re-
quired dinoflagellate monophyly, other members of the neighbor
group could be present elsewhere in the tree. This approach iden-
tified the most closely related sequences to our dinoflagellate clade
while allowing for HGT and paralogous sequences in other lin-
eages. To determine all possible nearest neighbors to dinoflagel-
lates, we iterated through phylosort using all the lineages shown
in Fig. 1D and identified all trees in which each lineage formed a
neighbor association with dinoflagellates. For each iteration, the
trees were rerooted with an outgroup that was automatically se-
lected from taxa outside the relationship of interest.

3. Results and discussion

The A. tamarense transcriptome data assembled into 142,638
contigs. After clustering the full assembly into 101,118 putative
unigenes, the longest contig from each unigene set was translated
and run through our phylogenetic pipeline (Fig. 1). The haploid
genome of A. tamarense is estimated to be approximately 100
Gbp based on flow cytometry experiments (LaJeunesse et al.,
2005), but the number of genes in this organism is still unknown.
A regression of gene content and genome size in sequenced gen-
omes predicted 87,688 protein-coding genes in a dinoflagellate
with a genome of comparable size (Hou and Lin, 2009), which sug-
gests that the amount of unigenes in our assembly is not unreason-
able for a dinoflagellate transcriptome.

To investigate the impact of BLAST significance thresholds on
taxon sampling in phylome construction, the phylogenetic pipeline
was repeated seven times, each time using a different fraction of
conserved amino acids threshold for identifying putatively homol-
ogous sequences. The fraction conserved (FC) score accounts for
amino acid substitutions that occur frequently (given a substitu-
tion matrix) and is a more relaxed metric of sequence similarity
than percent identity. In total, 40,342 contigs were represented
by a phylogenetic tree at one or more FC thresholds (Table 1).
The pipeline iteration using the lowest FC threshold (0.30) was
the most inclusive and had the largest number of trees (40,192),
whereas using the highest FC threshold (0.90) resulted in the
smallest number of trees built (10,787).

Phylogenetic trees in which dinoflagellates did not form a
monophyletic group, as well as trees for which dinoflagellate
monophyly could not be assessed, were excluded from the analy-
sis. This conservative yet robust approach greatly reduces the risk
of culture or sequencing contamination in the analysis because the
genes must be present in multiple dinoflagellate species. This
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filtering step also removes trees containing dinoflagellate out-par-
alogs. One limitation of requiring dinoflagellate monophyly is that
this analysis will not recover lineage specific HGT. We consider this
tradeoff acceptable because of the difficulty in interpreting more
recent HGT due to limited sequence data from dinoflagellates
and potential gene donors. Depending on the FC threshold, as little
as six percent of trees passed this filtering stage (Table 1). Using a
lower FC threshold resulted in a larger proportion of trees failing to
recover dinoflagellate monophyly, presumably due to the addition
of dinoflagellate out-paralogs (Fig. 2). In contrast, at higher FC

thresholds a large proportion of trees contained only dinoflagellate
taxa and were thus uninformative for this analysis (Fig. 2). The 0.60
FC threshold appeared optimal with the largest proportion of trees
passing the filter (37%). Of the trees that passed the filtering stage,
the vast majority (90–99% depending on threshold) were consid-
ered informative. For this study, informative trees had a nearest
neighbor clade to dinoflagellates that contained sequences from a
single taxonomic group (as defined in Fig. 1) and FastTree local
support of 0.75 or greater. Because the trees were unrooted, it
was possible for dinoflagellates to have two nearest neighbors in

(a) Phylogenomic pipeline

blastp

tblastn

BLAST
outputs

Extract
homologous
sequences

FASTA
unaligned

FASTA
aligned and

trimmed
Alignment
trimming
(REAP)

Multiple
sequence
alignment
(MAFFT)

Approximate
maximum
likelihood
(FastTree)

A. tamarense
predicted amino

acids (query)

Local
protein

database

Local EST
nucleotide
database

Trees

Reorder
sequences
based on
guide tree
(MAFFT)

FASTA
top 1000

sequences

(b) Filter based on dinoflagellate monophyly
Two or more species of dinoflagellates present.
Dinoflagellates must be monophyletic.

(c) Determine dinoflagellate nearest neighbor 
(Phylosort)

(d) Rank connections based on species tree

Dinoflagellates Neighbor

Dinoflagellates Neighbor
Outgroups

Dinoflagellates

Neighbor 1 Neighbor 2

Perkinsus (1)

Apicomplexans (2)

Ciliates (4)
Alveolates (5)

Stramenopiles (6)
SAR (7)

Plantae (8)
Haptophytes (8)
Cryptophytes (8)
Excavates (8)
Amoebozoa (8)
Opistokonts (8)

Eukaryotes (9)

Bacteria (10)

Dinoflagellates

Chromera (2)

Rhizaria (6)

Archaea (10)

Virus (10)

DALCA (3)

Fig. 1. Flowchart depicting the order of operations for the phylogenetic pipeline (a) and subsequent tree parsing (b–d). Only nearest neighbors to dinoflagellates with local
support of 0.75 or higher were included. Because trees were unrooted, two supported neighbor associations were possible for a single tree (c). Groups were ranked (1–10)
relative to their phylogenetic distance from dinoflagellates based on the species tree (d) with groups closely related to dinoflagellates given a lower number. Internal branches
were drawn off center to label internal nodes in line with the leaves. DALCA = Dinoflagellate-Apicomplexan Last Common Ancestor. SAR = Stramenopile, Alveolate, Rhizaria
last common ancestor.

Table 1
Results of the phylogenetic pipeline for constructing trees for transcriptome contigs from the dinoflagellate Alexandrium tamarense.

FC
threshold

Trees
built

Passed monophyly filter (as % of trees
built)

Phylogenetically informative (as % of filtered
trees)

Singleton trees (as % of phylogenetically
informative trees)

0.30 40,192 10,789 (27%) 9749 (90%) 526 (5%)
0.40 38,697 11,063 (29%) 9980 (90%) 418 (4%)
0.50 38,176 12,717 (33%) 11,660 (92%) 2132 (18%)
0.60 36,050 13,185 (37%) 12,491 (95%) 4459 (36%)
0.70 30,475 8152 (27%) 7896 (97%) 3065 (39%)
0.80 21,494 2692 (13%) 2652 (99%) 936 (35%)
0.90 10,787 686 (6%) 682 (99%) 304 (45%)
Totala 40,342 27,458 (68%) 26,787 (98%) 11,840 (44%)

a Number of unique contigs with one or more trees built across all thresholds.
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a single tree depending on the location of the root (Fig. 1C). When
possible, the neighbors were ranked using the species tree
(Fig. 1D), with the neighbor sharing the more recent common
ancestor with dinoflagellates being preferred. For example, if a tree
showed phylogenetic associations between dinoflagellates and
both apicomplexans and haptophytes, the haptophyte association
was discarded, because haptophytes are the more plausible out-
group. This approach is intended to provide a conservative esti-
mate of HGT by assuming that the majority of genes are
vertically inherited and thus expected to agree with the species
tree. However, if the two neighbors shared the same most recent
common ancestor with dinoflagellates (e.g., haptophytes and exca-
vates), both were included in downstream analyses.

3.1. Effects of FC threshold choice on phylome interpretation

3.1.1. Distribution of gene trees
In total, 26,788 contigs were represented by one or more gene

trees in the analysis, but use of any one FC threshold failed to pro-
duce informative trees for the majority of these contigs. Use of a FC
threshold of 0.60 produced the largest number of trees with at
least one discernable nearest neighbor to dinoflagellates (12,491
or 47% of total contigs with trees). However, a stepwise compari-
son of different FC thresholds showed that pipeline iterations often
yielded conflicting nearest neighbor associations to dinoflagellates
(Table 2). The degree of conflict served to illustrate the importance
of sequence similiarity thesholds in phylogenomic pipelines and
raised the practical challenge of selecting the most appropriate
nearest neighbor when different FC thresholds yielded different
dinoflagellate nearest neighbors.

Two different methods were used to reconcile nearest neigh-
bors when contigs were represented by multiple trees built using

different FC thresholds. For a given contig, the consensus-based
reconciliation consisted of the neighbor(s) present in the largest
number of trees. In the case of a tie, all nearest neighbors sup-
ported by the largest number of trees were included in the final
reconciliation. The majority of trees (85–93% depending on the
FC threshold) did not contradict this reconciliation (Fig. 3). The sec-
ond approach, termed the tree-based reconciliation again utilized
the species tree from Fig. 1D to rank nearest neighbors and selected
the most plausible given the species tree. The majority of trees
(71–81% depending on the FC threshold) also agreed with this sec-
ond reconciliation (Fig. 3). Fig. 3B illustrates the overlap between
trees built and their agreement with either the tree-based or con-
sensus-based reconciliation. See the Supplementary Dataset S1 for
overlap results comparing all seven FC thresholds analyzed.

3.1.2. Distribution of dinoflagellate nearest neighbors
The ability of the pipeline to recover a tree for any single contig

was heavily dependent on FC threshold (Fig. 4). The majority of
contigs had trees recovered using two or more FC thresholds, how-
ever, a significant fraction (44%) were represented by a single tree
built using only one of the seven thresholds (Table 1). In addition,
the distribution of trees was not nested as FC threshold decreased.
These results raised the concern that nearest neighbors could be
differentially represented in pipeline iterations, and thereby affect
the interpretation of the phylome. We compared neighbors present
in the phylome at different FC thresholds and found that the pro-
portions of neighbors were stable, regardless of FC threshold (Sup-
plementary Fig. S1). In addition, we compared the distribution of
Generic Gene Ontology (GO) slim terms assigned to contigs with
trees built using different FC thresholds and found no significant
differences between thresholds (Supplementary Fig. S2). However,
highly conserved genes (i.e. Ribosome (GO: 0005840), nucleotide

Fail: dinoflagellates not
monophyletic

Fail: no dinoflagellates in tree

Fail: only dinoflagellates in tree

Fail: only one species of 
dinoflagellate in tree

Pass: dinoflagellates are 
monophyletic
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Fig. 2. Effect of FC threshold on dinoflagellate monophyly. For each threshold, the
proportion of trees in which dinoflagellates formed a monophyletic group is plotted
with an asterisk. All other trees failed the filtering step and were rejected. This
included trees in which dinoflagellates were not monophyletic (circles), trees that
only contained dinoflagellates (diamonds), trees that contained no dinoflagellates
after alignment trimming (squares), and trees that contained only one dinoflagel-
late species (triangles).

Table 2
Stepwise comparison of FC thresholds.

FC threshold comparison Total overlappinga Disagree (%)b

0.3–0.4 8160 1970 (24%)
0.4–0.5 6897 2673 (39%)
0.5–0.6 5535 2889 (52%)
0.6–0.7 3681 1978 (54%)
0.7–0.8 1343 689 (51%)
0.8–0.9 306 177 (58%)

a Number of contigs with phylogenetically informative trees built at both
thresholds.

b Number of contigs in which the two FC thresholds produced different dinofla-
gellate nearest-neighbors.
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Fig. 3. Tree reconciliation. Bar graph summarizing the percentage of contigs with
trees that agreed with either the tree-based or consensus-based reconciliation.
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binding (GO: 0000166), and translation (GO: 0006412)) made up a
larger proportion of the higher FC threshold trees (0.90 and 0.80).

To determine how potentially spurious nearest neighbors affect
the interpretation of phylomes, we compared the distribution of
dinoflagellate nearest neighbors found in two separate tree

subsets. The first subset consisted of contigs represented by one
tree recovered by a single FC threshold, hereafter referred to as sin-
gleton trees. The neighbors found in singleton trees were, by defi-
nition, unable to be substantiated by agreement with trees built in
other pipeline iterations. In contrast, the second subset was com-
prised of contigs represented by trees built at multiple FC thresh-
olds whose neighbors agreed with both the consensus-based and
tree-based reconciliations, hereafter referred to as supported trees.
Five dinoflagellate neighbors (alveolates, SAR, amoebozoans, exca-
vates, and eukaryotes) were overrepresented in singleton trees
(two-tailed t test; p = 0.013, <0.0001, 0.044, 0.018, and 0.002
respectively), whereas dinoflagellate nearest neighbor associations
to Perkinsus, apicomplexans, and haptophytes were overrepre-
sented in supported trees (two-tailed t test; p 6 0.0001, 0.003,
and 0.043 respectively). The difference in proportion between sup-
ported trees and singleton trees, plotted for every possible nearest
neighbor to dinoflagellates, further illustrates how these associa-
tions are differentially represented in the two subsets (Fig. 5).
The neighbors Perkinsus, apicomplexans, stramenopiles, hapto-
phytes, and bacteria made up a larger fraction of total neighbors
in the supported trees compared to singleton trees. These results
agree with what is already known regarding dinoflagellate evolu-
tionary relationships. Perkinsus, apicomplexans, and stramenopiles
are all related to dinoflagellates, and these associations are likely
indicative of vertical gene inheritance. In addition, stramenopiles
and haptophytes are sources of plastid related genes in dinoflagel-
lates (Yoon et al., 2002; Nosenko et al., 2006; Wisecaver and Hack-
ett, 2010; Minge et al., 2010). Lastly, bacteria-to-dinoflagellate HGT
has also been described (Morse et al., 1995; Hackett et al., 2005).

In contrast, the associations overrepresented in singleton trees,
particularly dinoflagellates being nearest neighbor to amoebozo-
ans, excavates, and opisthokonts (e.g., animals and fungi), are not
supported by previous, single-gene phylogenetics for dinoflagel-
lates. Because of the large evolutionary distance between these
groups and dinoflagellates, these associations could be interpreted
as evidence for HGT. However, these lineages are also minimally
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overlapping with dinoflagellates in terms of ecology, which makes
HGT extremely doubtful. Given the lack of support for these asso-
ciations across pipeline iterations, it is more likely that they are
due to other sources of atypical phylogenetic placement, which in-
clude taxon sampling (e.g., Rokas et al., 2003), long branch attrac-
tion (e.g., Brinkmann et al., 2005), incomplete lineage sorting (e.g.,
Ebersberger et al., 2007), and differential gene loss (e.g., Qiu et al.,
2012).

3.2. Pipeline implementation for analysis of recent evidence of HGT in
dinoflagellates

HGT is a commonly described mechanism of gene innovation in
prokaryotes, but the importance of HGT in the evolution of micro-
bial eukaryotes is only now being recognized thanks to the in-
crease in genome and transcriptome data for these organisms
(Keeling and Palmer, 2008). The genomes of microbial eukaryotes,
such as dinoflagellates, are chimeras of vertically retained genes as
well as genes acquired through endosymbiosis and HGT. However,
despite their mosaic genomes, the placement of dinoflagellates
among related members of the SAR supergroup (e.g., apicomplex-
ans, ciliates, rhizarians and stramenopiles) is consistently resolved
and well supported in phylogenetic analyses (Reece et al., 1997;
Fast et al., 2002; Burki et al., 2007; Parfrey et al., 2010), providing
a strong phylogenetic framework for testing non-vertical inheri-
tance of genes in dinoflagellates. Gene transfer has already been
shown to be an important process in the evolution of distinguish-
ing features of dinoflagellates (Morse et al., 1995; Hackett et al.,
2005; Nosenko et al., 2006; Wisecaver and Hackett, 2010; Minge
et al., 2010). However, despite seemingly adequate phylogenetic
resolution, determining the pattern of inheritance for individual
genes from these mosaic genomes can be quite challenging. For
example, genes trees showing a phylogenetic relationship between
dinoflagellates and other algae (e.g., stramenopiles) could be inter-
preted as vertically acquired from a common ancestor and lost in
other alveolates (i.e., apicomplexans and ciliates). However, EGT
through plastid endosymbiosis or HGT from algal prey could result
in the same phylogenetic association. For this study, we focused on
trees in which dinoflagellates grouped with bacteria, which are
easier to interpret as being horizontally acquired compared to
trees that show dinoflagellates grouping with other eukaryotes.
Large amounts of A. tamarense contigs show a phylogenetic affinity
between dinoflagellates and bacteria when using our pipeline, a
signal that is indicative of HGT. The fact that this relationship is
overrepresented in supported trees versus singleton trees suggests
that the association is robust to variation in sequence selection cri-
teria. As much as 17% of trees built demonstrate this relationship,
which is recovered regardless of the FC threshold used for tree
building (Table 3).

Genes vary in their propensity to be horizontally transferred
(Nakamura et al., 2004). The complexity hypothesis predicts that
the transferability of a gene can be inferred from its biological
function and connectivity (Jain et al., 1999). Specifically, informa-
tion genes (e.g., involved in translation and transcription) as well
as genes with high connectivity (i.e., a large number of protein–
protein interactions) are generally less likely to be transferred.
We tested the expectations of the complexity hypothesis by evalu-
ating the distribution of GO slim terms assigned to A. tamarense
contigs that our pipeline suggested were horizontally acquired
from bacteria in dinoflagellates. As predicted, GO slims related to
information processing were underrepresented in putatively trans-
ferred genes (e.g., Ribosome GO: 0005840, p = 3.50E!12; Transla-
tion GO: 0006412, p = 1.02E!10). In contrast, operational genes
involved in catalytic activity (GO: 0003824) were statistically over-
represented (p = 1.88E!7). See the Supplementary Table S2 for the
full list of under/over represented GO slim terms.

The results from our pipeline support a growing body of evi-
dence that dinoflagellate genomes are heavily impacted by HGT.
Rather than the plastid-encoded, two subunit RuBisCO present in
most eukaryotes, dinoflagellates have a nuclear-encoded form ac-
quired from Proteobacteria (Morse et al., 1995; Janouskovec
et al., 2010). In addition, histone-like proteins, basic nuclear pro-
teins hypothesized to play a role in the unique chromosome struc-
ture of dinoflagellates (Chan and Wong, 2007), have also been
acquired from Proteobacteria (Hackett et al., 2005). A recent anal-
ysis of dinoflagellate genes showed as much as 435 genes (17% of
genes analyzed) arising through HGT from a variety of sources
(Chan et al., 2012). To mitigate the effects of automated tree con-
struction, the aforementioned study used conservative sequence
selection criteria, reducing the numbers of genes analyzed, but
nevertheless recovering a significant amount HGT. In our study,
the corroboration of dinoflagellate nearest neighbors across multi-
ple thresholds permitted the analysis of many more sequences and
found a larger total number but comparable proportion of possible
HGT in dinoflagellates, particularly from bacteria. However, these
analyses should not be interpreted as quantitative measures of
HGT in dinoflagellates because of the difficulty of connecting con-
tigs from de novo transcriptome assemblies back to discrete geno-
mic loci. As a result, the present study does not address possible
duplications and gene family expansions in dinoflagellates that
might over represent the number of transfer events. Also unknown
is whether the proportion of bacterial genes can be extrapolated to
the full A. tamarense transcriptome including the contigs that did
not produce informative trees. In addition, our pipeline required
dinoflagellate monophyly, which is a conservative estimate of
HGT in dinoflagellates for two reasons. First, genes that were re-
cently acquired in only some dinoflagellates would have been ex-
cluded from our analysis (e.g., genes acquired during plastid
replacement, see Minge et al., 2010; Wisecaver and Hackett,
2010), potentially underestimating HGT. Second, even genes hori-
zontally acquired in the dinoflagellate ancestor could be missed
by our screen if the transferred gene functionally replaced a preex-
isting gene, which could lead to differential loss of the two copies
in different dinoflagellate species. Regardless of these limitations,
the total of number of transfers predicted by our analysis and oth-
ers suggests that dinoflagellate genomes are more amenable to the
incorporation of foreign DNA than many other eukaryotic lineages
(Andersson, 2005; Keeling and Palmer, 2008).

4. Conclusions

Many automated phylogenetic pipelines rely on extracting
information from BLAST reports. However, it is well understood
that the best BLAST hit does not always reveal the phylogenetic
nearest neighbor (Koski and Golding, 2001). This study illustrates

Table 3
Number of gene phylogenies containing a dinoflagellate-bacteria phylogenetic
association.

FC
threshold

Genes of putative
bacterial origin

Proportion of phylogenetically
informative trees (%)

0.3 1203 12
0.4 1267 13
0.5 1440 12
0.6 1409 11
0.7 853 11
0.8 253 10
0.9 27 4
Totala 4013 15
Supportedb 1281 17

a Number of contigs with one or more trees built across all thresholds.
b Number of contigs with supported dinoflagellate nearest neighbors corrobo-

rated by multiple thresholds.
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the importance of homolog selection in automated phylogenetic
pipelines used for detecting cases of HGT/EGT in microbial eukary-
otes. The phylogenetic associations recovered are highly depen-
dent on the significance thresholds used to extract putative
homologs. This pattern is no doubt amplified by the nature of
HGT detection pipelines that require the inclusion of highly diver-
gent sequences from across the tree of life as well as EST and tran-
scriptome sequences from poorly sampled groups (i.e., microbial
eukaryotes outside Fungi) in order to accurately predict gene donors.

Our results show that no single FC threshold recovers trees for
the majority of contigs compared to the pooled results from all se-
ven FC thresholds. Nearly half of all contigs (44%) are represented
by a tree built in just one pipeline iteration (singleton trees), mak-
ing it difficult to assess the validity of the nearest neighbors pres-
ent for these contigs. Comparing all neighbor associations to those
supported by our two reconciliation methods suggests that as
much as 29% of trees could have erroneous phylogenetic relation-
ships. In addition, it is troubling that the relative proportions of
several neighbors were different when comparing singleton trees
to trees whose phylogenetic relationships were well supported
across multiple thresholds. In the case of dinoflagellates, some of
the neighbors overrepresented in singleton trees could be misin-
terpreted as evidence for HGT (e.g., excavates or ameobozoans),
when the association is likely due to phylogenetic artifact. Our re-
sults suggest that caution should be exercised when using just one
threshold for automated phylogenetic pipelines, particularly when
the results of phylome construction are used for quantifying how
many gene trees support different conclusions related to gene
and genome evolution. If the results of our analysis are applicable
to other phylomes, as much as 29% of trees built using standard
query based methods could have misleading phylogenetic relation-
ships that are biased in favor of those otherwise indicative of HGT.

One encouraging aspect of our analyses is that the proportion of
spurious neighbor associations is consistent across pipeline itera-
tions using different FC thresholds. In addition, different pipeline
iterations do not appear overly biased in individual functional GO
categories that would otherwise affect our interpretation of the
phylome. By pooling the results of several FC thresholds, we built
trees for many more contigs than was possible using any single
threshold. When the same relationship was recovered across mul-
tiple pipeline iterations, conclusions regarding patterns of gene ori-
gin, including sources of HGT, were more strongly supported. Our
approach is a potential method to mitigate this key problem asso-
ciated with automated sequence selection in phylogenomic pipe-
lines for the detection and quantification of HGT.
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