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a b s t r a c t
After the completion of several entire genome projects and a remarkable increase in public genetic databases
in the recent years the results of post-genomic analyses can facilitate a better understanding of the genomic
evolution underlying the diversity of organisms and the complexity of gene function. This inﬂux of genomic
information and resources is also beneﬁcial to the discipline of systematic biology. In this paper, we describe
a set of 6 previous and 22 new PCR/sequencing primers for RAG1, Rhodopsin and four novel nuclear markers
from IRBP, EGR1, EGR2B and EGR3 that we developed through an approach making use of public genetic/
genomic data mining for one of the ongoing tree of life projects aimed at understanding the evolutionary
relationships of the planet's largest clade of freshwater ﬁshes — the Cypriniformes. The primers and
laboratory protocols presented here were successfully tested in 33 species comprising all cypriniform family
and subfamily groups. Phylogenetic performance of each gene, as well as their implications in the
investigation of the evolution of cypriniform ﬁshes were assessed and discussed.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Advances in molecular biology have lead to a great accumulation of
genetic resources for vastly different research ﬁelds. These molecular
tools have galvanized a move in systematic biology to analyze
multiple independent gene loci, expanding to the genomic scale (i.e.,
“phylogenomics”), and this has become a practical approach for
molecular systematics (Chen et al., 2004; Philippe et al., 2005). In
adopting the phylogenomic approach our aspiration is to increase the
accuracy of inferences by reducing stochastic errors with increasing
sample size (number of independent loci) and ultimately gaining a
better representation of the whole genome (Cummings et al., 1995;
Chen et al., 2004). In recent years this ever increasing desirable
approach to assembling the tree of life of living organisms has brought

Abbreviations: BP, Bootstrap proportion; bp, base pair; CI, Consistency index; EGR,
early growth response; FSGD, ﬁsh-speciﬁc genome duplication; IRBP, interphotoreceptor retinoid-binding protein; MP, Maximum Parsimony; mt, mitochondrial; NJ,
Neighbor-Joining; RAG, recombination-activating gene; RI, Retention index; TBR, tree
bisection-reconnection.
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us closer to channeling efforts of Darwin's dream into a reality (Delsuc
et al., 2005). Despite considerable effort across the planet towards
developing a tree of life, there remain two important impediments to
accomplishing this goal. First, computational needs remain somewhat
problematic in dealing with the increasing number of taxa and
character data. Second, for many taxonomic groups our efforts to
reconstruct evolutionary relationships continue to be signiﬁcantly
hindered by a lack of suitable nuclear markers and/or speciﬁc PCR
primers. While the mitochondrial and plastid genomes serve as
fundamental sources of important evolutionary and phylogenetic
information, a tremendous amount of data from the nuclear genome is
not really or readily available for systematic and evolutionary studies.
One such example includes the ﬁshes of the order Cypriniformes, one
of the largest groups of ray-ﬁnned ﬁshes. Cypriniformes, contains
many culturally, economically (e.g., carps) and scientiﬁcally important
species (e.g., the model organism species Danio rerio, zebraﬁsh), and is
the planet's largest monophyletic group of freshwater ﬁshes, with
over 400 genera and 3000 recognized species (estimates to 5000)
species native to Asia, Europe, Africa, and North America. Because of
this diversity and the diversity in their morphologies, ecologies,
physiologies, distributions, and other life history aspects, research
outcomes from systematic and evolutionary studies of this group have
tremendous potential for complementary and valuable information in
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comparative biology (Mabee et al., 2007), which may be beneﬁcial for
disease control (in human and in ﬁshes), conservation and aquaculture (Mayden et al., 2007; Schilling and Webb, 2007).
With the availability of ‘universal’ PCR primers and standard
laboratory protocols (Kocher et al., 1989; Palumbi, 1996; Miya and
Nishida, 1999; Miya and Nishida, 2000; Miya et al., 2006), recent
efforts in molecular systematics of the Cypriniformes have focused on
the use of mitochondrial DNA sequences (Simons and Mayden, 1998;
Gilles et al., 2001; Cunha et al., 2002; Durand et al., 2002; Tang et al.,
2006) or sequences from whole mitochondrial genomes (Saitoh et al.,
2006; He et al., 2008a). However, the exclusive use of mitochondrial
genes as markers for phylogenetic reconstruction may be problematic
because of inherent attributes associated with these genes or the
genomes such as hybridization or introgression, independence of
genes, and maternally inherited genomes. Therefore, it is possible that
a resulting “gene tree” or “phylogeny” based on mitochondrial DNA
sequences may not reﬂect a “species tree”. Analyses from “separate
characters sets” from the nuclear genome provides another, alternative opportunity for assessing reliability of phylogenetic hypotheses
and for elucidating the evolutionary history of organisms based on the
comparison of gene trees derived from independent gene loci (Chen
et al., 2003). Unfortunately, only a few molecular investigations
studying relationships of cypriniform ﬁshes have been conducted
using nuclear gene sequence data. This limitation exists simply
because only a few nuclear genes that provide consistent and reliable
results are available today. Most the studies have relied on sequences
from a single nuclear gene dataset ((Šlechtová et al., 2007) [RAG1];
(Wang et al., 2007) [RAG2]; (He et al., 2008b) [S7]). To our knowledge,
only two very recent studies have been based on a ‘multi’-locus
approach using sequences from a combination of mt-DNA and two
nuclear genes (Mayden et al., 2007; Perdices et al., 2008). Regrettably,
the number of represented gene sequences from nuclear loci in these
papers is signiﬁcantly smaller by comparison with the represented
sequences from mt-genes and possible nuclear loci (see Table 1 in
Mayden et al., 2007). This discrepancy is likely due to failures in
ampliﬁcation of nuclear gene fragments using previously published
primers of Rhodopsin and RAG1 for ray-ﬁnned ﬁshes (Chen et al.,
2003; López et al., 2004). The use of primers for reliable alternative
nuclear gene loci, or eventually developing new cypriniform-speciﬁc
primers (and other speciﬁc or generalized primers for teleost taxa), is
critically important to ensure the accomplishment of large international-scale projects focused on assembling the tree of life initiative
(ATOL) and, more speciﬁcally, in ﬁsh systematics the Cypriniformes
Tree of Life initiative (CToL) (www.cypriniformes.org) underway at
our laboratories and others around the world.
Herein, we focus on the following objectives: (1) developing
additional reliable nuclear markers and PCR/sequencing primers for
cypriniform species; (2) establishing standard protocols that are
adaptable to high throughput PCR/sequencing for systematic studies
of Cypriniformes and other teleosts; (3) testing PCR performances
using the existing and newly determined PCR primer sets for RAG1,
Rhodopsin and four new nuclear markers (IRBP, EGR1, EGR2B and
EGR3) on a diverse sampling from all major cypriniform lineages and
other groups from the Ostariophysi; and (4) evaluating the utility of
these six nuclear loci for phylogenetic and evolutionary studies of the
Cypriniformes.
2. Materials and methods
2.1. Development of new nuclear gene markers
The selection of “good” gene markers adaptable to different levels
of phylogenetic studies is a challenging task. In reconstructing the
Cypriniformes Tree of Life, because of the diversity of the group and
their hypothesized age, molecular markers should (1) be conservative
enough to retain the phylogenetic signal during 48.6–55.8 MY (ﬁrst

cypriniform fossil discovered from the Early Eocene, but it appears
that the divergence time of this group could be much earlier than this
date) (Agassiz, 1843 (1833–1843); Sytchevskaya, 1986; Rüber et al.,
2007); (2) contain considerable phylogenetically informative variation, but not too divergent and thus creating excess homoplasy and
causing difﬁculties for the assessment of primary homology (sequence
alignment); (3) be easy to amplify and sequence from diverse samples
across a large spectrum of species diversity; (4) be of sufﬁcient length
(ideally N800 bp); and (5) be ‘single-copy’ genes in the nuclear
genome. In considering these ﬁve aspects as criteria, we have searched
for phylogenetically useful gene markers using the following two
strategies.
First, we looked for nuclear markers that have been widely used for
phylogenetic purposes in ray-ﬁnned ﬁshes and other vertebrate
lineages. Interestingly, in addition to Rhodopsin, RAG1 and RAG2
mentioned above, there are very few useful nuclear markers available
that meet this selection criterion. For example, ribosomal DNA from 28S
and S7 ribosomal RNA gene (including intron region) are pioneer
nuclear loci (Lê et al., 1989; Chow and Hazama, 1998) and have become
popular recently in molecular studies of teleost ﬁshes (number of
sequence for teleosteans presented in Genbank records on Nov. 2, 2007
for 28S and S7 is 1374 and 1479, respectively). As has been the case with
mitochondrial genes as markers, frequently used genes have grown in
popularity because of accessibility of ‘universal’ PCR primers and a
lessening of technical hurdles. However, when either of these two genes
are employed in analyses one is faced with a great number of possible
alignments for a high number of sequences (e.g., 1000 sequences per
gene for the CToL project) because assessment of primary homology
could only minimally be based on secondary structure of the molecule
(if any) with manual adjustments and/or automatic multiple alignment
methods, an extremely time-consuming effort and a problem that will
very likely lead to some degree of erroneous assessment of positional
homology. As such, we have focused our searches on developing
markers from exon regions of single-copy nuclear genes, assuming that
multiple alignments of protein-coding genes will be relatively easy and
straightforward because of conserved functional constraints of genes
and triplet codes for amino acids. Unfortunately, most of the markers
that have been widely used for the studies of vertebrate phylogeny
(especially for tetrapod groups) such as c-mos (Saint et al., 1998), c-myr
(Mohammad-Ali et al., 1995), and Tmo4C4 (Lovejoy and Collete, 2001)
are relatively short in length (b600 bp). Sequencing such a short gene
fragment is, in our opinion, not cost-effective.
Using the above criteria we identiﬁed one candidate marker — a
gene encoding interphotoreceptor retinoid-binding protein (IRBP).
IRBP mediates the transfer of all-trans retinol and 11-cis retinal
between the pigmented epithelium and the photoreceptors
(Pepperberg et al., 1993). The human IRBP gene is ∼ 9.5 kbp and
consists of one long exon (exon 1) plus three short exons separated by
three introns (Fong et al., 1990). The human IRBP exon 1 is 3051 bp but
only 1194 bp for the zebraﬁsh due to a subsequent loss of a partial
protein-coding region in the middle of exon 1 during the evolution of
the ray-ﬁnned ﬁshes (Rajendran et al., 1996; Nickerson et al., 2006).
Because the length of the fragment is sufﬁciently large, the gene
region from IRBP exon 1 has become widely used as a marker for
phylogenetic studies of mammalian relationships (Schneider et al.,
1996; Smith et al., 1996; Stanhope et al., 1996; DeBry and Sagel, 2001;
Jansa and Weksler, 2004; Gaubert and Cordeiro-Estrela, 2006). In
ﬁshes, only one very recent instance has been reported for the use of
this gene in phylogenetics of the Acanthomorpha (Dettaï and
Lecointre 2008). Finally, it should be noted that the teleost genome
apparently contains two copies of the IRBP gene arranged head-to-tail
(Nickerson et al., 2006), in which the ﬁrst copy of IRBP1 is without
introns. The molecular marker used here and in Dettaï and Lecointre
(2008) corresponds to the previously reported IRBP gene in zebraﬁsh
(Rajendran et al., 1996) or IRBP2. IRBP2 is, most likely, represented
ubiquitously in all teleost genomes while IRBP1 has been lost in the
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genomes of some teleost lineages such as medaka and sticklebacks
(Nickerson et al., 2006; Dettaï and Lecointre, 2008).
Our second strategy for developing novel nuclear gene loci
involved genome-scale mining (e.g., Li et al., 2007). First, we extracted
a set of sequences (mRNA) from nuclear protein-coding genes of
zebraﬁsh (Danio rerio) and/or cypriniforms from Genbank. Our BLAST
search of these sequences against whole-genome sequences of Danio
rerio from the ENSEMBL database was conducted to extract candidate
nuclear genes with exon sequences N800 bp in length. Starting with
the sequences of the candidate genes, we conducted a broad search in
the genomic databases (Genbank and complete databases of four
other ﬁsh models, medaka (Oryzias latipes), stickleback (Gasterosteus
aculeatus), and two puffer species (Takifugu rubripes, Tetraodon
nigroviridis) for constructing datasets with orthologous (and paralogus) sequences of human, mouse, Xenopus, 5 model ﬁshes and other
ray-ﬁnned ﬁshes (if available). Based on the retrieved sequences,
phylogenetic trees were reconstructed to assess gene homology and
identify potential gene duplication events (if any). After several runs of
ﬁltering based on the selection criteria described above, we successfully identiﬁed three novel nuclear markers from the early growth
response (EGR) gene family — EGR1, EGR2B, and EGR3. EGR genes also
belong to a family of zinc-ﬁnger transcription factor genes and their
encoding proteins act as nuclear effectors of extracellular signals
(Müller et al., 1991; Decker et al., 2003). As a consequence of two
putative whole-genome duplications during the evolution of vertebrates, four EGR gene copies (EGR1–4) occur in vertebrate genomes
(Knight et al., 2000; Schilling and Knight, 2001; Decker et al., 2003;
Burmeister and Fernald, 2005). Based on our broad BLAST search in
genomic databases and pre-phylogenetic analysis, four copies of EGR
genes were found in the teleost genome that are homologous to the
mammalian EGR1–3. However, there are no homologous (or signiﬁcantly similar) sequences of mammalian EGR4 found in the teleost
genomes. However, an extra copy of EGR2 was discovered in teleost
genomes (Sun et al., 2002), which may have resulted from the ﬁshspeciﬁc genome duplication (FSGD) (Taylor et al., 2001; Christoffels
et al., 2004; Meyer and Van de Peer, 2005) (Supplementary Data 1).
EGR genes in vertebrates are characterized as having a short exon 1, an
intron and a long exon 2. The length of exon 2 of EGR genes from 5
model ﬁsh species varies from 744 to1323 bp, depending on the taxon
and gene copies. Exon 2 of EGR2A is shorter than others. When
comparing sequences of the 5′ end of exon 2 of EGR2A across taxa, the
degree of sequence variation in this gene is high, rending it difﬁcult to
design a suitable forward primer. As such, this gene locus was not
chosen as one of our targeted markers.
2.2. Primer design
An initial set of PCR and sequencing primers (Table 1) were
designed with reference to the aligned sequences (mainly from the
model ﬁshes Danio rerio, Oryzias latipes, Gasterosteus aculeatus, Takifugu rubripes, and Tetraodon nigroviridis) retrieved from Genbank and
genomic databases. An on-line tool, PRIMER 3 (http://biotools.
umassmed.edu/bioapps/primer3_www.cgi) was used for designing
primers. Resulting (initial) primers were used in obtaining sequences
of each targeted gene from a few representative cypriniform taxa
including Sewellia lineolata (Balitoridae: Balitorinae) and Ischikauia
steenackeri (Cyprinidae: Cultrinae). Those sequences were used as a
template to either redesign a set of cypriniform-speciﬁc nested
primers for PCR or implemented for a primer-walking procedure to
determine unknown ﬂanking sequences at both ends of gene region of
our targeted gene markers. For the latter procedure, a genome walking
strategy (Siebert et al., 1995) as implemented in Universal GenomeWalker Kit (BD Biociences) was employed to obtain the outer sequence
of Rhodopsin, IRBP, EGR1 and EGR2B for S. lineolata and I. steenackeri.
The detailed protocol is described in the manufacture's manual
(Universal GenomeWalker™, BD Biosciences). Sequences from the
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Table 1
PCR/Sequencing primer information
Locus/primer a

Primer sequence (5′–3′)

Source

RAG1
R1 2533F
R1 4078R
R1 4090R
R1 4061R

CTGAGCTGCAGTCAGTACCATAAGATGT
TGAGCCTCCATGAACTTCTGAAGRTAYTT
CTGAGTCCTTGTGAGCTTCCATRAAYTT
AATACTTGGAGGTGTAGAGCCAGT

López et al., 2004
López et al., 2004
López et al., 2004
Chen et al., 2007

Rhodopsin
RH 28F c
RH 1039R b
RH 193F b
RH 233F d

TACGTGCCTATGTCCAAYGC
TGCTTGTTCATGCAGATGTAGA
CNTATGAATAYCCTCAGTACTACC
ATATGCCTGCCTGGCYGCTTAC

This study
Chen et al., 2003
Chen et al., 2003
This study

IRBP
IRBP 109F b
IRBP 1001R b
IRBP 76F c
IRBP 1162R c
IRBP 101F d
IRBP 1068R d

AACTACTGCTCRCCAGAAAARC
GGAAATGCATAGTTGTCTGCAA
CTTRTTGTGGATATGGCAAAAAT
TGGTGGWCTTYAGGCACTTGT
TCMTGGACAAYTACTGCTCACC
AGATCAKGYTGTATTCCCCACTA

This
This
This
This
This
This

study
study
study
study
study
study

EGR1
E1 290F b
E1 1126R b
E1 228F c
E1 1389R c
E1 333F d
E1 1104R d

TMTCTTACACAGGCCGYTTCAC
CTTTYTCTGCTTTCTTGTCCTTCT
GAAATTTCCATGGASAAACCTCT
AGAACTGTAGATGTTGCTGRCCAC
CAGYAACAGTCTRTGGGCTGAG
CGCAGGTGGATCTTRGTGTG

This
This
This
This
This
This

study
study
study
study
study
study

EGR2B
E2B 278F b
E2B 1117Rb
E2B 205F c
E2B 1108R d
E2B 287F d

AGTTTTCCATCGACTCSCAGTA
AGGTGGATTTTGGTGTGTCTYTT
ACTTRTCCTATYCCAGCAGCTT
TTTTGTGTGTCTCTTTCTYTCGTC
TTGACTCSCAGTATCCAGGTAAC

This
This
This
This
This

study
study
study
study
study

EGR3
E3 161F b
E3 1136Rb
E3 254F d

AATATCATGGACYTGGGNATGG
GGYTTCTTGTCCTTCTGTTTSAG
GTCACCTAYYTGGGSAAGTTT

This study
This study
This study

a
Reverse primers in italics; Abbreviations of genes: RAG1, recombination activation
gene 1; RH, Rhodopsin; IRBP, interphotoreceptor retinoid-binding protein gene; EGR,
Early growth response protein gene.
b
Initial primer.
c
Outer primer.
d
Nested primer.

longer gene fragments from S. lineolata, I. steenackeri and D. rerio
(latter sequence retrieved from complete genome database) were later
used as references for designing the outer primers for amplifying and
sequencing our targeted gene regions for all cypriniform taxa. Finally,
another set of cypriniform-speciﬁc nested primers for PCR/sequencing
was designed when necessary. The procedures presented herein will
help guarantee to have the same size (more or less) for targeted gene
regions of the markers as originally deﬁned throughout the entire
primer developing phase. A more classical procedure for developing
only nested primers will lead to only shorter and shorter ampliﬁed
fragments when more and more nested primers are designed for PCR/
sequencing. Primers used for this study are listed in Table 1.
2.3. Specimens
A total of 37 samples were examined, comprising all cypriniform
family and subfamily groups; an additional eight samples of other
Ostariophysi species were used for this study (Supplementary data 2).
The classiﬁcation following Nelson (2006) was used as a guideline for
our choices of samples. Our investigation was not intended to choose
any particular taxon for the analyses. Rather, the central criterion
employed was the quality of the genomic DNA as PCR failure can

Author's personal copy
128

W.-J. Chen et al. / Gene 423 (2008) 125–134

simply be due to poor quality of original genomic DNA rather than
other parameters such as the speciﬁcity of the primers to the template.
2.4. Suggested protocol for molecular work
Our suggested protocol for molecular laboratory work for these
new genes is described as follows. Tissue extraction was performed
using Qiagen DNAeasy extraction kit (Qiagen, Valencia, CA) according
to the manufacturer's instructions. Extracted DNA quantity was
measured by Spectrophotometer (Eppendorf). Conditions for ampliﬁcation (PCR) were as follows: GoTaq® Flexi DNA Polymerase
(0.5 units) (Promega), 1x reaction buffer, 2 mM of MgCl2, 200 μM of
each dNTP, 0.2 μM of each primer, and 20–50 ng of genomic DNA in a
25 μl of ﬁnal reaction volume. Thermocycler conditions for PCR were:
initial denaturing step at 95 °C for 4 min followed by 35 cycles of 95 °C
(for 40 s), annealing Tm (for 40 s), and 72 °C (for 1–1.5 min. depending
on size of fragments), and then a ﬁnal extension step of 72 °C (for
7 min) before a 4 °C soak. Tm was 55 °C for all gene loci except for the
RAG1 (Tm = 53 °C). When the PCR result was weak, a double amount of
DNA Polymerase (and/or genomic DNA) was added in the PCR pre-mix
to improve PCR productivity. Alternatively, a high ﬁdelity Taq, Takara
Ex Taq (Takara Bio Inc.) can be used. This Taq is very efﬁcient for
amplifying longer gene fragments such as RAG1 and for a PCR using a
degenerated primer (e.g., ampliﬁcation of Rhodopin using the forward
primer, RH 193F). Finally, the PCR cleanup procedure followed the
AMPure magnetic bead cleanup protocol (Agencourt Bioscience
Corporation) and resuspended in 30 μL of sterile water. Sequences
were then determined by Macrogen Inc. (Seoul, South Korea) using
ABI 3730xl analyzer (Applied Biosystems).
2.5. Sequence data and phylogenetic analysis
DNA sequences were edited and managed using Se-Al v2.0a11
(Rambaut, 1996). Descriptive statistics of comparing sequences and
tests of homogeneity of base frequencies across taxa using chi-square
tests were performed using PAUP⁎-version 4.0b10 (Swofford, 2002).
The same program (PAUP⁎) was used for evaluating the phylogenetic
performance for each data set (each gene) in terms of levels of
homoplasy, as measured by indices CI and RI, and in terms of node
robustness estimated using the bootstrap procedure (Felsenstein,
1985) under Maximum Parsimony (MP) criterion and NJ distance
method (Saitou and Nei, 1987) with uncorrected p-distance. Bootstrap
analyses were based on 1000 pseudo-replicates. Number of nodes
with bootstrap support of 80% or higher was counted from resulting
bootstrap consensus trees of each dataset. For the MP analyses,
optimal trees were obtained by heuristic searches with random
stepwise addition sequences followed by TBR swapping for 10
replications (Swofford, 2002).
To gain further insight on ‘phylogenetic’ signals presented in each
data set across taxa, a protocol called repeated-bootstrap components
(Chen et al., 2003) was employed. This protocol consisted of scoring
the repeated clades found in the listing of bootstrap bipartitions from
MP analysis produced by PAUP⁎ for each separate gene partition
(repeated-bootstrap components) using the computer program
developed by the ﬁrst author (available upon request to WJC).
Resulting repeated-bootstrap components were mapped onto the
MP tree derived from simultaneous analysis of the combined dataset.
The corresponding bootstrap values for each data partition were
displayed in the form of a histogram for each node on the tree.
3. Results
3.1. PCR performance
PCR performance was tested using the existing and newly
determined PCR primers described in Table 1 for RAG1, Rhodopsin

and four new nuclear markers (IRBP, EGR1, EGR2B, EGR3) on 37
samples of cypriniform species, and 8 samples of other ostariophysans
species. The results of PCR assays, based on different combinations of
forward and reverse PCR primers for our gene markers, are shown in
the table of Supplementary data 2. Using existing primers for RAG1
described in López et al. (2004) and Chen et al. (2007) we successfully
ampliﬁed this gene fragment across a wide spectrum of cypriniform
diversity; however, two new forward Rhodopsin primers (RH 28F and
RH 233F) were needed for the complete PCR recovery of the
Rhodopsin gene locus for the cypriniform taxa. In general, we
observed approximately 90% success using a single pair of primers
for a particular gene locus for our test cypriniform samples; we
observed 100 % PCR success by combining these with a set of different
primer pairs. With regard to the assays for the outgroup taxa, except
for IRBP, many of the primer pairs used in amplifying the gene regions
of our targeted loci for cypriniforms perform equally well for other
ostariophysans (Supplementary data 2) and for other teleosts,
especially species of the Percomorpha (data not shown).
3.2. Characteristics of sequence data and nucleotide substitution patterns
Sequences of each locus from a common set of 30 cypriniform taxa
(those with an asterisk in the table of Supplementary data 2) were
successfully obtained using the PCR primers (Table 1) for sequencing.
These sequences (Genebank accession numbers: EU409606–EU409791),
plus sequences from Danio rerio (U71093; L11014; X85957; NM_131248;
NM_130997; scaffold2320.1) were used in describing sequence variation
among taxa and assessing the phylogenetic performance. Sequences
from all gene loci were unambiguously aligned manually except for a
small part of the 5′ end region of the ampliﬁed fragment of EGR1. This
region contains a teleost-speciﬁc insert of ∼20 residues of a serine/
threonine-rich domain (Burmeister and Fernald, 2005). No internal
indels were found among the aligned sequences of RAG1, Rhodopsin, and
IRBP. A few gaps needed to be introduced in adjusting sequence
alignment of EGR genes (Table 2).
The length of the aligned sequences and other descriptive
statistics, as implemented in PAUP⁎, for each gene dataset is
summarized in Table 2. Patterns of nucleotide variations differ
among genes. EGR2B is one of the most conserved genes, whereas
IRBP is the most variable one among the genes examined. As
compared to two selected loci from the mitochondrial genome
(fragment consisting of complete 12S, tRNA-Val, and partial 16S
genes and Cytochrome b gene) and 10 new markers developed for
higher-level phylogenetics of ray-ﬁnned ﬁshes in a very recent study
by Li et al. (2007), our nuclear markers come out to contain more
phylogenetic information than half of the markers described in the
latter paper do; however, our genes appear to be less variable than all
of the mitochondrial genes do (the ribosomal genes represented here
are purported to the most slowly evolving genes of the mitochondrial
genome) (Table 3). The phylogenetic information inherent in the
genes outlined herein was evaluated simply through sequence length
and pairwise distances between the sequences of Semotilus atromaculatus (Cyprinidae: Leuciscinae) and Danio rerio (Cyprinidae: Rasborinae), the taxa common to all relevant gene datasets.
With regard to the patterns of gene evolution, as with proteincoding genes in general, the third codon position of our gene loci
accumulate most of the nucleotide substitutions as compared to
codon positions one and two (Fig. 1). Excess of nucleotide substitutions at third codon position is likely to result in a higher levels of
homoplasy relative to the ﬁrst and second positions, especially when
one examines sequences from more distantly related species. To
evaluate this, we performed the absolute saturation tests (Philippe
et al., 1994) on transitions and transversions for each gene separately
at the third codon position (Fig. 2). With the exception of EGR1 and 2B
which exhibit a slight saturation on transitions at the third codon
position (Figs. 2G and I), we did not detect any clearly diagnostic
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Table 2
Descriptive statistics of sequences and phylogenetic performance from each locus
Locus

Lengtha Indels Mean pairwise differenceb
(in bp)
(range)

No. parsimonyinformative sites

No. variable sites
(in %)

Base frequencies homogeneityc
(3 pos.)

CI
(RI)d

No. node with N80% MPBP
(NJBP)e

RAG1

1497

501

620
(41.42%)
344
(42.00%)
446
(52.53%)
321
(37.68%)
254
(31.01%)
289
(31.67%)

0.999
(0.672)
0.000⁎

0.43
(0.61)
0.46
(0.67)
0.46
(0.64)
0.48
(0.67)
0.50
(0.65)
0.51
(0.63)

18
(20)
15
(20)
17
(16)
15
(14)
10
(12)
14
(18)

No

Rhodopsin 819

No

IRBP

849

No

EGR1

852

A few

EGR2B

819

Few

EGR3

912

Few

0.121
(0.014–0.195)
0.138
(0.010–0.203)
0.142
(0.008–0.226)
0.101
(0.006–0.158)
0.072
(0.004–0.136)
0.085
(0.009–0.146)

276
330
243
172
206

(0.000)⁎
0.999
(0.906)
0.999
(0.102)
1.000
(0.816)
0.999
(0.031)⁎

a

Calculated from length of aligned DNA nucleotide sequences in base pair (bp).
Calculated from uncorrected p-distance.
p value from Chi-square test of homogeneity of base frequencies across taxa. The test was performed either with all nucleotides or the nucleotides in the third codon position
(value between parentheses). Asterisk sign indicates that the data are signiﬁcantly rejected by Chi-square test.
d
Consistency index (CI) and Retention index (RI).
e
Node support was assessed using the bootstrap procedure (BP) through Maximum Parsimony (MP) method and neighbor-joining (NJ) method (using uncorrected p-distance).
b
c

saturation plateau as can be seen in mitochondrial protein-coding
genes (Saitoh et al., 2006).
Phylogenetic analyses of protein-coding genes may also be biased
from potential homoplasy (particularly at third codon positions) due
to base composition bias across taxa (Lockhart et al., 1994; Chen et al.,
2003). Interestingly, a signiﬁcant bias was only observed for the
Rhodopsin dataset and the third codon position of EGR3 (Table 2).
These observations and tests indicate that the nuclear markers from
our study may contain a stronger phylogenetically informative signal,
even at the third codon positions, than other gene loci (e.g.,
mitochondrial protein-coding genes) that are currently employed for
many systematic studies of ray-ﬁnned ﬁshes.

independence genes in terms of their physical locations in the
genomes and/or their functional constraints and selective pressures
(Slowinski and Page, 1999). According to the available information
obtained from ENSEMBLE databases of whole genomic sequences of
model ﬁshes, where known, these gene loci are located on different
chromosomes in the ﬁsh genomes (Table 4). Furthermore, gene
functions are completely different among RAG1 (function implemented in immune system of vertebrates), Rhodopsin (encoding a visual
pigment), IRBP (encoding a protein to function as an intercellular
transporter in the vertebrate eye) and EGR genes (regulatory genes).

3.3. Independence of genes

The results of our evaluations of the phylogenetic performance of
these genes, as inferred from indices of homoplasy and bootstrap
values, were shown in Table 2. None of the data exhibit extremely high
homoplasy (CI and RI were always higher than 0.4 and 0.6
respectively). As compared to a systematic study for the Cypriniformes
using whole mitogenome genome sequences (16 ingroup taxa
included with a similar taxonomic coverage as our study) (He et al.,
2008a), the RI value measured from our datasets (RI = 0.65 on average)
(Table 2) are much higher than those resulting from the mitogenome
dataset of He et al. (2008a) (RI = 0.38).

The beneﬁt from analyses of multiple nuclear gene loci in
phylogenetic inferences of compared species is that of assessment of
reliability based on the proportion of the concordant gene genealogical results obtained from the genes independently (Chen et al.,
2003) (see also the Introduction). Therefore, independence of genes is
one of the critical evaluations for the phylogenetic utility of developed
gene markers. The genes used in this study can be considered

3.4. Phylogenetic performance

Table 3
Comparison of the pairwise distance between the sequences of Semotilus atromaculatus
(Cyprinidae: Leuciscinae) and Danio rerio (Cyprinidae: Rasborinae) for different gene
markers
Locus

Length (in bp)

Pairwise distance

Source

RAG1
Rhodopsin
IRBP
EGR1
EGR2B
EGR3
ENC1
GLYT
MYH6
PLAGL2
PTR
RYR3
SERB2
SH3PX3
TBR1
ZIC1
12 S-16 S partial
Cytochrome b

1497
819
849
852
819
912
810
819
735
669
699
821
988
705
648
858
2716
1133

0.111
0.160
0.139
0.118
0.081
0.107
0.083
0.105
0.141
0.055
0.077
0.107
0.055
0.077
0.144
0.044
0.162
0.237

This study
This study
This study
This study
This study
This study
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Li et al. (2007)
Simons and Mayden (1998)
Dowling et al. (2002)

Fig. 1. Distribution of variable nucleotide sites among three codon positions from the
protein-coding gene sequences in this study.
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Fig. 2. Absolute saturation tests (Philippe et al., 1994) for the nuclear genes employed in this study. Plots show transitions (TS) at third codon positions of each gene locus (A, C, E, G, I, K)
and transversions (TV) at third codon positions of each gene locus (B, D, F, H, J, L). X-axis: number of substitutions among all pairs of terminals inferred from the Maximum Parsimony
tree; Y-axis: mean character differences (adjusted for missing data or gaps) between two sequences.

With regard to the phylogenetic performance of these genes, as
interpreted by the number of robust nodes in bootstrap consensus
trees, analyses from the RAG1 dataset resulted in the best overall
score among all the data sets (Table 2). When the individual gene
data sets were combined for a global analysis the number of
supported nodes from MP and NJ analyses increased to 22 and 21,
respectively, or about 70% of the nodes of a fully resolved tree,
indicating an additive pattern of phylogenetic signal among the genes
from each dataset in a global analysis. In He et al. (2008a) only 56% of
the nodes were recovered with MP bootstrap values of 80% or higher.

It should also be noted that the number of nucleotide characters in
studies using whole mitogenome sequences (e.g., 14,768 bp in the
dataset of He et al., 2008a) is roughly 2.5 times greater than the
dataset we used (combination of 6 nuclear loci). Despite the results of
these comparisons we do not argue against the use of mitogenome
sequences in phylogenetic studies. Rather, economically speaking the
collection of a large data set of mitogenome sequences may not be
feasible in a single laboratory with a limited budget and the
alternative gene markers presented here are equally appropriate for
a particular systematics or evolutionary study.
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Table 4
Location of gene loci used in this study in model ﬁsh genomesa

Model ﬁsh genomes
Danio rerio
Oryzias latipes
Gasterosteus aculeatus
Takifugu rubripes
Tetraodon nigroviridis

RAG1

Rhodopsin

IRBP

EGR1

EGR2B

EGR3

Chr. 25b
Chr. 6
Chr. 19
NA
Chr. 13

Chr. 7
Chr. 7
Chr. 12
NA
Chr. 9

Chr. 12
NA
Chr. 5
NA
Chr. 2

Chr. 14
Chr. 10
Chr. 4
NA
Chr. 1

Chr. 12
Chr. 19
NA
NA
NA

NAc
Chr. 9
Chr. 13
NA
Chr. 12

a
Location information obtained from ENSEMBL database by BLAST search of the
corresponding sequences of genes for the species against whole-genome sequences.
b
Gene location on a denoted chromosome (Chr.), e.g., Chr. 25 indicates gene is
located on chromosome number 25.
c
Location information not available (NA).

Finally, further investigation of the phylogenetic performance from
each gene data set was conducted using the repeated-bootstrap
components protocol. If bootstrap values are regarded as general
measure of hierarchical signal (Hillis and Bull, 1993), under the
criterion of repeatability (Chen et al., 2003), the histogram mapped on
the tree can be interpreted as the contribution to phylogenetic signal
of each data partition in support of a corresponding node (Fig. 3). This
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information may also be useful for future studies of particular
cypriniform groups by focusing on signal-rich genes when the target
taxonomic samples become available. In general, given the results
shown in the Fig. 3 the phylogenetic signal is homogeneously
distributed across different data partitions throughout the tree.
Likewise, it appears that the contribution of the EGR3 data is rather
weak in some case and the RAG1 data set contains a stronger
phylogenetic signal. Regarding particular parts of tree, the RAG1, IRBP
and EGR1 data seem to perform equally well for recovering several
major clades within the Cypriniformes. These same clades have also
been corroborated in taxonomically congruent ﬁndings between
morphology and molecular studies (Cavender and Coburn, 1992;
Smith, 1992; Šlechtová et al., 2007; Saitoh et al., 2006; He et al.,
2008a). For instance, the monophyly of family/subfamily of Catostomidae, Cobitinae, Cyprinidae, Gobioninae, Cyprininae and Leuciscinae
sensu Cavender and Coburn (1992) is recovered with strong nodal
supports, while naturalness of traditionally recognized Balitoridae,
Cobitidae and Rasborinae is still challenged, as outlined by recent
molecular studies (Šlechtová et al., 2007; Saitoh et al., 2006; He et al.,
2008a). Although the rhodopsin data perform well for resolving many
branches within the tree, it contains relatively poor to no signal to

Fig. 3. Maximum Parsimony (MP) tree of the Cypriniformes from simultaneous analysis of the combined dataset (6 nuclear genes: 5817 bp). Only single MP tree with length of 8452
was obtained. Numbers below the branches present global bootstrap (BP) values in percentage from simultaneous analysis. Values below 50% are not shown. Small histograms over
branches are the MPBPs from repeated-bootstrap components (only the ones congruent with this MP tree are shown). They are BPs taken from each of the six listings of repeated BP
bipartitions obtained from separate MPBP analyses, displayed for RAG1, RH, IRBP, EGR1, EGR2B, and EGR3 respectively. Gray histograms indicate that the resulting separate MPBPs are
equal to or higher than 80.
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recover the monophyly of the family Cyprinidae, the subfamilies
Cyprininae or Rasborinae (less Macrochirichthys), or a clade grouping
Leuciscinae, Acheilognathinae, and Gobioninae (Fig. 3). None of the
gene markers used here provide a promising phylogenetic signal for
resolving the internal relationships of the Leucisinae or the interrelationships among Leuciscinae, Acheilognathinae and Gobioninae.
4. Discussion
Evolution of nuclear genomes is more complicated than that of
mitochondrial genomes with a single parental inheritance and a lack
of recombination (at least in animal mt-genomes). One of the critical
issues in phylogenetic inference when using nuclear markers is the
potential uncertainty regarding the orthology of the sequences
analyzed (Martin and Burg, 2002). That is, multiple (or paralogous)
copies of a targeted gene could be ampliﬁed in PCR from whole
genomic DNA and researchers may be comparing paralogous rather
than orthologous genes in a phylogenetic analysis. Therefore,
inferences from analyses of datasets containing a mixture of
orthologous and paralogous copies will yield spurious results of
taxon relationships. This particular complication should be a major
concern in phylogenetic inferences of many ray-ﬁnned ﬁshes. Many
putative single-copy genes in vertebrates have been hypothesized to
have been duplicated during the evolution of ray-ﬁnned ﬁshes with
the postulated FSGD (Christoffels et al., 2004). This event(s) is
postulated to have occurred roughly 320 MYA, before the divergence
of most teleost species (Hoegg et al., 2004). In fact, with the
genealogies derived from preliminary analyses of each gene, three of
the six nuclear loci presented here (Rhodopsin, IRBP, EGR2) are known
to have extra copies in teleost genomes that likely originated during
the FSGD event. This indicates that although the use of a ‘single-copy’
gene is important or minimally a preference for phylogenetic
inferences, at this point in time such a requirement seems impossible
for phylogenetic studies of teleost ﬁshes using nuclear genes. Care,
however, must be taken when working with nuclear loci to make sure
that where duplication has been identiﬁed in a group the orthologous
genes are being compared.
Practically, to minimize chances of sampling paralogous copies in
analyses, we used the following strategy to guarantee orthology
among sequences for our nuclear loci. First, we avoided selecting gene
markers that showed a high degree of nucleotide sequence similarity
(N70%) with sequence from detectable paralogous copies with the
help of the broad Blast search of candidate genes against the complete
genome databases of ﬁsh model systems. Second, when designing
primers, we selected primer-binding sites that differed among
putative paralogous genes. This can be easily achieved since, for
instance, divergence between EGR2B and paralogous gene (EGR2A) is
far greater than the divergence observed among all teleost EGR2B
sequences because the duplication event leading to the separation of
EGR2A and EGR2B occurred before the diversiﬁcation of all teleostean
ﬁshes. However, this procedure cannot prevent a possible problem
resulting from a mixture of orthologous and paralogous copies due to
more recent duplication events.
The occurrence of recent whole-genome duplication events (socalled polyploidy) in ﬁshes, especially in the Cypriniformes has been
documented (Tsigenopoulos et al., 2002; David et al., 2003; Leggatt
and Iwama, 2003; Saitoh, 2003; Le Comber and Smith, 2004). Lim et al.
(1997) reported two distinct copies of the rhodopsin gene for the
common carp, Cyprinus carpio. In a screen from a goldﬁsh (Carassius
auratus auratus) bacterial artiﬁcial chromosome genomic library Luo
et al. (2006) detected three copies of the nuclear gene RAG1, with two
sequences being nearly identical. This gene has been purported to be a
single-copy nuclear gene in vertebrates including ray-ﬁnned ﬁshes.
Not surprisingly, both of these instances are typical cyprinids with
polyploid genomes (Ohno et al., 1967; Yu et al., 1987; Larhammar and
Risinger, 1994; David et al., 2003). Fortunately, these kinds of whole-

genome duplications are most likely lineage-speciﬁc events for the
Cypriniformes (Larhammar and Risinger, 1994; David et al., 2003), and
would have limited impact on higher-level phylogenetic inferences. In
these instances, even if one had sequenced genes from such polyploid
individuals or sequenced ‘by mistake’ a paralogous gene from other
taxa, the resulting sequence proﬁles would have shown this as
excessive divergence and it is detectable in early stages of analysis. In
fact, in a few of the sequences obtained for our analyses we did
observe instances of one to several polymorphic sites (determined by
a mixture of double-base callings on the sequence chromatograms)
along a sequence. Observed polymorphic sites on sequences could
result from either PCR/sequencing of both alleles from a heterozygous
diploid individual or a PCR/sequencing of all or some of the copies of
genes from a polyploid individual. In the latter case, one would expect
to observe the retention of polymorphic sites from a majority of the
nuclear gene data sets and/or the sequences of concern to have an
excess in the number of polymorphic sites (N 1% of sequence
nucleotides generally according to our observations). In most of the
sequences obtained in this study we only found two cases corresponding to this particular situation, both in species of the family
Catostomidae where genome duplication or a tetraploid origin has
been previously hypothesized (Uyeno and Smith, 1972). In the Blue
Sucker, Cycleptus elongates, polymorphic sites were present in four of
the six nuclear loci, among which RAG1 and EGR1 possessed an excess
number of polymorphic sites. In the Spotted Sucker, Minytrema
melanops, we failed to unambiguously determine sequences for EGR1
and 2B due to the presence of an excess number of polymorphic sites
in the sequence chromatograms. A few polymorphic sites were
observed in available sequences from two of the other four nuclear
loci. The presence of multi-paralogous copies of nuclear genes in the
genomes of the catostomid species examined could be a consequence
of a single whole-genome duplication event before divergence of all
catostomid ﬁshes, followed by the subsequent loss of a gene (entirely
or partially) in some lineages (Ferris and Whitt, 1977; Buth and
Mayden, 2001). In addition, Clements et al. (2004) has demonstrated
the presence of two distinct growth hormone genes in the Smallmouth Buffalo, Ictiobus bubalus (Catostomidae), conﬁrming this
suspicion. However, a thorough assessment using multi-locus
approach with relevant taxonomic sampling is still required for future
studies in genomic evolution of catostomid species.
After all, although gene or genomic duplication events as described
herein, and their occurrence impacting phylogenetic inferences, may
not frequently exist in the great diversity of cypriniform ﬁshes, the
interpretation of phylogenetic results derived from nuclear genes as
markers should be treated with caution, especially for the Catostomidae and the subfamily Cyprininae (family Cyprinidae) where tetraploids have also been hypothesized. Ultimately, however, as we
addressed earlier, a multi-locus approach is the best strategy for
resolving troublesome evolutionary relationships for a given taxonomic group and for detecting the origins of conﬂicting inferences. A
focus on repeated clades obtained from different genes trees (e.g.,
Chen et al., 2003) seems to be the most conservative way at this point
in time for assessing the reliability of phylogenetic inferences, at least
in the early stages of such studies. It is highly unlikely that an
erroneous clade resulting from mistaken orthology would be
repeatedly obtained through independent gene trees. This is not a
justiﬁcation for orthology, but stresses that a careful analysis through
multi-gene data sets cannot be challenged by undetected paralogies.
Finally, genetic introgression between species is widely recognized
in cypriniform as well as in some other ﬁshes (DeMarais et al., 1992;
Saitoh et al., 2004; Costedoat et al., 2007). The process of this type of
gene transfer is usually achieved via hybridization and subsequent
backcrossing with genetic recombination. This can occur between
species that are closely related and between species that are not
closely related. Interestingly, introgressive hybridization has long
been hypothesized to play an important role in the evolutionary

Author's personal copy
W.-J. Chen et al. / Gene 423 (2008) 125–134

diversiﬁcation of living organisms whereby lineages have been
hypothesized to beneﬁt through the incorporation of new genetic
variations (Anderson, 1949; Dowling and Secor, 1997; Gerber et al.,
2001). This naturally-occurring process may also have a signiﬁcant
impact in the conservation of species when a rare or endangered
species is genetically assimilated by a more common species
(DeMarais et al., 1992; Rhymer and Simberloff, 1996; Rieseberg,
1998; Costedoat et al., 2007). In addition to the value of multiple
nuclear genes in systematic studies, as the nuclear genome of a
bisexual organism is derived from the both parents, the use of
analyses of nuclear gene loci (in combination of a mitochondrial
marker) as established herein may provide additional information of
extreme value for conservation and restoration efforts of species.
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