
INTRODUCTION

The most recent version of NCBI (National Center for
Biotechnology Information), November 2005, that con-
tains information from several international databases
(GenBank, European Molecular Biology Laboratory, and
DNA DataBank of Japan) exceeds 100 gigabases in size.
This database is predicted to grow exponentially in the
upcoming years [www.ncbi.nlm.nih. gov/Genbank/
index.html]. Nearly 50% of the total sequences available
in NCBI come from more than 300 complete genomes
that have been deposited since 2000 (Benson et al. 2006).
During 2005 and early 2006, more than 80 genomes were
sequenced to completion, including 9 eukaryotic species
[www.genomesonline. org]. 

Analyses of genome data have diverse aims, such as
the elucidation of gene homology, detection of polymor-
phisms, gene content, assignment of potential function
(annotation), gene arrangements (clusters), expression
profiles, evolutionary history, and to contrast genome
data (comparative genomics). The management of large
amounts of sequence data requires the use of practical

informatics and computational approaches. In the last
decade several computational tools for similarity and
pattern searches have been developed to analyze com-
prehensively the large amount of information contained
in genome sequences, giving rise to the field of bioinfor-
matics. The spread of sequence homology-search algo-
rithms (by similarity) such as the rigorous FASTA
(Pearson and Lipman 1988) or less rigorous but faster
BLAST (Altschul et al. 1990) to survey the public databas-
es has had an unprecedented impact in evolutionary
biology, as well as on structural and molecular biology,
allowing the rapid identification and retrieval of homolo-
gous sequences from the immense databases. At the
same time, the development of multiple sequence align-
ment programs facilitated the identification of conserved
regions with potential functional or structural signifi-
cance, an invaluable source of data to test hypotheses
regarding molecular homology. These and other bioinfor-
matics tools ultimately accelerated the field of phyloge-
netics and evolutionary biology.

GENOMICS SCIENCES

The 1.8 megabase pair (Mbp) genome of the gamma-
protobacterium Haemophilus influenzae was the first to be
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completed (Fleischmann et al. 1995). These data heralded
the arrival of “genomics”, and during subsequent years
several other microbial genomes were sequenced to com-
pletion including that of the model bacterium Escherichia
coli K12 (4.6 Mbp and 4,288 protein coding genes;
Blattner et al. 1997). In addition, within an interval of 6
years (1992-1998) the 16 chromosomes (12.1 Mbp) of the
budding yeast Saccharomyces cerevisiae were determined,
constituting the first fully sequenced eukaryotic genome.
Analyses demonstrated that the yeast genome resulted
from an ancient duplication, and also revealed that the
complete set of genes for this free living eukaryote is
around 6,000 open reading frames (ORFs) (Goffeaeu et al.
1996) The complete genome of the first multicellular
eukaryotes were assembled in the late nineties and early
in this century; i.e., the nematode worm Caenorhabditis
elegans (97 Mbp and 19,000 genes) (C. elegans Sequence
consortium, 1998), the fruit fly Drosophila melanogaster (120
Mbp, ~13,600 genes) (Adams et al. 2000), the angiosperm
Arabidopsis thaliana (125 Mbp and 25,500 genes)
(Arabidosis initiative 2000) and human (2,900 Mbp and
20,000 to 25,000 genes; Lander et al. 2001, Venter et al.
2001). Currently, 102 eukaryotic genomes have been
sequenced (the majority are in the assembly process)
with most of them limited to fungi, animals, and land
plants with relatively sparse sampling of other eukaryot-
ic groups. In addition there are 177 projects underway
for eukaryote species including several photosynthetic
taxa (http://www-users.york.ac.uk/ ~ct505/PhD_
Project5/Eukaryote_Homepage.htm)

The genomes of the red alga Cyanidioschyzon merolae
(Matsuzaki et al. 2004) and of the green alga
Chlamydomonas reinhardtii comprise two primary photo-
synthetic eukaryotes (i.e., containing a plastid that result-
ed from the primary cyanobacterial endosymbiosis;
Bhattacharya et al. 2004) that have recently been complet-
ed (genome.jgi-psf.org/Chlre3/Chlre3.info. html). Apart
from their potential biomedical or economic importance,
these and other algal genome projects are providing key
data for groups of significant importance to understand-
ing the evolution of photosynthetic eukaryotes. Members
of the three Plantae lineages (red algae, green algae, and
glaucophytes; also referred to as Archaeplastida, Adl et
al. 2005) are currently under analysis in several genomic-
scale sequencing projects (complete genome or EST
libraries), and a similar situation exists for the principal
groups of alveolates (ciliates, dinoflagellates, and api-
complexans) and chromists (haptophytes, cryptophytes,
and stramenopiles; see Table 1). Coincident with the

release of the algal genome data, some comparisons have
been made to understand common characteristics of
these algae in an evolutionary context. Homology-based
analysis by BLAST search of the centric diatom
Thalassiosira pseudonana complete genome (11,242 genes)
against Cyanidioschyzon merolae (5,331 genes), Arabidosis
thaliana (25,500 genes) and the cyanobacterium Nostoc
sp., showed that 1,194 proteins are conserved among the
three photosynthetic eukaryotes and the cyanobacterium
(E value < 1e–5) with most of these involved in plastid
function and being potentially derived from the ancestral
endosymbiont (Ambrust et al. 2004). Similar comparative
analyses with the genomes of C. merolae, C. reinhardtii
(15,200 genes), and A. thaliana suggest that the majority
of genes involved with basic biological process are
orthologs among these taxa, but interestingly C. rein-
hardtii possesses a larger set of genes for DNA packing,
the cytoskeleton, and the flagellar apparatus, which
probably explains the increase in genome size in this
motile alga (Misumi et al. 2005). Recently, a genome simi-
larity evaluation of the pennate diatom Phaoedactylum tri-
cornutum (5,108 unique ESTs) against T. pseudonana
(Montsant et al. 2005), C. merolae, and C. reinhardtii, indi-
cated that both diatoms exclusively share 820 genes (16%
of P. tricornutum sequences analyzed by BLAST with an
E value < 1e–4). As expected, both diatoms have more
genes in common between them than with the other two
algae. Additionally, the diatoms show a higher sequence
similarity with genes in the red alga than with the green,
likely indicating a red algal ancestry of genes derived
from the chromalveolate secondary endosymbiosis
(Montsant et al. 2005). However, when considering the
testing of evolutionary hypotheses, BLAST analyses of
genomic data comprise significantly weaker and poten-
tially misleading criteria when compared to the use of
robust phylogenetic inference. The latter approach has
been shown to outperform homology search methods
due to ambiguities caused by ancient gene duplications
(paralogy), biased base composition, or lateral gene
transfer (Eisen 1998; Zmasek and Eddy 2002; Sjolander
2004). 

THE EMERGENCE OF PHYLOGENOMICS

Phylogenomics is the convergence of the Genomics
Sciences (the study of the function and structure of genes
and genomes) and Molecular Phylogenetics (the study of
the hierarchical evolutionary relationships among organ-
isms, their genes and genomes). The use of phylogenetics
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to drive comparative genome analyses facilitates the
reconstruction of the evolutionary history of genes, gene
families, and organisms. Equally important, phyloge-
nomics is used for gene annotation, prediction of molec-
ular function, reconstruction of metabolic pathways, and
ultimately, to correlate function with changes in molecu-
lar structure (Eisen 1998). Phylogenomics has become a
relevant approach given the thousands of predicted
hypothetical proteins that are identified using genome-
scale projects in the absence, in most cases, of functional
information or the associated annotation. From the per-
spective of algal phylogeny, the emerging vast amounts
of sequence information from a growing number of
diverse genomes creates an ideal opportunity to evaluate
evolutionary relationship among algal groups (e.g.,
Plantae, Rodriguez-Ezpeleta et al. 2005; chromalveolates,
Li et al. 2006) through the automated phylogenetic analy-
ses of whole protein repertoires (i.e., the phylomes). 

In addition to providing access to genome data, phy-
logenomics requires adequate bioinformatics tools to man-
age and process the sequence information and to gener-
ate an efficient high-throughput approach for genome-
wide phylogenetic analyses. Once the query genome
data has been defined, organized and annotated, a set of
fundamental requirements can be identified to carry out
the first round of a phylogenomic analysis: 1) The design
and assembly of adequate genome database to be used as

reference for the phylogenetic analyses (i.e., including
predicted ingroup and outgroup taxa). For the algae very
few complete sequences are presently available, but the
results of a number of EST projects can be included (e.g.,
Hackett et al. 2004; Yoon et al. 2005; Li et al. 2006), along
with reference genomes such as Opisthokonta, bacterial,
and archaeal genomes. 2) Identification and gathering of
homologous sequences by similarity searches (BLAST
search) against the genome database. The similarity cut-
off (e.g., BLAST E value < 1e–10) is critical to obtain accu-
rate results in the subsequent steps (Martin et al. 2002). 3)
A fundamental requirement to obtain reliable phyloge-
netic hypotheses is the generation of high quality multi-
ple sequence alignments. The most widely used algo-
rithm for multiple sequence alignment is the global pro-
gressive pairwise strategy (e.g., CLUSTALW, Chenna et
al. 2003), but the use of any accurate alignment algorithm
is feasible. In this regard, it has been suggested that pro-
tein sequences with > 30% identity in pairwise compar-
isons allows satisfactory alignment matches that are con-
sistent with structural conservation (Sjolander 2004). 4)
Construction of phylogenetic trees. The primary phylo-
genetic inference method for several thousand multiple
alignments should use a fast method such as neighbor
joining; i.e., given the high number of expected topolo-
gies and the subsequent bootstrap analyses. 5) Selection
of the trees with significant statistical support for partic-
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Fig. 1. A typical phylogenomic pipeline. An important characteristic of this particular pipeline is the ability to modify the local
genomic database in order to test different phylogenetic hypotheses. The analysis of thousands of bootstrapped phylogenetic
trees is a critical step to carry out the next round of detailed analyses using maximum likelihood or maximum parsimony meth-
ods. The assembled software is publicly available (see text for details).



ular sub-trees. The essential step of tree selection
requires an exhaustive analysis to identify all candidate
phylogenies. Thereafter, the alignments of interest are
used for in-depth analyses that incorporate the available
taxon sampling and are analyzed under other optimality
criterion such as maximum parsimony or maximum like-
lihood to obtain accurate phylogenetic results. Figure 1
summarizes using a flow diagram the bioinformatic
pipeline presently in place in our lab to analyze genome
data.

SOFTWARE TOOLS

There are several freely available computational tools
that can be used to assemble a computational pipeline for
phylogenomics. In the following section we do not
describe the software used to process raw genome
sequence data but assume the availability of processed
and annotated genome sequences that are ready for the
phylogenomics pipeline (Figure 1). 

Some hardware considerations
Today it is possible to store complete genome

sequence data to a local hard drive for subsequent analy-
sis. For example, the greater than 25,000 genes of
Arabidopsis thaliana (www.ncbi.nlm.nih.gov/Genomes/)
comprise a single text file that is only 15 megabytes in
size. A typical local genome database that includes most
relevant prokaryotic and eukaryotic taxa (e.g., 25 indi-
vidual sets of genome and EST data) has a size of around
250 megabytes and is easily handled by modern comput-
ers. The critical space requirements come from the phylo-
genetic analyses and the massive output files that con-
tain similarity search results, multiple sequence align-
ments, and thousands of phylogenetic trees. These may
require up to 10 gigabytes of hard drive space for a typi-
cal analysis.

The core programs
The Similarity search for homolog identification is typ-

ically performed using BLAST (Basic Local Alignment
Search Tool), which is available for local setup under
most commonly used operating systems (www.ncbi.nlm.
nih.gov/BLAST/download.shtml). BLAST is a very ver-
satile tool and allows the use of DNA or protein
sequences as the query or as a database. The extended
use of and free access to the CLUSTAL series of pro-
grams (Chenna et al. 2003), makes them the obvious
choice for the multiple alignment of identified homolo-

goues sequences (ftp-igbmc.u-strasbg.fr/pub/ClustalX/).
However, there-are other options, such as T-COFFEE
(Notredame et al. 2000; igs-server.cnrs-mrs.fr/~cnotred/
Projects_home_page/t_coffee_home_page.html) or
MUSCLE (Edgar 2004; www.drive5.com/muscle/),
which are also publicly available. The subsequent phylo-
genetic analyses require the use of distance criteria as a
first estimation (Neighbor-Joining or Minimum
Evolution) to assess the confidence in topologies within a
reasonable time frame. There are no theoretical limita-
tions on the use of parsimony or likelihood methods in
phylogenomics, but the current algorithms, including the
fastest (e.g., PHYML, http://atgc.lirmm.fr/phyml/),
would increase significantly the amount of computing
resources and the processing time. Several types of pub-
lic domain software are available to compute distance
matrices and to construct distance phylogenetic trees.
The final output of the phylogenomic analysis should
include thousands of trees and the ideal approach with
these data is to select the trees of particular interest. To
do this, tools are needed that automate the tree search
and testing for the presence/absence of specific topolo-
gies. The absence of these computing tools is currently a
limiting step. However there are some existing algo-
rithms that are designed to search for patterns among
unordered trees (where the branching order of sister
clades inside nodes does not matter) that could be useful
for phylogenomic tree inspection (cs.nyu.edu/cs/facul-
ty/sasha/papers/treesearch.html and www.aria.njit.
edu/biotool), which has been modified to retrieve infor-
mation from the public phylogenetic tree catalog
TreeBASE (www.treebase.org). Our group is currently
working on methods to link these types of algorithms for
automated tree selection to the phylogenomics output.

The idea of a phylogenomic pipeline implies the cre-
ation of small but efficient computing programs (scripts)
that automatically link the core software for high
throughput analyses (Fig. 1). These scripts should ideally
contain points of control to check the generated files dur-
ing or after the process. There are some pipeline scripts
available, and all of them share the central scheme of
identifying and selecting homologs in a query genome,
to generate multiple sequence alignments, and to esti-
mate phylogenetic trees and their branch support. For
example, PyPhy (Sicheritz-Ponten and Anderson 2001;
www.cbs.dtu.dk/staff/thomas/pyphy/) is a Python
script that incorporates an useful graphic interface and
incorporates the use of PAUP* for phylogenetics
(Swofford 2001), which permits distance or parsimony
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tree estimation. The use of PAUP* however requires a
private license. PyPhy makes use of the accurate annotat-
ed protein database Swissprot /TrEMBL (ca.expasy.org/
sprot/) as the sampling reference. Additionally, PyPhy
allows the search for particular tree categories through
the hierarchical classification of results and provides
links to the annotation tables and biochemical pathway
information included in KEGG (www.genome.jp/
kegg/). Another application is RIO (Zmasek and Eddy
2002: www.genetics.wustl.edu/eddy/forester/), a Perl
script that connects several publicly available programs
and focuses primarily on automated phylogenomics for
the functional organization of orthologs. RIO uses the
bootstrap resample gene trees approach to assess the
consistency of orthology assignment, taking into account
the information of high quality alignments and pre-cal-
culated distance matrix from the Pfam database
(www.sanger.ac.uk/Software/Pfam/). 

In our lab, phylogenomics research has been carried
out using the flexible PhyloGenie (Frickey and Lupas
2004; http://protevo.eb.tuebingen.mpg.de/download)
Perl script, that, in contrast to PyPhy and RIO, allows the
user to assemble particular genome database as refer-
ence, which offers the flexibility to test specific phyloge-
netic hypotheses. This facilitates the choice of reference
genomes to avoid taxon sampling bias and the inclusion
of uninformative or redundant genome data. The phylo-
genetic estimation capabilities of PhyloGenie include dis-
tance (Neighbor-Joining) and maximum likelihood crite-
ria (TreePuzzle) (Schimidt et al. 2002; www.tree-
puzzle.de). As described above, the pipeline scripts
require local installation of the core software for
sequence analyses.

ALGAL PHYLOGENOMICS

Currently, genome projects (complete or EST) for 50
algae and their non-photosynthetic relatives are under-
way. The 41 genera are distributed among the major
photosynthetic eukaryote lineages, such as Plantae (13
greens + 3 reds + 2 glaucophytes), Chromista (6),
Alveolates (5 apicomplexans + 4 dinoflagellates + 3 cili-
ates), Haptophyta (3), and Cryptophyta (2; see Table 1). 

Recent findings
The proposed photosynthetic ancestry of alveolates

(i.e., the “chromalveolate” hypothesis; Cavalier-Smith
1999) provides a framework to search for cyanobacterial-
derived genes in the genome of non-photosynthetic

members of this lineage such as the apicomplexans, in
particular for species lacking the remnant apicoplast. A
recent phylogenomic analysis of the predicted 5,591 pro-
teins of the apicomplexan Cryptosporidium parvum
revealed the presence of 7 proteins potentially trans-
ferred from the ancestral secondary plastid genome to
the nucleus. Interestingly, all of these proteins lack the
typical transit peptide for import into the apicoplast, pro-
viding evidence for the loss of this organelle in C.
parvum. Additionally, 24 genes of bacterial origin (non-
cyanobacterial) from probable horizontal gene transfers
(HGTs) were identified in C. parvum (Huang et al. 2004).
The genes of cyanobacterial (i.e., endosymbiotic) origin
constitute only 0.7% of the 954 trees generated with the
PyPhy database, indicating that loss of the apicoplast
resulted in the attendant loss of nuclear genes encoding
apicoplast targeted proteins. In a broader context it is
possible that the complete loss of the plastid in taxa such
as the ciliates may also result in the massive (or com-
plete) loss of plastid targeted proteins.

Recent findings in our lab have documented the
migration of typical plastid encoded genes to the nuclear
genome of the peridinin containing dinoflagellate
Alexandrium tamarense, which probably occurred after the
split of dinoflagellates and apicomplexans. The analysis
of a unique set of 6,480 ESTs identified 48 typical plastid
genes encoded in the nuclear genome of A. tamarense, 15
of which are encoded in the plastid genome of all other
photosynthetic eukaryotes. Moreover, the phylogenetic
analyses indicated different origins for plastid-targeted
proteins; i.e., the genes atpI, atpF and psbO have the
expected red-algal ancestry whereas, ALA dehydratase
and tufA have a green-algal origin (Hackett et al. 2004).
Other plastid-targeted proteins have an unresolved
ancestry, but indicate likely green or red algal origins.
These data combined with the well-established plastid
replacements in some photosynthetic dinoflagellates
(Chesnik et al. 1996; Watanabe 1987; Hackett et al. 2003)
open several questions about genome evolution. For
example, it is not yet known whether the genes acquired
from the original red algal secondary endosymbiont
were conserved in the nucleus or ortholog substitutions
occurred after the establishment of the new plastid (for
details, see Hackett et al. 2004).

Our most recent phylogenomic analysis focused on
identifying cases of endosymbiotic gene transfer in the
chromalveolates, using a 5,081 EST unigene set from the
haptophyte alga Emiliania huxleyi (Li et al. 2006) and
genome data from other chromalveolates such as A.
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tamarense (Hackett et al. 2004), Karenia brevis (Lidie et al.
2005) and T. pseudonana (Armbrust et al. 2004). The
results of this study indicate that the majority of the
nuclear encoded plastid-targeted proteins have a red-
algal origin (17 proteins), whereas two genes have a
green-algal ancestry. These results support a red algal
origin of the chromalveolate plastid with a relatively
minor contribution from green algae (potentially through
lateral gene transfers), thereby reinforcing evidence of a
common origin of the plastid from other studies (e.g.,
Fast et al. 2001; Harper et al. 2005; Yoon et al. 2002;
Hackett et al. 2004). 

In summary, although the data are still relatively mea-
ger, the emerging trend is for a continued expansion of
algal genome sequences in the coming years. The avail-
ability of these and other genomes will undoubtedly
drive the development of phylogenomics tools, which
stand to become one of the pre-eminent approaches for
understanding algal gene and genome origin and evolu-
tion.
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