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Abstract

Comparative genomics holds the promise to magnify the information obtained from individual genome sequencing
projects, revealing common features conserved across genomes and identifying lineage-specific characteristics. To
implement such a comparative approach, a robust phylogenetic framework is required to accurately reconstruct evolution
at the genome level. Among vertebrate taxa, teleosts represent the second best characterized group, with high-quality draft
genome sequences for five model species (Danio rerio, Gasterosteus aculeatus, Oryzias latipes, Takifugu rubripes, and
Tetraodon nigroviridis), and several others are in the finishing lane. However, the relationships among the acanthomorph
teleost model fishes remain an unresolved taxonomic issue. Here, a genomic region spanning over 1.2 million base pairs
was sequenced in the teleost fish Dicentrarchus labrax. Together with genomic data available for the above fish models, the
new sequence was used to identify unique orthologous genomic regions shared across all target taxa. Different strategies
were applied to produce robust multiple gene and genomic alignments spanning from 11,802 to 186,474 amino acid/
nucleotide positions. Ten data sets were analyzed according to Bayesian inference, maximum likelihood, maximum
parsimony, and neighbor joining methods. Extensive analyses were performed to explore the influence of several factors
(e.g, alignment methodology, substitution model, data set partitions, and long-branch attraction) on the tree topology.
Although a general consensus was observed for a closer relationship between G. aculeatus (Gasterosteidae) and Di. labrax
(Moronidae) with the atherinomorph O. latipes (Beloniformes) sister taxon of this clade, with the tetraodontiform group
Ta. rubripes and Te. nigroviridis (Tetraodontiformes) representing a more distantly related taxon among acanthomorph
model fish species, conflicting results were obtained between data sets and methods, especially with respect to the choice
of alignment methodology applied to noncoding parts of the genomic region under study. This may limit the use of
intergenic/noncoding sequences in phylogenomics until more robust alignment algorithms are developed.
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(e.g., compositional biases, model misspecification, and satu-
ration of the phylogenetic signal), which, because of data
set size, could lead to a much stronger bias and produce
highly supported, yet incorrect, phylogenetic trees
(Philippe, Delsuc, et al. 2005; Jeffroy et al. 2006).

In most cases, and especially in vertebrate taxonomy,
phylogenomics actually means multiple gene phylogenies,
produced through the simple addition of single gene or EST
information (Chen et al. 2004; Philippe and Telford 2006;

Introduction

At the dawn of molecular systematics, phylogenies were
based on single genes or even gene fragments (e.g., Field
et al. 1988). Since then, the increasing throughput capacity
of DNA sequencing technology has made available an ever-
growing amount of sequence information, mainly in the
form of large collections of expressed sequence tags (ESTs)
or genome sequences (e.g, Clark et al. 2003; Jaillon et al.
2004). To take advantage of such a wealth of data, phylo-

genomics was proposed to replace molecular phylogenetics
(Rokas et al. 2003; Philippe, Delsuc, et al. 2005), through the
use of genomic rather than single gene information. The
rationale for a phylogenomic approach is that data sets
that are one or several orders of magnitude larger than tra-
ditional ones should make possible more robust phyloge-
netic reconstructions, allowing the resolution of difficult
taxonomic problems; however, large data sets, similar to
traditional ones, might be subject to several sources of error

Steinke et al. 2006). A major drawback of this approach is
that it multiplies the risk of comparing orthologous with
paralogous gene copies as a consequence of lineage-specific
evolution of ancestrally duplicated genes, which is espe-
cially important for molecular phylogenies of vertebrates
that have experienced more than one round of whole-
genome duplication (WGD; Taylor et al. 2003; Jaillon
et al. 2004). In particular, and highly relevant to the present
study, the teleost genome underwent an additional WGD
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during its evolutionary history, followed by chromosomal
rearrangements mainly in the form of fusions and translo-
cations (Taylor et al. 2003; Jaillon et al. 2004; Kasahara et al.
2007; Nakatani et al. 2007). Such major genomic changes
represent a further challenge to establish the relationships
of orthology versus paralogy. The use of large, contiguous
genomic sequences could provide a more reliable set of da-
ta for phylogenomic analysis because the issue of gene
orthology and paralogy can be evaluated in the context
of chromosome evolution (e.g, Kassahn et al. 2009). To
this end, the identification of orthologous genomic
regions derived from the same proto-chromosome might
help prevent potential artifacts due to the presence
of ohnologous chromosomal regions (i.e, paralogous
chromosomal regions produced by a WGD) in the data set.

In the present study, a chromosome electronic painting
strategy (e.g., Kasahara et al. 2007; Nakatani et al. 2007) was
implemented to address this issue, which is particularly
relevant for the ingroup species.

However, the analysis of large genomic regions, which
include mostly noncoding sequences (introns, promoters,
intergenic regions), poses new challenges, or more appro-
priately, old challenges in a new form. Reliable bioinfor-
matic tools that are able to appropriately handle
genomic sequences (Brudno et al. 2003; Kurtz et al
2004; Margulies et al. 2006) are the most important require-
ment for phylogenomic studies based on genomic align-
ments. The crucial point, as outlined in recent articles, is
the quality of multiple alignment for large genomic sequen-
ces (e.g, Wong et al. 2008). In the present study, the most
recent tools for phylogenomic analysis are evaluated, using
as a case study the relationships among the teleost model
species that are included in the Acanthomorpha (true
spiny fish; Rosen 1973).

The traditional classification places Danio rerio
(zebra fish) within Cypriniformes (family Cyprinidae),
Oryzias latipes (medaka) within Beloniformes (family
Adrianichthyidae), Dicentrarchus labrax (European sea
bass) within Perciformes (family Moronidae), Gasterosteus
aculeatus (three-spined stickleback) within Gasterostei-
formes (family Gasterosteidae), and Takifugu rubripes
(Japanese puffer fish) and Tetraodon nigroviridis (spotted
green puffer fish) within Tetraodontiformes (family
Tetraodontidae). The latter five taxa belong to the Acan-
thomorpha, whereas Da. rerio can be used as an outgroup
reference taxon to address the phylogenomic relation-
ships among Acanthomorpha. Within acanthomorphs,
O. latipes is included in the series Atherinomorpha,
whereas Di. labrax, G. aculeatus, Te. nigroviridis, and Ta.
rubripes are classified in the Percomorpha series (Nelson
2006). The Gasterosteiformes and Perciformes orders are
polyphyletic groups, as proven by previous molecular
analyses (Miya et al. 2003, 2005; Mabuchi et al. 2007;
Kawahara et al. 2008; Setiamarga et al. 2008; Li et al.
2009). Different phylogenetic reconstructions based on
either morphological characters or molecular data (nu-
clear genes as well as complete mitochondrial genomes)
suggest a substantial reconsideration of the Percomorpha
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as currently accepted (Nelson 2006), with the inclusion of
Beloniformes within this series (Johnson and Patterson
1993; Miya et al. 2003, 2005; Smith and Wheeler 2004;
Smith and Craig 2007), among various other changes.

Resolving the relationships among teleost fish lineages
belonging to the Acanthomorpha is a major task in verte-
brate taxonomy due to the extremely large size of the
Acanthomorpha clade (Li et al. 2009). The complexity of
this task is further increased as a consequence of the rapid
diversification of acanthomorphs, which started approxi-
mately 200 Ma and gave rise to more than one-third of
all extant vertebrate species, including several model organ-
isms (Nelson 2006). It is well known that radiation-like
events leave little time to accumulate lineage-specific
sequence divergence, and therefore, the phylogenetic signal
is often quite limited. If a radiation occurred in the distant
past, multiple independent changes have likely accumulated
on the same sites, further reducing information content.
Molecular phylogenies dealing with the evolutionary rela-
tionships among acanthomorphs have identified several
monophyletic taxa departing from the traditional taxonomic
arrangement, but many issues remain to be solved (Miya
et al. 2001, 2003, 2005; Chen et al. 2003; Smith and Wheeler
2004; Dettai and Lecointre 2005; Smith and Craig 2007;
Yamanoue et al. 2007; Kawahara et al. 2008; Li et al. 2009).

Despite their relevance in diverse fields such as develop-
mental biology, genetics, and comparative genomics, just
to mention a few, a limited number of studies have inves-
tigated the relationships among model fish species (Chen
et al. 2004; Steinke et al. 2006; Yamanoue et al. 2006).
Furthermore, in these studies, taxon sampling was not
constant and did not fully overlap with the species consid-
ered in the present study. Conversely, the teleost fishes an-
alyzed here have been included in different incomplete
combinations in previous molecular phylogenies (Miya
et al. 2001, 2003, 2005; Chen et al. 2003; Smith and Wheeler
2004; Dettai and Lecointre 2005; Smith and Craig 2007;
Yamanoue et al. 2007; Kawahara et al. 2008). A very recent
article (Li et al. 2009) included all the species considered in
the present study, but it could not completely resolve their
phylogenetic relationships.

Over 1.2 million base pairs were sequenced from contig-
uous genomic clones of Di. labrax that were then assembled
in a single scaffold. The newly determined genomic sequence
was used in combination with the existing data for other
teleost fishes to implement different methodological phylo-
genomic approaches, some of which have been applied for
the first time in the present study, to resolve the evolution-
ary relationships within the acanthomorph model species.

Materials and Methods

Genomic Sequencing of 10 Dicentrarchus labrax
Bacterial Artificial Chromosome Clones

Clones from the Di. labrax bacterial artificial chromosome
(BACQ) library (Whitaker et al. 2006) were comparatively
mapped by end sequencing and BlastN alignment (Altschul
et al. 1990) to the G. aculeatus genomic sequence (Kuhl
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et al. 2010). BAC DNA from 10 clones covering approxi-
mately 1.3 Mb in Di. labrax was isolated by alkaline lysis.
Subsequently, the remaining Escherichia coli DNA was re-
moved by cesium chloride density gradient centrifugation
or ATP-dependent exonuclease digestion. Purified BAC
DNA was sheared by ultrasonic sound and size selected
to 1- to 4-kb fragments. Fragments were end polished with
T4 DNA polymerase and DNA polymerase | (Klenow) and
afterward ligated with T4 —-DNA ligase into a puC19
sequencing vector. Competent E. coli DH10B cells were
transformed by electroporation. For each BAC, a library
with approximately 10X coverage was constructed, and
plasmid DNA was purified for sequencing using ABI BigDye
v3.1 Terminator chemistry on ABI 3730xl capillary se-
quencers. Raw sequences were processed by Phred, and
BACs were assembled using Phrap (http://www.phrap.org).
The Di. labrax whole scaffold encompassing 10 BACs is
available in GenBank under the accession number
FP017272.

Annotation of the Dicentrarchus labrax Genomic
Region Sequenced

Gene prediction in Di. labrax scaffold FP017272 was per-
formed using a custom bioinformatic platform developed
at the CRIBI bioinformatics laboratory of Padua University,
which combines multiple and heterogeneous sources of in-
formation to predict gene locations. The platform is
formed by three modules: 1) ab initio predictions, 2) align-
ment of ESTs, and 3) alignment of proteins. The ab initio
predictors are probabilistic models generally based on hid-
den Markov models gain prediction ability through a train-
ing data set that is composed of annotated known genes.
The input is the raw nucleotide sequence, and the output is
the gene structure. For gene prediction in the Di. labrax
scaffold, the ab initio gene finders implemented in the Gen-
Scan (Burge and Karlin 1997) and GenelD (Parra et al. 2000)
programs were used. In this analysis, the parameter “appro-
priate organism” was set to vertebrate for GenScan and to
Te. nigroviridis for GenelD. A collection of fish proteins
downloaded from the Ensembl database (http://www
.ensembl.org/) was aligned against the Di. labrax scaffold
using a custom pipeline based on the BLAT (Kent 2002)
and GeneWise (Birney et al. 2004) programs. Furthermore,
fish ESTs downloaded from the Unigene database (http://
www.ncbi.nlm.nih.gov/unigene) were aligned using the
est2genome algorithm (Mott 1997).

Different types of prediction tools may produce conflict-
ing results. JigSaw software (Allen and Salzberg 2005), a tool
developed to combine evidence coming from heteroge-
neous data, was used to resolve such conflicts. JigSaw cre-
ates a sort of consensus determining a clear and an
unambiguous gene structure. The JigSaw outputs were
used for the final structure prediction of various genes.

Identification of Orthologous Genomic Regions
The genomes of Da. rerio, G. aculeatus, O. latipes, Ta. rubripes,
and Te. nigroviridis were searched to identify orthologous

counterparts of the newly determined genomic portion of
Di. labrax. The last genome release was used to achieve this
task. Data were downloaded from the Ensembl Web site
(Ensembl 53 release, March 2009; http://www.ensembl.org
/index.html). The identification of orthologous genomic re-
gions was straightforward for G. aculeatus, O. latipes, Ta.
rubripes, and Te. nigroviridis. Initially, multiple basic local
alignment search tool (BLAST) searches (Altschul et al.
1990) were run against each genome using as queries a 2-
kb sequence every 50 kb along the genomic sequence of Di.
labrax. The BLAST results provided evidence to select the con-
tig/chromosomeincluding them. Finally, the 5" and 3’ ends of
the Di. labrax genomic region were used to better define the
boundaries of the selected syntenic genomic regions. The or-
thology among selected genomic regions was further assessed
through electronic chromosome painting and pairwise and
multiple alignments performed with the Multi-LAGAN and
MUMmer 3.0 programs (Brudno et al. 2003; Kurtz et al.
2004; see below).

The identification of an unambiguous orthologous ge-
nomic region for Da. rerio required the more complex ap-
proach outlined below. Initially, the Di. labrax 1.2-Mb
sequence was aligned against the whole genome of Da.
rerio using the MUMmer 3.0 program, which is software
specifically devoted to the pairwise rapid alignment of
large genomes (Kurtz et al. 2004). The PROmer script
of the MUMmer package was applied to perform this
analysis. Two genomic alignments were performed using
a masked and an unmasked version of the Da. rerio ge-
nome. Default parameters were relaxed to allow the com-
parison among divergent sequences. The length of
maximal exact matches (—| option) and the minimum
length of the cluster (—c option) were reduced. Con-
versely, the maximum allowed distance between matches
within a cluster was increased (—g option). Alignments
obtained through MUMmer (see Results) allowed the
identification of a non-ambiguous orthologous region lo-
cated on Da. rerio chromosome 18 that was added to the
set of orthologous sequences used to build up the geno-
mic multiple alignment (see below).

Identification of Orthologous/Paralogous
Chromosomes

The MUMmer program was used to perform pairwise ge-
nomic alignments of whole set of G. aculeatus chromo-
somes against O. latipes chromosomes 3 and 6, and Te.
nigroviridis chromosomes 5 and 13. The electronic chro-
mosome painting approach described below was used to
assess orthology/ohnology relationships among chromo-
somes of the fishes under study.

Tetraodon nigroviridis chromosome 5, O. latipes chromo-
some 3, and Da. rerio chromosome 7 are included in a clus-
ter of orthologous chromosomes, whereas Te. nigroviridis
chromosome 13, O. latipes chromosome 6, and Da. rerio
chromosomes 18 and 25 belong to a second cluster of or-
thologous chromosomes (see Results for further details;
Kasahara et al. 2007).
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Genes contained in Te. nigroviridis chromosomes 5 and
13, O. latipes chromosomes 3 and 6, G. aculeatus chromo-
some 2, and Da. rerio chromosomes 7, 18, and 25 were
downloaded from the Ensembl Web site. Five data sets
were created, each including the genes of a single species.
Pairwise comparisons among the five data sets were per-
formed to identify the best bidirectional hit (BBH) for each
gene in every data set (Hulsen et al. 2006). Comparisons
were made using the BlastP algorithm (Altschul et al.
1990), and BLAST results were parsed with a cutoff value
of e = 10>, 30% identity, 70% similarity, and 70% coverage.
Identification of BBHs allowed us to assign the orthologous
genes to their respective chromosomes. This strategy
represents a crude estimation of orthology relationships
in some cases (Koski and Golding 2001; Kuzniar et al
2008) because it does not allow us to identify the
evolutionary mechanisms that distort the orthology, such
as the birth-and-death process or gene conversion/
recombination (Nei 2005). We tried to minimize this prob-
lem using the stringent parameters listed above. Further-
more, despite the limits mentioned, the BBH strategy
allowed the straightforward comparison of our results with
those produced in previous analyses of fish chromosomes
that had been performed all according to a BBH approach
(Jaillon et al. 2004; Kasahara et al. 2007; Nakatani et al. 2007;
Kassahn et al. 2009). Finally, orthology among chromosome
regions inferred through BBH analysis was further corrob-
orated by genomic pairwise alignments performed with the
MUMmer program (see above).

Figures depicting chromosomes based on electronic
painting were produced with a custom software program.
This software is a homemade Perl script that uses the GD
graphic library (http://www.libgd.org). The program uses as
an input file the parsed BLAST output file containing the
list of orthologous genes, chromosome gene positions, and
chromosome lengths. The output of the program is a chro-
mosome painting picture in png format.

Gene/Genomic Multiple Alignments

Three strategies were applied to align gene/genomic se-
quences. First, each group of orthologous single gene se-
quences, which were identified through BBH comparison
and further assessed through visual inspection of BLAST
results, was used to produce a multiple sequence alignment
(MSA). Initially, the encoded polypeptides were aligned us-
ing the version 6 of the MAFFT program (Katoh et al. 2002,
2005), which has been shown to be one of the most accu-
rate programs to obtain MSAs (Nuin et al. 2006; Wilm et al.
2006; Carroll et al. 2007). MAFFT was used according to the
default settings available at its Web site (http://align.bmr
kyushu-u.acjp/mafft/online/server/). The amino acid
MSAs were used as the backbone to align the correspond-
ing nucleotide sequences with the DAMBE program (Xia
and Xie 2001).

In a second approach, the non-ambiguous orthologous
genomic regions were divided into five partitions, and each
partition was aligned with the MAFFT program. Partition-
ing was necessary because the use of MAFFT proved com-
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putationally unfeasible when the alignment of the entire
genomic region was attempted. The boundaries of each
partition were selected to maximize the matching of or-
thologous segments identified through pairwise genomic
alignments performed with MUMmer (see Supplementary
fig. S1, Supplementary Material online).

Finally, a single multiple alignment of orthologous geno-
mic regions was produced using the Multi-LAGAN program
that has been especially developed for this task (Brudno
et al. 2003). The MSA was performed by applying the de-
fault parameters implemented in the Multi-LAGAN version
available at the VISTA web server (http://genome.lbl.gov/
vista/lagan/submit.shtml; Frazer et al. 2004). The translated
anchoring option was also used to improve the alignment
quality among divergent genomic sequences.

Two options for masking coding regions were used prior
to performing MSAs with MAFFT and Multi-LAGAN.

In the full-masking approach, all identified protein-
coding regions were masked before running the alignment
program, and thus, the MSA was restricted to non-
protein-coding regions. In the partial-masking approach,
the coding sequences that were not present and arranged
in the same order in all analyzed taxa were masked. In the
partial-masking approach, five polypeptides/coding se-
quences present in the unambiguous orthologous genomic
regions identified for the six analyzed species (see
Supplementary fig. S2 and table S1, Supplementary
Material online) were left unmasked.

A third option was implemented in Multi-LAGAN,
keeping all coding and non-protein-coding sequences
unmasked, irrespective of the presence/absence of the cor-
responding orthologous counterparts in different species.

In addition to MAFFT and Multi-LAGAN, the two pro-
grams FSA (Bradley et al. 2009) and Mauve (Darling et al.
2004) were evaluated. However, in both cases, the total
length of the alignment was drastically reduced (<15
kb) after implementing Gblocks (see below; Castresana
2000), and for this reason, the data sets obtained with
FSA and Mauve were not further analyzed.

Genomic alignments, obtained through MAFFT and
Multi-LAGAN, were further processed with the Gblocks
program to prevent/minimize the violation of the posi-
tional homology principle (Castresana 2000). Blocks of con-
served nucleotides were selected by applying the default
settings (gaps not allowed).

Construction of Data Sets for Phylogenetic Analysis
Different data sets were produced for phylogenetic purpo-
ses following four alignment strategies:

Type 1 MSAs—multigenes phylogenomic data sets:
Genes located in the unambiguous orthologous genomic
regions of ingroup species were used as a starting point
to create MSAs (see Supplementary fig. S2 and table S1
for a fine-scale annotation of these regions, Supplementary
Material online).

Putative orthologs were identified through BBH compar-
ison and subsequent visual inspection of BLAST results.
At the end of this process, 20 genes were retained that
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could be unambiguously aligned and were present in all
analyzed fish species. Amino acid and nucleotide MSAs
were produced for each set of orthologous genes following
the procedure described in the previous subsection. Finally,
the amino acid MSAs obtained with MAFFT were concat-
enated in a single data set hereafter called MSATprm¢
(11,802 amino acids). The corresponding nucleotide MSAs
were concatenated in a single data set named MSA2p1-
P3csme (35,406 bp). An additional MSA (MSA2p1-p2csme
23,604 bp) was created removing the third codon positions
from MSA2p1-p3csms

Type 2 MSAs—genomic alignments with MAFFT: Five
nonoverlapping partitions of the entire genomic region
(fully masked and partially masked), aligned with MAFFT
and processed with Gblocks, produced blocks of conserved
nucleotides that were concatenated in the data set
MSA3Ncmr (151,068 bp) and the MSA4cp.  neme alignment
(163,775 bp).

Type 3 MSAs—genomic alignments with Multi-LAGAN:
MSAs performed with Multi-LAGAN and processed with
Gblocks produced the sets MSA5cp  ncmiw MSAGNCHI
and MSA7cpncmlas The MSA5cp nemia (85,439 bp) was
obtained from partially masked genomic sequences and
MSAGNCmIa (74,711 bp) from fully masked genomic sequen-
ces. MSA7cp nemila (88,036 bp) was produced through the
alignment of unmasked genomic sequences.

Type 4 MSA—combination of MSAs obtained with type
1 and 2 strategies: A combined data set, MSA8csmincme
(186,474 bp), was produced merging MSA2p1-p3csme With
MSA3NCmf:

Type 5 MSA—combination of MSAs obtained with type 1
and 3 strategies: A combined data set, MSA9csmincmia
(110,117 bp), was obtained merging MSA2p1-p3csme With
MSAGNlea'

Testing for Mutational Saturation

The level of mutational saturation was estimated by plot-
ting uncorrected P-distances (based on observed substitu-
tions) against ML-estimated distances (i.e, general time
reversible [GTR] + | + G) for each MSA. After fitting a re-
gression line, its slope (m) was used as a measure of mu-
tational saturation. If m = 1, no saturation is inferred,
whereas for m <<< 1, the phylogenetic signal is largely
saturated.

Phylogenetic Analysis

Phylogenetic trees were inferred using Bayesian inference
(BI), maximum likelihood (ML), maximum parsimony
(MP), and neighbor joining (NJ) methods (Felsenstein
2004). The ProtTest program was used to select the
best-fitting evolutionary model for protein MSAs (Abascal
et al 2005). Models that best fitted the nucleotide MSAs
were identified using the Modeltest program according
to the Akaike criterion (Posada and Crandall 1998).
Analyses on nucleotide MSAs were based on codon,
GTR + I + G, and CAT-GTR (Lartillot and Philippe
2004) models, or a combination of them, depending on
the type of multiple alignment. Simpler evolutionary mod-

els were also used to evaluate the effect of model selection.
Partitioning of multiple alignments was applied when ap-
propriate in Bl and ML analyses (Nishihara et al. 2007). The
number of data set partitions ranged from 1 to 21.

Bl trees were obtained with MrBayes 3.2 (Ronquist and
Huelsenbeck 2003) and PhyloBayes 3.2d (Lartillot et al
2009). In MrBayes, two simultaneous runs, each of four
chains, were performed in all analyses. Each run consisted
of 100,000-1,000,000 generations, and trees were sampled
every 10-100 generations. Stationarity was considered to
be reached when the average standard deviation of split
frequencies was less than 0.001. Burn-in was also increased
respectively to 50%, 70%, and 90% without any appreciable
change in tree topology and posterior probability values.
Analyses performed with PhyloBayes were carried out fol-
lowing the guidelines provided in the program manual. Sta-
tionarity was considered to be reached when maxdiff was
less than 0.1 between two independent runs. Once statio-
narity was reached, a minimum of 1,000 trees was used to
generate a majority-rule posterior consensus tree.

ML analyses were performed using PhyML 3 (Guindon
and Gascuel 2003; Guindon et al. 2009), TREEFINDER (Jobb
et al. 2004), PAUP* (Swofford 2002), and RaxML 7.3
(Stamatakis 2006).

An exhaustive search approach was applied with the
steepest descent option activated in the PAUP* program
(Swofford et al. 1996). In ML analyses done with RaxML,
10 independent runs using randomized MP starting trees
were performed to assess the stability of the obtained tree
topology.

MP analyses were done using algorithms implemented
in the MEGA 4 (Tamura et al. 2007) and/or PAUP* program
(Swofford 2002; Tamura et al. 2007).

NJ trees were computed for both amino acid and nucle-
otide MSAs by applying several evolutionary models avail-
able in MEGA 4 or in PAUP*.

Statistical Tests on Tree Topologies
Nonparametric bootstrap (BT) tests (Felsenstein 1985)
were performed to assess the robustness of ML, MP, and
NJ tree topologies (1,000 replicates in all cases). Posterior
probabilities were calculated for each node of the BI trees.
The approximately unbiased (AU) and the weighted
Shimodaira and Hasegawa (WSH) tests (Shimodaira
2002) were performed for all tree topologies to evaluate
alternative phylogenetic hypotheses supported by the dif-
ferent data sets. First, all 105 topologies that can be ob-
tained from a data set containing the six taxa were
generated with the program PAUP*. Subsequently, AU
and WSH values were calculated for all the topologies us-
ing TREEFINDER.

Compositional Heterogeneity—Mutational
Saturation

To minimize the effects of compositional bias, three ap-
proaches were followed: 1) MSA recoding (Phillips et al.
2004), 2) selective removal of sites within MSAs (Ruiz-Trillo
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et al. 1999), and 3) application of mixture models (Pagel
and Meade 2004).

1. MSA recoding: Nucleotide MSAs were recoded using the
simplified R(AG) Y(CT) scheme (Phillips et al. 2004). In
MSATprme amino acids were recoded into four categories
[Dayhoff4 (AGP,ST) (DENQ) (HKR) (FY,W,LLM\V)
(C = )] that allow us to apply a GTR + G + |
substitution model (Rodriguez-Ezpeleta et al. 2007). All
recoded data sets were analyzed as described for the
original MSAs. Recoded data sets are listed as RY-MSA, or
Dayhoff4-MSA1pgms

2. Selective removal of sites within MSAs: Among-site
heterogeneity was modeled using a gamma distribution
approximated by eight rate categories. This procedure was
repeated for every MSA using TREE1, TREE2 (see Results),
or their strict consensus tree as the reference topology.
Each position was assigned to one of these eight
categories (from a low to a high level of heterogeneity).
Among-site rate heterogeneity parameters were calculated
with PUZZLE 52 (Schmidt et al. 2002). Sites were
selectively removed from MSAs using a Perl script
developed by one of the authors (N.V.), starting from
positions in category 8 (C8), which includes the most
variable sites, and ending with the exclusion of positions
in category 4 (C4). Data sets obtained deleting C4 to C8
positions were analyzed according to an ML criterion
using PhyML 3.

3. Application of mixture models: On selected MSAs, BI
phylogenetic analyses were performed with BayesPhylog-
enies, a program that implements a mixture model that
allows the user to fit more than one model of sequence
evolution without partitioning the data (Pagel and Meade
2004). Different mixture models involving up to eight
independent substitution matrices were applied, either
alone or in combination with a four-categories gamma
distribution.

Effect of the Alpha Parameter Variation on Tree
Topology

The parameter alpha determines the shape of the gamma
distribution (Felsenstein 2004). Estimation of alpha may be
subject to stochastic error, potentially affecting the ob-
tained tree topology. To test the stability of the ML topol-
ogies recovered from various MSAs, the shape parameter
alpha was varied according to fixed values ranging from
0.05 (implying a strong rate heterogeneity among sites)
to 5 (weak rate heterogeneity). ML phylogenetic trees ob-
tained imposing different alpha values were compared us-
ing the best ML topology that was obtained using the
estimated value of unconstrained alpha for every analyzed
MSA.

Results

Identification of Orthologous Chromosomes/
Genomic Regions

The newly determined region of the Di. labrax genome is
a 1,296,077-bp scaffold derived from shotgun sequencing of
10 BAC clones. By applying an in silico annotation approach
(see Supplementary fig. S2 and table S1, Supplementary
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Material online), at least 26 putative peptide-coding se-
quences could be identified. These putative genes are dis-
tributed along the entire sequenced region, belong to
different gene families, and do not form any specific gene
cluster.

Through BLAST searches, we identified a single genomic
region spanning nearly 1 Mb in each acanthomorph species
considered in the present work (table 1). Pairwise align-
ments of these genomic sequences performed with
Multi-LAGAN proved to be straightforward and revealed
a very high level of sequence conservation. The length
of pairwise alignments ranged from 141,047 bp with se-
quence identity of 78.2% (O. latipes vs. Ta. rubripes) to
547,902 bp with a sequence identity of 79.4% (Di. labrax
vs. G. aculeatus), with an average length of 265347 +
130,962 bp and mean nucleotide identity of 78.86 *
0.64%. For three of the four acanthomorph species under
study, it was possible to unambiguously assign the unique
genomic sequence matching the Di. labrax genomic scaf-
fold to a single chromosome, namely chromosome Il of G.
aculeatus, chromosome 3 of O. latipes, and chromosome 5
of Te. nigroviridis (table 1). For Ta. rubripes, three separate,
nonoverlapping scaffolds were identified. Unfortunately,
the Ta. rubripes genome (release 4.0) consists of 7,213
contigs, all of which have yet to be assigned to a specific
chromosome.

A pairwise alignment between the 1.3-Mb genomic se-
quence of Di. labrax and the whole genome of Da. rerio was
performed using the MUMmer package, which allowed us
to align chromosomes that have experienced local inver-
sions, a likely phenomenon in more distantly related spe-
cies such as Di. labrax and Da. rerio. The first 500,000 bp of
the Di. labrax sequence exhibited significant matches with
chromosome 7 (24,093 positions, with 61.04% identity),
chromosome 18 (32,499 positions, with 54.93% identity),
and chromosome 25 (40,047 positions, with 57.96% iden-
tity) of Da. rerio (fig. 1). The remaining part of the Di. labrax
genomic sequence could be aligned only with a region of
Da. rerio chromosome 18.

As already mentioned, the ancestral teleost genome ex-
perienced a WGD followed by rearrangements of some
chromosomes (Kasahara et al. 2007, fig. 2A). In some lin-
eages, genomes were subject to further changes including
single chromosome duplications, as in the case of Da. rerio
(fig. 2B). Kasahara et al. (2007) reconstructed teleost ge-
nome evolution for three species (O. latipes, Te. nigroviridis,
and Da. rerio). We also identified homology relationships
for specific chromosomes in G. aculeatus (fig. 2C). Elec-
tronic chromosome painting based on BBHs confirmed
that O. latipes chromosome 3, Te. nigroviridis chromosome
5, and Da. rerio chromosome 7 are orthologous (Kasahara
et al. 2007). Additionally, our analysis revealed the corre-
sponding ortholog in G. aculeatus (chromosome II)
(fig. 2C). Likewise, ohnology (paralogy) to the above chro-
mosomes could be inferred for chromosome 6 in O. latipes,
for chromosome 13 in Te. nigroviridis, chromosomes 18 and
25 in Da. rerio (Kasahara et al. 2007), and chromosome XIX
in G. aculeatus (fig. 2C). For O. latipes, Te. nigroviridis, and
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Table 1. Genomic Regions Included in the Data Set Aligned with Multi-LAGAN.

Species Syntenic Genome Portion Starting Sequence in Ensembl
Start End Length (bp) Genome Source SEP

Danio rerio 26100000 28000000 1,900,000 Chromosome 18 26100000-28000000

Oryzias latipes 550000 1317476 767,476 Chromosome 3 20984098-22301573

Dicentrarchus labrax 500000 1296077 796,077 Single scaffold 1-1296077

Gasterosteus aculeatus 400000 1010000 610,000 Chromosome group Il 13030204-11681984

Takifugu rubripes 260000 787168 527,168 Scaffolds 309, 2075, and 14 (309) 1-287026; (2075)
1-29866; (14) 2331662
-1864477

Tetraodon nigroviridis 400000 920000 520,000 Chromosome 5 4000000—4997803

NoTe.—SEP, start/end point in Ensembl sequences.

G. aculeatus (all acanthomorph species), a single match was
found with a region located on orthologous chromosomes,
whereas in the case of the outgroup species Da. rerio, the
first 500,000 bp of Di. labrax exhibited matches both with
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Fic. 1. Pairwise alignment between the 1.2-Mb genomic region of
Dicentrarchus labrax and the whole genome of Danio rerio,
performed with the MUMmer package. Matches on the same
strand are presented as blue dots, whereas matches in the opposite
strands are presented as red dots. Numbers on both axes refer to
base positions in the genomic region/chromosomes.

the orthologous chromosome 7 and with its ohnologs, chro-
mosomes 18 and 25, although with different degrees of se-
quence conservation (fig. 2C). Thus, orthologous and
paralogous copies of this region seem to have been retained
in the Da. rerio genome. The remaining part of the Di. labrax
scaffold unambiguously matched only with Da. rerio chro-
mosome 18. The simplest explanation for this finding would
require two independent deletion events, one affecting chro-
mosome 7 and the other on chromosome 25, which led to
retention of only one paralogous copy on chromosome 18.
However, the analysis of genomic sequences flanking the
studied region suggests a more complex scenario. The up-
stream region on stickleback chromosome Il contains three
genes (ENSGACP00000021012, ENSGACP00000021022, and
ENSGACP00000021024) that have orthologs on Da. rerio
chromosome 7 (fig 3). Likewise, three genes (ENS-
GACP00000021151, ENSGACP00000021157, and ENS-
GACP00000021159), which represent the downstream
boundary on stickleback chromosome I, have their homo-
logues on Da. rerio chromosome 7 (fig. 3). Gene sequences
with the best reciprocal hits to the G. aculeatus chromosome
Il genes mentioned above are also present in Da. rerio chro-
mosomes 18 and 25 (fig. 3). However, synteny is disrupted in
both chromosomes 18 and 25 because not all counterparts
are found on Da. rerio chromosomes 18 and 25 (fig. 3). The
conservation of the upper and lower boundaries delimiting
the matching regions on, respectively, G. aculeatus chromo-
some |l and Da. rerio chromosome 7 indicates that at least
eight independent genomic modifications (six deletions and
two translocations) were necessary to produce the present
genomic organization (fig. 3A). An alternative and plausible
evolutionary scenario involving the matching fragment on
chromosome 18 would also require eight genomic rear-
rangements in the Da. rerio genome (five deletions and three
translocations) (fig. 3B). A translocation between Da. rerio
chromosomes 7 and 18 had already been identified by
Kasahara et al. (2007), although the precise limits of this
event were not precisely reported. In the case of transloca-
tion (fig. 3B), the matching region on zebra fish chromosome
18 will represent the true ortholog of the sea bass
scaffold and their corresponding sequences on the other
acanthomorph species.

Because of its higher degree of sequence conservation
and the consequent better alignment quality, for all sub-
sequent analyses, only the region spanning 2 Mb (26-28
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Mb) of Da. rerio chromosome 18 was retained. In fact,
even under the first scenario, with the Da. rerio chromo-
some 18 segment being a true paralogous copy, Da. rerio
represents the outgroup species; therefore, rooting of the
ingroup tree can be appropriately attained by applying
a paralogous rooting strategy (e.g, lwabe et al. 1989;
Gribaldo and Cammarano 1998; Kollman and Doolittle
2000; Zhaxybayeva et al. 2005). The corresponding geno-
mic regions identified in Te. nigroviridis, Ta. rubripes,
G. aculeatus, O. latipes, and Di. labrax were trimmed by
removing their 5’ segment that produced matches with
different chromosomes of Da. rerio. Table 1 summarizes
the final sequences retained for subsequent phylogenom-
ic analyses (see also Supplementary fig. S1 and table S1,
Supplementary Material online).

Assessing Mutational Saturation in MSAs

The mutational saturation present in the original 10 MSAs
(table 2) and in their RY/Dayhoff4 recoded version MSAs
was investigated by considering the m slope of the regres-
sion line passing through the origin of an xy scatter-plot
where the P-distance values were listed on the x axis
and the GTR + | + G values were listed on the y axis.
The obtained results are summarized in figure 4. Among
the original MSAs, the lowest mutational saturation was
identified in MSA1prim;, MSA2p1-p2csms MSASco i NCml
MSA6Ncmi and  MSA7cp  nemiwe  Whereas MSA3Ncme
MSA4cp nemp and MSA8csminems €xhibited the highest
saturation. Thus, the genomic MSAs produced with
Multi-LAGAN had a lower saturation than those created
with MAFFT. Recoded MSAs always showed a lower satu-
ration than the original MSAs and exhibited a similar pat-
tern concerning the saturation of different MSAs.
The reduction in saturation was very marked on RY-
MSA2pT1-p2csmis RY-MSA6ncmiz RY-MSA7 o nemia and
RY-MSA9csminCmla:

Phylogenetic Inference

Analyses performed on 10 data sets using Bl, ML, MP, and
NJ methods and applying different evolutionary models
produced two alternative topologies (henceforth TREE1
and TREE2), which are presented in figure 5. The critical
point was represented by the placement of O. latipes,
which represented the sister taxon of all other acantho-
morph fishes in TREE1 and the sister species of (Di.
labrax + G. aculeatus) in TREE 2 (fig. 5).

All analyses performed on MSA1pr¢ produced the same
topology (TREE1). Nodes 1, 3, and 4 received very high sta-
tistical support (Bl = 1.00 and BT > 99%) irrespective of
the phylogenetic method applied (Bl, ML, MP, NJ) and of
the applied evolutionary model. Node 2 in TREE1 received
strong Bl support (Bl = 1.00), whereas BT values ranged

that could be aligned with the portion of the Dicentrarchus labrax
genome that we sequenced. Vertical red bars indicate multiple
homologous segments that are located on different zebra fish
chromosomes and can be aligned with the same region of the Di.
labrax genomic sequence.
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Fic. 3. Alternative genomic rearrangements in the evolution of
Danio rerio chromosomes 7 18, and 25. Purple double arrow points
to putative ancestral syntenic portions (PASP) among Gasterosteus
aculeatus chromosome Il and Da. rerio chromosome 7 and the
ancestral chromosome for zebra fish chromosomes 18 and 25. 5’
boundary, orange bar; 3° boundary, green bar; D, deletion; T,
translocation.

from 58% to 100% depending on the different methods and
evolutionary models.

Analyses performed on MSA2p1-p2cs¢ and MSA2p1-
p3csme produced conflicting results depending on the
method/model used. MP and NJ always favored TREE1,
with strong statistical support for all nodes (BT > 99%).

Table 2. Data Sets Description.

Bl analyses based on the GTR + | + G model applied
to a single partition identified TREE2 as the best topology.
However, very strong statistical support for node 5 was ob-
tained excluding the third-codon positions (MSA2p1-
P2csme Bl = 1.00), whereas no significant Bl was observed
when including them (MSA2p1-p3csmg Bl = 0.61). When
MSA2pT1-p2csme and MSA2p1-p3csme were divided into 20
partitions and independent GTR + | 4+ G models were ap-
plied to each partition, the first alignment supported
TREE2 (Bl =1.00), whereas the second data set strongly fa-
vored TREE1 (Bl =1.00). Finally, Bl analysis of MSA2p1-
pP2csmf under the CAT 4+ GTR model favored TREE2 with
strong statistical support for node 5 (Bl = 0.96), whereas
the analysis performed on MSA2p1-p3¢s.r identified a dif-
ferent topology with a clade (O. latipes + [Ta. rubripes +
Te. nigroviridis]) that did not received any support (Bl =
0.73). All ML analyses performed on either MSA2p1-p3csms
or MSA2p1-p2csms using single/multiple partition(s) recov-
ered TREE2 with very strong BT (86-100%) support for
node 5.

How does the inclusion of noncoding genomic regions,
which represent the largest part of the data set, influence
the outcome of phylogenetic reconstructions? All analyses
performed on MSA3ycms MSA4cp  nemp and MSA8cs et
multiple alignments, that is, MSAs obtained when using
MAFFT on noncoding genomic regions, with or without sub-
sequent addition of coding genes aligned separately, always
supported TREE1. All nodes received very high statistical sup-
port (Bl = 1.00 and BT > 99%) irrespective of the phyloge-
netic method applied (Bl, ML, MP, NJ). The same was true
irrespective of the applied evolutionary model. Models
ranged from an uncorrected P-distance (NJ) across all sites
to the implementation of 20 independent codon-based sub-
stitution models for coding genes and a GTR + | + G for non-
coding sequences (MSA8csmincms 21 partitions).

A more complex scenario resulted from analyses based
on Multi-LAGAN MSAs (MSA5co  ncmie MSAGNCmia
MSA7cpincmiw and MSAYcsminemia)- MP analyses always
recovered TREE1, and each node received very high statis-
tical support (BT > 99%). NJ analyses favored TREE2 with
very high BT support (>99%) at all nodes for most data sets
and models (from Juke—Cantor to composite likelihood),

MSA Name Data Type Size® ALNp
MSATpgent PR 11,802 MAFFT (mf)
MSA2p1-p2csms & cs 23,604 MAFFT (mf)
MSA2p1-p3csme & cs 35,406 MAFFT (mf)
MSA3ncme NC 151,068 MAFET (mf)
MSA4cp+ NCmf CD + NC 163,775 MAFFT (mf)
MSA5p +NCmla CD + NC 85,439 Multi-LAGAN (mla)
MSA6NCmia NC 74,711 Multi-LAGAN (mla)
MSA7 o+ nCmia CD + NC 88,036 Multi-LAGAN (mla)
MSAS csmincms & CS + NC 186,474 MAFFT (mf)
MSA9CsminCmla & CS + NC 110,117 MAFFT (mf)/Multi-
LAGAN (mla)

NoTe.—PR, protein; CS, codons; NC, noncoding DNA; CD, coding DNA; ALNp, alignment program. Superscript “g” refers to MSA including gaps derived through the

alignment with MAFFT of amino acids/codons (see Materials and Methods for details).

? Number of positions in the alignment.

2765



Negrisolo et al. - doi:10.1093/molbev/msq165

MBE

07571 @ original MsA o
0.704 O RY/dayhoff4 recoded MSA
» 0.65 (@] o @]
g © o
= 0601
g ®
E 0554 o @ o o ® o © °
0.50+ & O
L I ) e
0.454
0.40 . e e : T T

0628 0.543 0.651 0516 0.516 0.604 0.664 0.725 0.506 0.652
0.584 0.500 0.554 0.473 0.473 0.549 0548 0.551 0.479 0.540

MSAT by
MSA2p1-p2;gqy
MSA3,.¢
MSA4GD+NCmf
MSAsCD+NCmIa
MSAB, ;s
MSATCEHNCmIa
MSABCEmfNCmf
MSA9 e imcris

MSA2p1-p3cgry

FiG. 4. Mutational saturation of MSAs. Scatter plot of m values. The
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with the only exception of MSA5cp  ncmia/ MSA7 cp s NCmilar
where NJ using uncorrected P-distances produced TREE1
with moderate/marginal statistical support (BT = 78/
51%) for the group ([Di. labrax + G. aculeatus] + [Te.
nigroviridis + Ta. rubripes]). All Bl and ML analyses
performed on Multi-LAGAN MSAs, irrespective of the
complexity of the evolutionary model applied (single par-
tition vs. 21 partitions; GTR vs. codon-based models, etc.)
were concordant on a single topology (TREE2) with high
statistical support for all nodes (BT > 99%; Bl = 1.00).
Results obtained with the different methods applied to
various MSAs are summarized in table 3.

Testing Alternative Phylogenetic Hypotheses

The observed discrepancies for the ML phylogenetic
analysis were further evaluated using the AU and WSH
tests. The results of these analyses performed on all possible
tree topologies (105) using different data sets are provided
in table 4. MSATprsand MSA2p1-p3csins (MSAs consisting
of only protein-coding sequences) were not conclusive in
rejecting TREE2 and TREE1, respectively. The MSA2p1-
P2csme rejected TREET in the AU test but not in the more
conservative WSH test. MSA3ycmp MSA4cp nemp and
MSA8csminems (MSAs obtained with MAFFT) exclusively
supported TREET with the rejection of all alternative trees.
Conversely, MSA5cp i ncmla MSAGNCmI MSA7cp i Nemlar
and MSA9csminemia (MSAs obtained with Multi-LAGAN)
exclusively supported TREE2.

Effects of Compositional Bias and Rate
Heterogeneity across Sites on Phylogenetic
Inference

Recoded MSAs provided phylogenetic results largely mir-
roring those obtained from the corresponding original
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TOPOLOGY 1 3 .
Takifugu rubripes
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— 100 Tetraodontiformes - Tetraodontidae
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100
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1.00
1.00 100
100

Dicentrarchus labrax
Perciformes- Moronidae

Oryzias latipes
Beloniformes - Adrianichthyidae

Cypriniformes - Cyprinidae
Danio rerio

TOPOLOGY 2
Takifugu rubripes

0.2
Tetraodontiformes - Tetraodontidae

1.00
100

Tetraodon nigroviridis

1.00 ’ Gasterosteiformes - Gasterosteidae
100 Gasterosteus aculeatus

1.00
100

Dicentrarchus labrax
Perciformes- Moronidae

Oryzias latipes
Beloniformes - Adrianichthyidae

Cypriniformes - Cyprinidae
Danio rerio

Fic. 5. TREE1. ML tree (—InL = —983265.64859; HKY85 model)
inferred from MSA8csmmvemr: TREE2. ML tree (—InL = 448535.89;
GTR + | + G model) inferred from MSA7cp nemia alignment. Bar
represents 0.2 substitutions per site. Green-colored numbers
indicate BT expressed as percentage, whereas purple-colored
numbers indicate clade posterior probabilities computed through
Bl analysis on the same data sets. Nodes representing topology
discrepancies are numbered differently for the purpose of clarity in
the main text.

MSAs with a few exceptions, which are described below.
The Bl and ML analyses performed on Dayhoff4-MSA1pg ¢
data set supported TREE2 instead of TREET but without
support to node 5 (Bl = 0.7; BT = 46%). The NJ trees ob-
tained from RY-MSA2p1-p2cs¢ provided dubious topolo-
gies because the group (Ta. rubripes + Te. nigroviridis)
could not be recovered. The NJ tree derived from
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Table 3. Tree Topologies Supported by Different MSAs Analyzed Using Bl, ML, MP, and N) Methods.

BI1 BI2 ML MP NJ1 NJ2
MSA Name ALNp© STT EvMd STT EvMd STT EvMd STT STT EvMd STT EvMd
MSATpgont MAFFT (mf) Tp1 Dayhoff/ WAG/JTT Tp1 WAG/JTT + | Tp1 Tp1 p-D to JTT
(+1) + G (+ F) (20 +G +1+46G
partitions)
MSA2p1-p2csme MAFFT (mf) Tp2 GTR + | + G (single/ Tp2 HKY85 to GTR Tp1 Tp1 p-D to MCL
20 partitions) +1+G
MSA2p1-p3csmi  MAFFT (mf) Tp2 GTR+1+4G Tp1 GTR + | +G Tp2  HKYS5 to (20 Tp1 Tp1 p-D to MCL
or CDSmP partitions)
(20 partitions)
MSA3 e MAFFT (mf) Tp1 GTR+1+G Tp1 HKY85 to GTR Tp1 Tp1 p-D to MCL
+1+G
MSA%cp o nemf MAFFT (mf) Tp1 GTR+1+G Tp1 HKYS5 to GTR Tp1 Tp1 p-D to MCL
+1+G
MSA5¢p 4 nemia M-LAGAN (mla) Tp2 GTR+1+G Tpi HKYS5 to GTR  Tp1 Tpi p-D Tp2  JK69 to
+1+G MCL
MSA6NCmia M-LAGAN (mla) Tp2 GTR+1+G Tp2 HKY85 to GTR Tp1 Tp2 p-D to MCL
+1+G
MSA7 o +nemia M-LAGAN (mla) Tp2 GIR+1+G Tp2  HKYS5to GTR  Tp1 Tp1 p-D Tp2  JK69 to
+1+G MCL
MSAS csmincm MAFFT (mf) Tp1 CDSmP + GTR + | Tp1 HKY85 to GTR Tp1 Tp1 p-D to MCL
+ G (21 partitions) +1+G
MSA9Cominemia MAFFT (mf)/ Tp2  CDSmP + GTR + | + Tp2  HKYS5to GTR  Tp1 Tp2  p-Dto MCL
M-LAGAN (mla) G (21 partitions) +1+G

NoTe.—STT, supported tree topology; Tp, topology; EvMd, evolutionary model; p-D, P-distance; MCL, maximum composite likelihood; CDSmP, codon model for each partition; Dayhoff, WAG (Whelan and Goldman), JTT (Jones, Taylor, and
Thorton); HKY85, JK69, MCL, and GTR + | + G (Felsenstein 2004; Tamura et al. 2007).
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Table 4. AU and WSH Values Calculated for All 105 Topologies.

AU? WSH?
ML tOpOlOgy 1 (MSA3NCmfl MSA4CD+NCmfl MSASCSmfNCmf) 1 1
104 alternative topologies to topology 1 (MSA3\cmp MSA4cpnecmp MSA8Csmineme) 0 1]
MSATprm ML topology 1 0.94 1
MSATppm ML topology 2 0.08 0.44
MSA2p1-p3csme ML topology 1 0.44 0.95
MSA2p1-p3csmp ML topology 2 0.57 1
MSA2p1-p2csmep, ML topology 1 0.03 0.32
MSA2p1-p2csmi.pi2» ML topology 2 1 0.96
ML topology 2 (MSA5¢p+ncmiar MSAGNCmiar MSA7cp+nemiar MSAIcsminemia) 1 1
104 alternative topologies to topology 2 (MSA5cp .+ nCmilar MSAGNCMIar 0 0

MSA7cp+Nemtar MSAICsminemla)

# P values.

RY-MSA2p1-p3csme using ML distance supported TREE2 in-
stead of TREE1 but without support for node 5.

ML results from the selective removal of nucleotide po-
sitions based on gamma distribution categories are sum-
marized in table 5. Despite the number of possible
combinations, two general patterns seem to emerge. First,
MSAs originally favoring TREE2 never support TREE1 after
site removal, irrespective of the topology (TREE1, TREE2,
SCT) used for estimating rate categories. When only the
most variable categories (C8 or C7/C8) are excluded, TREE2
is always recovered. When less variable categories (C6-8,
C5-8, C4-8) are also removed, topologies different from
either TREET or TREE2 are obtained. These topologies
are considered dubious because the well-established tet-
raodontiform group (Ta. rubripes + Te. nigroviridis) is often
not recovered. The only exception was observed for the
nucleotide data set containing only protein-coding genes
and including all codon positions (MSA2p1-p3csmg table 5).
Second, progressive removal of the variable sites (C6-8)
from MSAs originally supporting TREE1 recovered the al-
ternative topology (TREE2). In addition, the tree used for
estimating the rate categories appears to have a relevant
effect in this case (table 5). Mixture models including up
to eight substitution matrices, with or without site hetero-
geneity (gamma distribution with four categories), were ap-
plied to MSA4cp  nemf and MSA5cp  nemia IN their original
and RY-recoded versions as representatives of MAFFT- and
Multi-LAGAN-based alignments, respectively. Phylogenetic
analyses performed with BayesPhylogenies using mixture
models produced the same topologies obtained in the orig-
inal Bl with maximum statistical support (Bl = 1.00) for all
nodes.

To test the effect of the shape parameter alpha on the
ML tree reconstructions, different fixed alpha values were
imposed. The results are summarized in table 6. MSAs in-
cluding noncoding genomic sequences show low-moderate
rate heterogeneity across sites (see estimated alpha values,
table 6) and produce the same topology under a broad
range of alpha values, although MAFFT-based alignments
appear to be more sensitive to low alpha (0.25-0.5).
However, ML trees that are based on concatenated pro-
tein-coding genes (MSATprms MSA2p1-p2csmp  and
MSA2p1-p3csnp) have an estimated alpha value (range
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0.526-0.386) that suggests the presence of substantial rate
heterogeneity. The amino acid MSA yields the same topol-
ogy irrespective of the imposed alpha value. Conversely,
artificially fixing the parameter alpha to a higher-than-
estimated value (1.0-5.0) for protein-coding nucleotide
MSAs produces a different topology (TREE1) compared
with the best tree (TREE2) under the estimated alpha
(table 6).

Discussion

The ultimate goal of this study was to assess the potential
and limitations of phylogenomics, which can be summa-
rized with two main questions. First, what are the critical
issues and the benefits of identifying and sequencing a large
contiguous genomic region for phylogenetic analysis of dis-
tantly related species? Second, phylogenomic studies gen-
erally rely on data sets of concatenated protein-coding
genes; how does this approach compare to the analysis
of a genomic region that contains protein-coding genes
as well as a large fraction of noncoding sequences?

The first question concerns the potential problem of ge-
nomic rearrangements within the target region, which
should be preliminarily evaluated, especially when a distant
outgroup is used. However, if this problem can be solved,
the use of contiguous genomic regions might provide in-
formation on sequence orthology and additional phyloge-
netic signals from noncoding regions. The limited number
of available fish genomic sequences imposed the use of
Da. rerio as outgroup. This species diverged approximately
280 Ma from the lineage Euteleostei, which includes all in-
group taxa (Azuma et al. 2008). During this long separation,
the Da. rerio genome underwent several rearrangements,
which did not allow a complete use of the target region.
To analyze only the genomic regions that are unique to
each species, it was necessary to discard genomic segments
spanning approximately 700,000 bp (with reference to the
Da. labrax sequenced region). As a consequence, the final
MSAs were obtained starting from different segments to-
taling approximately 500,000 bp. After filtering nucleotide
positions with Gblocks, the final size of the aligned noncod-
ing regions ranged between 74,711 and 151,068 bp, plus
8,136-8,592 bp for five syntenic genes. Although the
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Table 5. Topologies, Inferred with PhyML, Obtained from MSAs
Where the More Heterogeneous Positions Were Removed from
the Alignment.

Topology Favored by MSA without

Cx-Cy

Data Set PzTree C4-8 C5-8 C6-8 C7-8 (C8 bTree

MSATprems TREE1  * *  TREE2 TREE1 TREE1 TREE1
TREE2 * * * TREE2 TREE2
SCT * * * TREE2 TREE2

MSA2p1- TREE1 * * * *  TREE2 TREE2
P2Csme TREE2  * * * *  TREE2
SCT * * * * TREE2

MSA2p1- TREE1 * * * TREE1T TREE1 TREE2
P3csmf TREE2 * *  TREE2 TREE2 TREE2
CcT * * * TREE2 TREE1

MSA3 et TREE1 TREE2 TREE2 TREE1 TREE1 TREE1 TREE1
TREE2 TREE2 TREE2 TREE2 TREE2 TREE2
SCT  TREE2 TREE2 TREE2 TREE1 TREE1
MSA4cpincms TREET  *  TREE2 TREE1 TREE1 TREE1 TREE1
TREE2 TREE2 TREE2 TREE2 TREE2 TREE1
SCT TREE2 *  TREE2 TREE1 TREE1

MSA5cp4ncmia TREET % * *  TREE2 TREE2 TREE2
TREE2  * * *  TREE2 TREE2
scT * * *  TREE2 TREE2
MSA6ncmia  TREET  * * *  TREE2 TREE2 TREE2
TREE2  * * *  TREE2 TREE2
scT * *  TREE2 TREE2 TREE2
MSA7cpsncmia TREET % * *  TREE2 TREE2 TREE2
TREE2  * * * *  TREE2
scT * * *  TREE2 TREE2

MSA8csmiveme  TREET — *  TREE2 TREE1 TREE1 TREE1 TREET

TREE2  *  TREE2 TREE2 TREE2 TREE2

scT *  TREE2 TREE2 TREE1 TREET
MSA9Cimincmia TREET % * *  TREE2 TREE2 TREE2

TREE2  * * *  TREE2 TREE2

sCT * *  TREE2 TREE2 TREE2

NoTe.—PzTree, tree used as reference to calculate gamma C categories with TREE-
PUZZLE program; Cx/y, gamma rate heterogeneity category calculated with TREE-
PUZZLE; bTree, ML best tree supported by original MSA with no positions
removed from the alignment; SCT, Strict Consensus Tree of TREE1 + TREE2; *,
topology different from T1, T2 mostly favoring the group (Oryzias latipes +
[Takifugu rubripes + Tetraodon nigroviridis]), or implying the disruption of the
clade (Ta. rubripes + Te. nigroviridis). TREE1 and TREE2 (fig. 5).

genomic region that could be usefully analyzed still repre-
sents one of the largest data sets examined so far, there was
a dramatic reduction in size (10- to 15-fold). Although the
Da. rerio genome experienced significant modifications in-
volving the studied region, the same genome fragment
seems to be largely conserved across ingroup species (Sup-
plementary fig. S2, Supplementary Material online). Elec-
tronic chromosome painting suggests that the target
region is orthologous among the acanthomorph taxa ex-
amined here. This hypothesis is further confirmed by
the conservation of gene content/order (gene colinearity),
indicating that the target segment has likely been retained
without major gene loss or rearrangements in the species
under study. Synteny analysis can provide strong evidence
for orthology/paralogy, in parallel to sequence similarity
(e.g, Kassahn et al. 2009). Therefore, although gene conver-
sion/recombination events involving paralogous copies on
different chromosomes cannot be completely excluded,
a phylogenomic analysis of a contiguous genomic region

Table 6. Variation of Shape Parameter Alpha and Its Effect on
Tree Topology.

Tree Topology Obtained from Fixed a

value ML Result

Data Set 0.050 0.250 0.500 1.000 2.500 5.000 bTree est-a

MSATprnse TREE1 TREE1 TREE1 TREE1 TREE1 TREE1 TREE1 0.513

MSA2p1- TREE2 TREE2 TREE2 TREE1 TREE1 TREE1 TREE2 0.386
P2csmf

MSA2p1- TREE1 TREE2 TREE2 TREE1 TREE1 TREE1 TREE2 0.526
P3csmf

MSA3ycme  TREET* TREE2 TREE1 TREE1 TREET TREE1 2.138

MSA4cp+neme TREET * TREE1 TREE1 TREE1 TREE1 TREE1 1.937
MSAS¢p4+nemia TREE2 TREE2 TREE2 TREE2 TREE2 TREE2 TREE2 1.114
MSAGncmia  TREET* TREE2 TREE2 TREE2 TREE2 TREE2 1.395
MSA7cp4+nemia TREE2 TREE2 TREE2 TREE2 TREE2 TREE2 TREE2 1.117
MSA8csmincme TREET TREE2 TREE2 TREET TREE1 TREET TREE1 1.558
MSA9smincmia TREE2 TREE2 TREE2 TREE2 TREE2 TREE2 TREE2 0.963

Note.—bTree, best tree in ML analysis (GTR + G evolutionary model); est-o,
estimated value of shape parameter o in ML analysis; * topology different from
TREE1, TREE2.

allows accounting of other sources of unrecognized paral-
ogy. As mentioned above, multiple nuclear gene phyloge-
nies of vertebrates, and particularly of teleosts, might be
affected by the incorrect use of paralogous rather than
orthologous gene copies. In the teleost fish, three rounds
of WGD have occurred. After each WGD, duplicated copies
present in two different species may follow several evolu-
tionary pathways. Both copies can be retained, for example,
as a consequence of the evolution of novel functions or
through subfunctionalization, or one copy of orthologous
genes can be lost through pseudogenization or gene dele-
tion in both species. However, it might be possible that one
paralogous copy is lost in each species, an event
termed reciprocal gene loss (RGL). In a recent study
(Kassahn et al. 2009) using five fish model species (Da. rerio,
Te. nigroviridis, Ta. rubripes, O. latipes, G. aculeatus) and
focusing on 754 gene families, it was estimated that for
154 (20%) of these families, RGL has occurred in at least
one evolutionary lineage. Even with this conservative esti-
mate obtained from a small number of taxa, RGL appears
to be not negligible and might represent the most impor-
tant source of error when defining orthology/paralogy re-
lationships for multiple gene phylogenies, where genes are
sampled randomly across the genome (e.g, Blair and
Hedges 2005; Philippe, Lartillot, et al. 2005; Rokas et al.
2005; Bourlat et al. 2006; Delsuc et al. 2006; Savard et al.
2006; Dunn et al. 2008; Ruiz-Trillo et al. 2008). At present,
sequencing a large contiguous genomic region is techni-
cally more challenging; yet, novel targeted enrichment
methods and next-generation sequencing technologies will
likely reduce the cost and difficulty of sequencing large,
contiguous genomic regions, making the approach de-
scribed in the present study more feasible. An additional
critical point might be the fact that teleost genomes exhibit
high plasticity in terms of chromosomal duplications, rear-
rangements, and fusions (Kasahara et al. 2007). Sequencing
and aligning a large genomic region yielded a relatively large
data set (ranging from 74,711 bp for MSA6Ncmia to 163,775
bp for MSA4cp nemr) for five ingroup species, even
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enforcing stringent alignment parameters and dealing with
a “problematic” outgroup. Because whole-genome se-
quencing projects are ongoing for several other fish species
is (e.g, Nile tilapia, Atlantic salmon, Atlantic cod), a phylo-
genomic approach based on large, contiguous genomic re-
gions will soon be available to study one of the largest
vertebrate groups, the teleost fish. The region of the ge-
nome analyzed here is syntenic over a broad taxonomic
range and represents a good reference data set to provide
a robust phylogenetic framework for such a comparative
approach. However, it remains to be evaluated whether
the current tools will be able to cope with a broader tax-
onomic sampling, which is required even for a limited rep-
resentation of the different teleost lineages, and to
determine how this will impact on the final size of the data
set.

Regarding the second question, the present study pro-
vides the opportunity to test two different types of data,
concatenated protein-coding genes and contiguous geno-
mic sequences, in the same taxa and under a similar broad
array of analytical methods. As a result, both sets of data
clearly indicate a close relationship between Di. labrax and
G. aculeatus (Moronidae + Gasterosteidae), whereas both
yield conflicting evidence for deeper nodes in the tree. Only
a limited number of studies (Dettai and Lecointre 2005;
Smith and Craig 2007; Li et al. 2009) have investigated
the phylogenetic position of Moronidae (here represented
by Di. labrax) together with Tetraodontiformes (Ta.
rubripes and Te. nigroviridis in our sample), and Gasteros-
teidae (G. aculeatus here), either with limited support for
different topologies, [[Moronidae, Tetraodontiformes],
Gasterosteidae] in Smith and Craig (2007) and [[Moroni-
dae, Gasterosteidae], Tetraodontiformes] in Li et al. (2009),
or with no resolution at all [Moronidae, Tetraodontiformes,
Gasterosteidae] in Dettai and Lecointre (2005). Therefore,
using a larger data set, either as concatenated protein-coding
genes or as a contiguous genomic region, seems sufficient to
unambiguously solve this phylogenetic issue. In this case,
(data set) size does matter.

Whereas the position of Di. labrax appears unambiguous
across data sets, evolutionary models, and phylogenetic
methods, the placement of O. latipes relative to (Ta.
rubripes + Te. nigroviridis) and (G. aculeatus + Di. labrax)
shows irreconcilable evidence with strong support found
for two alternative topologies (TREE1 and TREE2; table 4).
Previous phylogenetic studies based on either complete mi-
tochondrial sequences (Miya et al. 2001, 2003, 2005;
Yamanoue et al. 2006; Azuma et al. 2008; Kawahara
et al. 2008; Setiamarga et al. 2008) or nuclear genes (Chen
et al. 2003; Smith and Wheeler 2004; Dettai and Lecointre
2005) always recovered a clade including G. aculeatus and
Ta. rubripes and/or Te. nigroviridis (Tetraodontidae), with
O. latipes being most distantly related, that is, reflecting
TREE1 from this study. No study has so far reported a closer
relationship between G. aculeatus and O. latipes, with the
exclusion of Ta. rubripes and/or Te. nigroviridis (TREE2).
Yet, TREE1 cannot be reliably considered the correct tree
because supporting evidence is quite limited in previous re-
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ports. When good, or even complete, support is obtained for
alternative topologies depending on the analyzed data set
and/or the implemented phylogenetic method, tree recon-
struction artifacts should be suspected. Several factors might
favor systematic errors in tree inference, such as across-
site rate variation, heterotachy, site-interdependent evolu-
tion, compositional heterogeneity, and site-heterogeneous
nucleotide/amino acid replacement (Rodriguez-Ezpeleta
et al. 2007 and references therein). If long-separated lineages
and/or fast-evolving sequences are analyzed, these factors
combine with the problem of multiple substitutions at
the same site (mutational saturation) and long-branch at-
traction (LBA), increasing the level of “non-phylogenetic”
signal (Rodriguez-Ezpeleta et al. 2007). When “true”
phylogenetic signal is inherently low because of rapid lineage
sorting, as is likely the case for acanthomorph taxa, all these
combined factors might lead to artificial yet highly
supported, topologies.

Several different strategies have been proposed to par-
tially correct for the systematic errors listed above. Not all
these strategies could be applied in the present study. Mod-
ifying taxon sampling was not possible because of the small
number of analyzed species, whereas discarding part of the
protein-coding genes, fast-evolving sequences as in
Nishihara et al. (2007), would have led to a concatenated
data set of limited size. Other approaches, that is, RY, Dayh-
off recoding, or exclusion of third-codon positions or highly
variable sites, have been tested whenever possible. Addi-
tional exploratory analyses such as variation of parameter
alpha, use of mixture models, and data partitioning have
been implemented as well. As partially different methods
have been used on either concatenated protein-coding
genes or contiguous genomic sequences and because of
the inherent difference between these two types of data
sets, the corresponding results will be discussed separately.
In the case of protein-coding genes, four major points can
be made. First, distance-based and parsimony methods (N)
and MP) always agree on TREE1. Second, probabilistic
methods (ML and BI) favor TREE1T when amino acid se-
quences are analyzed and TREE2 when nucleotides are con-
sidered, either as single positions or under a codon model.
Third, neither TREET nor TREE2 can be significantly re-
jected in ML tests for alternative topologies (table 4), with
the only exception of TREE2 when excluding third-codon
positions (MSA2p1-p2css). Fourth, the implementation of
different approaches to correct potential systematic errors
suggests a substantial robustness of TREE2 compared with
TREE1. Recoding amino acid positions (Dayhoff4) or nucleo-
tide positions (RY) appears to reduce the mutational satu-
ration (fig. 4 and after recoding, nucleotide data sets still
support TREE2, whereas recoded amino acids favor TREE2,
albeit without support). Data set partitioning into 20 inde-
pendent data sets has little effect on tree topology, whereas
selective removal of highly variable positions tends to shift
tree topology from TREE1 to TREE2, especially if rate cat-
egories are estimated on alternative trees. A possible inter-
pretation of these results is that TREE2 is the correct
topology, though mutational saturation and compositional
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heterogeneity at the amino acid level affect phylogenetic
inference, especially on the protein data set. Conflicting evi-
dence between protein- and nucleotide-based tree recon-
structions has been reported to occur (e.g, Baldauf et al.
2000; Pollard et al. 2006). Recoding amino acid positions
and selective removal of fast-evolving sites appears to rec-
oncile the conflict, although with poor statistical support.
An additional complication might be the possible occur-
rence of an LBA artifact in TREE1 between the long
branches leading, respectively, to the outgroups Da. rerio
and O. latipes. Indeed, NJ and MP, two methods that
are well known to be highly sensitive to LBA, always favor
TREE1. However, under any possible interpretation, it
seems clear that a data set of 20 concatenated protein-
coding genes, despite its relatively large size (>35,000
bp) does not allow us to chose between the two alternative
topologies (TREET and TREE2) that depict of acantho-
morph relationships. Contiguous genomic sequences pro-
vide MSAs that are twice to several times larger than the
protein-coding type examined in the present study. Quite
remarkably, such an increase in size makes the conflict be-
tween alternative topologies appear even sharper. The
most interesting result here is that genomic MSAs pro-
duced with either MAFFT or Multi-LAGAN supported mu-
tually exclusive tree topologies under ML, Bl, and NJ.
Furthermore, statistical support for either TREET or TREE2
is complete (e.g, table 4). As phylogenetic methods and
taxa are the same, this means that MSAs produced with
one of these two programs are largely affected by system-
atic errors and convey sufficient “non-phylogenetic
signal” to completely obscure true phylogenetic informa-
tion. It should be noted here that joining coding
regions with noncoding regions under different combina-
tions (MSA4cp nemp MSAScpynemir MSA7cpnemia—
MSA9csmincmia) does not produce detectable differences
compared with the corresponding noncoding-only MSAs
(MSA3Ncms MSAGNcmIa)- Although this is expected for
MSAGNcmi» Which yields the same topology (TREE2) as
the nucleotide concatenated coding sequences (MSA2p1-
P3csme and MSA2p1-p2csm), in the case of MSA3y s it is
likely that the much larger size (>>150,000 bp) of the non-
coding region overwhelms the signal from the coding se-
quences. As observed for the concatenated protein-coding
genes, TREE2 appears more robust upon selective removal
of fast-evolving sites or variation of parameter alpha (tables
5 and 6). RY recoding has no effect on the best topology;
yet, it substantially reduces the mutational saturation in
MSAs supporting TREE2 (MSA6ncmly MSA7cpiNCmla
MSA9csminemia), Which already have lower saturation com-
pared with MSAs obtained using MAFFT (fig. 4). In the lat-
ter case, the effect of recoding is rather minimal. A possible
hypothesis to explain the obtained results is that, similar to
what was observed for protein-coding MSAs, systematic er-
rors combined with LBA might lead to recovering TREE1,
which is not the correct topology. An LBA artifact is sug-
gested by the fact that MP analyses, which are particularly
prone to LBA (Felsenstein 1978), always supported TREE1,
where the two long branches leading, respectively, to Da.

rerio and O. latipes depart from the base of the tree. As-
suming this hypothesis is correct, it remains to be found
which systematic error might affect MSAs obtained with
MAFFT. Because the largest part of MSAs is represented
by noncoding sequences, support for positional homology
could not be obtained using information derived from
gene/protein structure/consensus sequences. Therefore, vi-
olation of positional homology might be partially respon-
sible for the observed results. However, precisely to avoid,
or at least to minimize this problem, very stringent settings
in Gblocks (e.g, no gaps allowed) were selected for auto-
mated filtering of all MSAs. Although it cannot be ex-
cluded, it seems unlikely that systematic violation of
positional homology largely affects the MSAs analyzed
here. It appears more plausible that, even without violating
the principle of positional homology, MAFFT tends to in-
clude a large fraction of highly variable sites/regions in the
alignment, whereas Multi-LAGAN might be more conser-
vative, as it considers only regions above a certain threshold
of sequence similarity (70% under default settings). In fact,
the alignment produced with MAFFT on noncoding se-
quences is twice the size of the corresponding one obtained
with Multi-LAGAN (table 2). If this hypothesis is correct,
mutational saturation and possibly compositional bias,
which has been found to be associated with highly satu-
rated positions (e.g, Rodriguez-Ezpeleta et al. 2007) could
affect MSAs obtained with MAFFT to a much greater ex-
tent. In turn, this would account for the higher mutational
saturation observed in MSA3ycmpe MSA4cpincms and
MSA8csminems and the minimal improvement after RY re-
coding (fig. 4). This approach is based on the well-known
substitution bias toward transitions, which causes transver-
sions to accumulate more slowly and therefore to reach
saturation lately. However, at fast-evolving sites, transver-
sions might also reach saturation, making RY recoding less
effective. Likewise, as noted above, either assuming high-
rate heterogeneity across sites and imposing a low value
of alpha (0.5; table 6), or excluding highly variable sites
(table 5) tends to favor TREE2, even with MAFFT-MSAs.

The accuracy of multiple alignments is a long-standing,
albeit somehow neglected, problem in phylogenetic anal-
ysis. Novel algorithms for sequence alignment are con-
stantly developed; yet, several challenges remain,
particularly in the production of robust MSAs for phylo-
genetic purposes (see Rosenberg 2009 and references
therein). In particular, methods for multiple alignment
of large orthologous genomic regions or whole chromo-
somes are still in their infancy (Kumar and Filipski 2007;
Rosenberg 2009). Here, two rather different approaches
were evaluated. MAFFT is one of the best performing pro-
grams in single gene multiple alignments, which ensures
reasonable speed with good accuracy (Nuin et al. 2006;
Wilm et al. 2006; Carroll et al. 2007). It uses a simple pro-
gressive method similar to ClustalW (Thompson et al.
1994), which builds a guide tree that is constructed based
on a pairwise distance matrix and then uses the tree to
iteratively improve the alignment, but with several tech-
nical modifications that allow increased speed and
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accuracy. Multi-LAGAN, one of the best programs for ge-
nomic alignments available to date (Kumar and Filipski
2007), relies on short anchoring sequences to reduce
the computational complexity of aligning large genomic
sequences to smaller distinct fragments (Brudno et al.
2003). A guide tree is used, but it is has to be specified
by the user. With respect to this point, however, alterna-
tive guide trees with Multi-LAGAN did not produce dif-
ferent alignments in terms of phylogenetic results (data
not shown). It might be possible that, in addition to,
or in combination with a less conservative approach com-
pared with Multi-LAGAN, MAFFT is more sensitive to the
choice of the guide tree.

In conclusion, size does matter because complete support
for the best topology is achieved when increasing the num-
ber of aligned positions. The relative importance of taxon
sampling versus gene sampling, particularly in higher phylo-
genetic relationships, is still an open issue (e.g, Hillis 1998;
Heat et al. 2008). Theoretical and experimental studies sug-
gest that the accuracy of phylogenetic inference is better en-
sured by an extensive sequence sampling rather than
increasing the taxon sampling for a limited number of genes
(Mitchell et al. 2000; Rosenberg and Kumar 2001, 2003;
Rokas and Carroll 2005). However, as already pointed out
in previous studies (Philippe, Delsuc, et al. 2005; Jeffroy
et al. 2006; Nishihara et al. 2007; Rodriguez-Ezpeleta et al.
2007), tree reconstruction artifacts might find greater sup-
port when large data sets are analyzed and sparse taxon sam-
pling may have a major impact on tree topology (e.g, Heat
et al. 2008). Thus, the evolutionary relationships recovered in
the present study require further corroboration based on
a better taxonomic representativeness of acanthomorph
fishes as well as outgroups. Indeed, the large size of the an-
alyzed data sets and the forcedly limited taxon sampling
could potentially have introduced systematic errors and un-
recognized biases into our phylogenomic results. Therefore,
following the Latin maxim in medio stat virtus (virtue lies in
the center), increasing alignment size should be well bal-
anced with greater attention to potential sources of system-
atic errors, such as model violations, mutational saturation,
and LBA, because the effect of systematic biases likely in-
creases with alignment size. In light of the results obtained
here, current substitution models appear to still be inade-
quate, whereas the accuracy of methods for multiple align-
ment needs to be substantially improved to deal with large
regions of noncoding sequences.

Supplementary Material

Supplementary figures S1 and S2 and table S1 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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