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a b s t r a c t

The order Cypriniformes is the most diverse clade of freshwater fishes and is natively distributed on all
continents except South America, Australia, and Antarctica. Despite the diversity of the group and the
fundamental importance of these species in both ecosystems and human culture, relatively little has been
known about their relationships relative to their diversity. In recent years, with an international effort
investigating the systematics of the group, more information as to their genealogical relationships has
emerged and species discovery and their descriptions have increased. One of the more interesting aspects
of this group has been a traditional lack of understanding of the relationships of the families, subfamilies,
and other formally or informally identified groups. Historical studies have largely focused on smaller
groups of species or genera. Because of the diversity of this group and previously published whole mito-
chondrial genome evidence for relationships of major clades in the order, this clade serves as an excellent
group to investigate the congruence between relationships reconstructed for major clades with whole
mitogenome data and those inferred from a series of nuclear gene sequences. As descent has resulted
in only one tree of life, do the phylogenetic relationships of these major clades converge on similar topol-
ogies using the large number of available characters through this suite of nuclear genes and previously
published mitochondrial genomes? In this study we examine the phylogenetic relationships of major
clades of Cypriniformes using previously published mitogenomes and four putative single-copy nuclear
genes of the same or closely related species. Combined nuclear gene sequences yielded 3810 bp, approx-
imately 26% of the bp found in a single mitogenome; however homoplasy in the nuclear genes was mea-
surably less than that observed in mitochondrial sequences. Relationships of taxa and major clades
derived from analyses of nuclear and mitochondrial sequences were nearly identical and both received
high support values. While some differences of individual gene trees did exist for species, it is predicted
that these differences will be minimized with increased taxon sampling in future analyses.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

In theory, the process of descent has produced a single evolu-
tionary history of life or tree of species (Wiley, 1981). Thus, one
ll rights reserved.

ayden).
arvard University, Cambridge,
should be able to reconstruct this history using any number of her-
itable character types (e.g., DNA, proteins, morphology, etc.) and
appropriate phylogenetic methodologies (Mayden and Wiley,
1992). With the coalescence of advances in molecular biology,
informatics, and computational biology, a new era of phylogenom-
ics in systematic biology has emerged, wherein large numbers of
DNA sequences originating from the nuclear, mitochondrial, and/
or plastid genomes can be available for the inference of the tree
of life (Chen et al., 2004, 2008; Delsuc et al., 2005). While great ad-
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vances have clearly been achieved in harvesting sequence data
from one or more of these genomes for any given group of organ-
isms, analyses of these types of data and their ultimate interpreta-
tions as evolutionary ‘‘indicators” of sister group relationships
remain an area of much needed attention. Recent analyses of these
heterogeneous genomic data do not always yield the theoretically
predicted single evolutionary history. Instead, they can result in
different species relationships, depending upon the gene(s) exam-
ined and are often referred to as gene trees.

Historically, genes from the mitochondrial (mtDNA) or plastid
(pDNA) genomes formed the essence of most analyses in the early
years of molecular systematics. The preference for these circular
genomes over nuclear DNA (ncDNA) was largely due to their sin-
gle copy nature, relative ease in sequencing, lack of complications
associated with polyploidy and paralogy, relatively short genera-
tion time and time for coalescence in lineages, and a lack of
recombination (Moore, 1995). Furthermore, even in the early
years of this endeavor it was understood that evidence pointed
to rates of anagenesis in nuclear exon regions as significantly
slower than evolution of mtDNA and pDNA genes (Vawter and
Brown, 1986), making the reconstruction of relationships of clo-
sely related species near impossible without these latter genes
(Slade et al., 1994). Rates of evolution of intron regions of ncDNA
could be comparable to mtDNA or pDNA but alignment of some
of these potentially informative regions can be difficult, especially
in situations involving comparisons of distantly related taxa
(Chen et al., 2008). Alignments have been particularly problem-
atic in some instances (Lutzoni et al., 2000; Kawakita et al.,
2003) but less so in others (He et al., 2008a; Schönhuth et al.,
2008).

For several reasons, nuclear genomes have historically been
either too difficult or expensive for use in phylogeny reconstruc-
tion and evidence exists that their utility in achieving a tree of life
may be of less importance than has been argued by some (Moore,
1995). Concerns with ncDNA have included the comparative use of
orthologous versus paralogous genes and finding single-copy genes
with rates of evolution appropriate for species-level phylogenies.
Likewise, ncDNA presents potential difficulties in development of
primers that are effective across a diverse array of taxa for both
amplification and sequencing relative to some mtDNA genes for
which some universal primers exist (Kocher et al., 1989; Palumbi,
1996; Folmer et al., 1994). However, for many, the maternal inher-
itance of mitochondrial or plastid genomes, their existence as a
single linkage group (haplotype), and the possibility of hybridiza-
tion, are all qualities that make these character sets suspect in
the reconstruction of species relationships.

The issues surrounding the use of mtDNA, pDNA, or ncDNA are
far from being resolved in systematic biology. Pros and cons of all
these data types are evident in different studies addressing differ-
ent types of questions under different circumstances. Even the
argument of hybridization between species as a reason to restrict
the use of mtDNA in favor of ncDNA is unreasonable given that
both genomes are exchanged in hybridization events. However,
those not favoring mtDNA and pDNA would likely argue that
ncDNA is under a different selective regime than mtDNA, and that
the former may be more likely represent the ‘‘true” tree of species
with strong selection for function of nuclear loci and the latter
could be retained as ‘‘silent” misinformation under limited selec-
tion in hybrid regions. Regardless, existing studies comparing
these genomes generally entail comparisons of trees in closely re-
lated species where impacts of hybridization or lineage sorting
from polymorphisms in ancestral species may be readily recog-
nized by contradictory sister-species relationships. The corre-
spondence of these differential sets of genes in reconstructing
the evolutionary histories at higher levels of organization de-
serves more attention.
Species of the order Cypriniformes constitute the largest mono-
phyletic group of freshwater fishes in the world, with at least 2600
species and an estimated 2500 species remaining to be described.
Many of these species are economically important and critical food
resources in countries where they serve as the primary protein
source, other species serve as important research organisms (e.g.,
the zebrafish, Danio rerio), and all of the species are fundamental
elements in the aquatic communities in lakes, rivers, streams,
creeks, caves, and springs (Mayden et al., 2007, 2008). With the
fundamental importance of these species in research, in natural
and altered ecosystems, with human populations, and their wide-
spread distributions across the globe, recent international efforts
have begun to focus on their diversity and evolutionary relation-
ships. Historically, this clade has been examined for single mtDNA
gene phylogenies, usually cytochrome b (Schmidt et al., 1994;
Dowling and Naylor, 1997; Briolay et al., 1998; Schmidt et al.,
1998; Simons and Mayden, 1997, 1998, 1999; Zardoya and Doad-
rio, 1999; Broughton and Gold, 2000; Simons et al., 2000; Bielawski
and Gold, 2001; Cunha et al., 2002; Machordom and Doadrio, 2001;
Raley and Wood, 2001; Schönhuth et al., 2001; Durand et al., 2002;
Schönhuth and Doadrio, 2003; Simons et al., 2003; He et al., 2004;
Simons, 2004; Mayden et al., 2006; Tang et al., 2006; Schönhuth
et al., 2007; Rüber et al., 2007). The recent interest in these fishes
has resulted in phylogeny reconstructions using single mtDNA
genes, whole mitochondrial genomes (Saitoh et al., 2003; Saitoh
et al., 2006; Wang et al., 2007; He et al., 2008b; Miya et al.,
2006) and most recently ncDNA sequences or limited combined
analyses (Mayden et al., 2006, 2007; Schönhuth et al., 2008; May-
den et al., 2008; Šlechtová et al., 2008). No investigations have
examined the relative merits in phylogeny reconstruction using
both whole mitochondrial genomes in combination or separately
with multiple ncDNA loci.

Herein, we examine these two general classes of genes and their
relative abilities in reconstructing the relationships of the major
clades within the Cypriniformes, and speculate as to the utility of
individual mitochondrial genes, the whole genome, single-copy
nuclear genes, and combined analyses for this diverse set of data.
The analyses of this study are based on sequences of whole mito-
chondrial genomes published by Saitoh et al. (2006) and on se-
quences of exon regions from four putatively ‘‘single-copy”
nuclear genes, including recombination activating gene 1 (RAG1),
rhodopsin gene (RH), interphotoreceptor retinoid-binding protein
gene 2 (IRBP2), and growth hormone gene (GH). Exon 3 of RAG1
and the protein-coding region from the intron-less rhodospin gene
(for teleost taxa) are widely used nuclear markers in phylogenetic
relationships for many groups of ray-finned fishes (e.g., López et al.,
2004; Rüber et al., 2004; Holcroft, 2005; Sullivan et al., 2006; Zar-
agüeta-Bagils et al., 2002; Chen et al., 2003, 2007; Dettaï and
Lecointre, 2004, 2005), including the Cypriniformes (Mayden
et al., 2007, 2008; Schönhuth et al., 2008; Šlechtová et al., 2007,
2008). Exon 1 of IRBP2 is a recently developed nuclear locus useful
for studying evolutionary relationships of the Cypriniformes (Chen
et al., 2008) and the Acanthomorpha (spiny-rayed fishes) (Dettaï
and Lecointre, 2008). Amino acid sequences from the protein-cod-
ing region of GH was first used for inferring the phylogeny of
‘‘bony” fishes by Bernardi et al. (1993) and subsequently within
subfamilies for various groups of teleosts, including salmonines
(Oakley and Phillips, 1999) and labeonines (Rajesh and Majumdar,
2007). Like salmonids, some cypriniforms (Catostomidae, certain
groups of Cyprinidae) are tetraploids, putatively evolving from
hybridization events early in the history of these two groups (Uye-
no and Smith, 1972); however, this has yet to be tested in a phylo-
genetic context and thus the origin of the tetraploid nature of these
fishes remains unknown. Recently published and ongoing work
characterizing paralogous copies of GH in catostomids and some
cyprinids demonstrates that genomic duplication in these two
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groups are independent (Clements et al., 2004 this study). In this
study we use newly developed primers for amplifying and
sequencing most of the GH gene region (Exons 2–5) for a diverse
array of cypriniform fishes. The primers designed and used herein
permit us to unambiguously amplify and sequence a single orthol-
ogous copy of GH for catostomids and cyprinids.

This research is part of an ongoing international Tree of Life ini-
tiative on the order Cypriniformes, aimed at furthering our under-
standing of the evolution of life.

2. Materials and methods

2.1. Taxonomic sampling

Our taxonomic sampling attempted to match the previous
whole mitogenomic study by Saitoh et al. (2006). In cases where
the same species was not available, a congeneric representative
(e.g., species from Pangio, Xenocypris, and Phoxinus) was chosen
as a substitute, if possible. However, these substitute species were
excluded from the combined analyses of nuclear data plus whole
mitochondrial genome data. The datasets included between 46
and 49 cypriniform taxa depending on data set plus several repre-
sentatives of other ostaryiophysans as outgroups (Table 1; includ-
ing GenBank accession numbers of corresponding genes or genome
sequences).

2.2. Laboratory molecular work

Tissue extraction was performed using Qiagen DNeasy extrac-
tion kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Extracted DNA quantity was measured using a spec-
trophotometer (Eppendorf). DNA amplification was conducted by
PCR (Mullis and Faloona, 1987; Saiki et al., 1988) for fragments
from the four targeted nuclear loci. Primers used in this study for
PCR/sequencing RAG1, RH and IRBP2 have been published by Chen
et al. (2003, 2007, 2008) and López et al. (2004). Methods for col-
lecting DNA sequences from these three loci followed the proce-
dures outlined in Chen et al. (2008). The laboratory protocol for
collecting GH data is described as follows.

Two cycles of PCR were used to amplify GH from genomic
DNA. The first round PCR was performed in a 15.5-ll reaction vol-
ume containing 9.725 ll sterile distilled water, 1.5 ll of 10� EX
Taq buffer (Takara), 1.2 ll of dNTP (2.5 mM each), 1.0 ll each of
primers GH22F and GHR (10 lM) (Clements et al., 2004),
0.075 ll EX Taq polymerase (Takara), and 1.0 ll of template con-
taining about 25 ng DNA. The thermal cycle profile was as fol-
lows: (1) initial denaturation at 94 �C for 60 s; (2) then 30
cycles of denaturation at 94 �C for 30 s, annealing at 52 �C for
30 s, and extension at 72 �C for 120 s; and (3) final extension at
72 �C for 10 min. The first round PCR produced an amplicon rang-
ing from 1200 to 2500 bp (depending on length of introns). First-
round PCR products were diluted in an appropriate volume of
purified water based on intensity of bands observed on an aga-
rose gel and used as template for the short PCR. Short PCR was
conducted using up to three internal primer pairs for the GH gene
with the same reaction mixture. Thermal cycling profile was the
same as first round PCR except extension time was reduced to
30 s. The 50 untranslated region (UTR) and exons 1 through 3
were amplified and sequenced for catostomids using primers
GHIF (Clements et al., 2004) and GH240R. The 50 UTR and exons
1 through 3 were amplified and sequenced for cyprinids and
cobitids with promoter primers GHp57F and GHp221F with
GH264R, respectively. Thermal cycling profile was the same as
first round PCR except extension time was reduced to 60 s. The
amplification and sequencing primers and their presented oligo-
nucleotides are listed in Table 2.
Short PCR products were purified with ExoSAP-IT (USB) and di-
rectly sequenced using Big Dye 3.1 terminator cycle sequencing kit
(Applied Biosystems) and PCR primers. Sequence reaction products
were purified by ethanol precipitation. Sequencing reactions were
run and visualized on an ABI 3730XL automated DNA sequencer
(Applied Biosystems).

2.3. Dataset and phylogenetic analysis

Aligned sequence data matrices for whole mitochondrial gen-
ome (excluding d-loop region) used in this study were obtained
from co-authors, KS and MM. Data matrices used were exactly
the same as those from Saitoh et al. (2006). Nuclear DNA sequences
were edited and managed using Se-Al v2.0a11 (Rambaut, 1996).
Compiled sequences were initially aligned with Clustal X (Thomp-
son et al., 1997), then adjusted manually based on the inferred
amino acid translation. Three operational datasets (1) using nucle-
ar DNA sequences only; (2) using mitochondrial DNA sequences
only; and (3) using DNA sequences of combined data from 1 and
2 were constructed for subsequent analyses. As phylogenetic anal-
yses of protein-coding genes can be biased from homoplasy at
third codon positions due to multiple substitutions in transitions
(Saitoh et al., 2006) and/or due to base composition bias across
taxa (Lockhart et al., 1994; Chen et al., 2003), we prepared two dif-
ferent types of character matrices with respect to character
weighting schemes for data analyses. The first type of matrix in-
cluded all targeted nucleotides from the compiled dataset without
character weighting (or ‘‘equal-weighting scheme”). The second
matrix included all targeted nucleotides from the compiled data-
set, but with a ‘‘down-weighting scheme” used for the third codon
position. This scheme (RY-coding) coded nucleotides A and G as a
purine (R) and nucleotides T and C as a pyrimidine (Y).

Phylogenetic analyses were based on a partitioned Maximum
Likelihood (ML) method and partitioned Bayesian approach (BA)
for two different types of character matrices as implemented in
the parallel version of RAxML (version 7.0.4) (Stamatakis, 2006)
and MrBayes (version 3.1.1) (Huelsenbeck and Ronquist, 2001),
respectively. The search of optimal ML trees and Bayesian analyses
were performed on a high-performance cluster computing facility
(with 32 nodes) located at SLU. We used mixed model analysis,
which allows an individual model of nucleotide substitution to
be estimated independently from each partition for the analyses.
Partitions were assigned with respect to the codon positions of
each nuclear protein-coding gene. Mitochondrial genome data
were subdivided as five partitions according to Saitoh et al.
(2006): first, second and third codon positions of protein-coding
genes, ribosomal RNA genes (12S and 16S), and all tRNA genes.
Likelihood ratio tests (Goldman, 1993), as implemented in MrMod-
eltest 2.2 (Nylander, 2004), were used to choose models for each
gene coding position in Partitioned BA.

The parameters for running MrBayes were set as follows: ‘‘lset
nst = 6” (GTR), ‘‘lset nst = 2” (HKY), ‘‘lset nst = 1” (F81), ‘‘rate-
s = invgamma” (C + I), or ‘‘rates = gamma” (C), ‘‘unlink” (unlinking
of model parameters across data partitions), and ‘‘prset
ratepr = variable” (rate multiplier variable across data partitions).
Two independent Bayesian searches were conducted for each data-
set. Four independent MCMC chains were performed with
3,000,000 replicates, sampling one tree per 100 replicates for each
run. The distribution of log likelihood scores was examined to
determine stationarity for each search and to decide if extra runs
were required to achieve convergence in log likelihoods among
runs or searches. We discarded initial trees with non-stationary
log likelihood values as part of a burn-in procedure, and combined
the remaining trees that resulted in convergent log likelihood
scores from both independent searches. These trees were used to
construct a 50% majority rule consensus tree. For the ML search



Table 1
Cypriniform taxa, genes, and Genbank accession numbers for nuclear gene sequences of representative species.

Family/subfamily Taxon GenBank Accession Numbers

Mt-genome RAG1 RH IRBP GH

Outgroups
Alestiidae Phenacogrammus interruptus AB054129 FJ197124 FJ197073 FJ197123
Characidae Chalceus macrolepidotus AB054130 EU409607 EU409633 EU409665
Chanidae Chanos chanos AB054133 AY430207 FJ197072
Gonorynchidae Gonorynchus greyi AB054134 EU409606 EU409632 EU409664
Callichthyidae Corydoras rabauti AB054128 FJ197125 FJ197074
Bagridae Pseudobagrus tokiensis AB054127 FJ197075
Clariidae Clarias batrachus DQ492521 AF416485
Heteropneustidae Heteropneustes fossilis DQ492522 AF416489

Cypriniformes

Balitoridae Homaloptera leonardi AB242165 EU711130 FJ197027 FJ197076 FJ265022

Nemacheilidae Lefua echigonia AB054126 EF458305 FJ197028 FJ197077 FJ265023
Schistura balteata AB242172 EU711131 FJ197029 FJ197078 FJ265024
Barbatula toni AB242162 EU711133 FJ197030 FJ197079

Vaillantellidae Vaillantella maassi AB242173 EU711132 FJ197031 FJ197080 FJ265058

Catostomidae Catostomus commersoni AB127394 EU409612 FJ197032 FJ197081 FJ265027
Hypentelium nigricans AB242169 EU711134 FJ197033 FJ197082 FJ265055
Minytrema melanops AB242166 EU711135 FJ197034 FJ197083 FJ265050
Cycleptus elongatus AB126082 EU409613 FJ197035 FJ197084 FJ265028
Myxocyprinus asiaticus AP006764 EU711136 FJ197036 FJ197085 FJ265052

Botiidae Chromobotia macracantha AB242163 EU711137 FJ197037 FJ197086
Leptobotia mantschurica AB242170 EU711138 FJ197038 FJ197087 FJ265035

Cobitidae Acantopsis choirorhynchos AB242161 EU711139 FJ197039 FJ197088
Cobitis striata (large race) AB054125 Saitoh unpublished Saitoh unpublished Saitoh unpublished
Misgurnus nikolskyi AB242171 EU711140 FJ197040 FJ197089 FJ265057
Pangio anguillaris AB242168 FJ197090
Pangio oblonga EU711141 FJ197041 FJ197091

Cyprinidae
Acheilognathinae Acheilognathus typus AB239602 EU292688 FJ197042 FJ197092 FJ265056
Acheilognathinae Rhodeus ocellatus kurumeus AB070205 EU711142 FJ197043 FJ197093 FJ265041
Leuciscinae Alburnus alburnus AB239593 EU711143 FJ197044 FJ197094 FJ265045
Leuciscinae Pelecus cultratus AB239597 EU711144 FJ197045 FJ197095 FJ265051
Cultrinae Ischikauia steenackeri AB239601 EU292687 FJ197046 FJ197096 FJ265033
Cultrinae Chanodichthys mongolicus AP009060 EU711145 FJ197047 FJ197097 FJ265046
Cyprininae Barbonymus gonionotus AB238966 EU711146 FJ197048 FJ197098 FJ265053
Cyprininae Barbus barbus AB238965 EU711147 FJ197049 FJ197099
Cyprininae Barbus trimaculatus AB239600 EU711148 FJ197050 FJ197100 FJ265059
Cyprininae Cyprinus carpio AP009047 AY787040 U02475/Z71999 FJ197101 FJ265047
Cyprininae Gymnocypris przewalskii AB239595 EU711149 FJ197051 FJ197102
Cyprininae Labeo batesii AB238967 EU711150 FJ197052 FJ197103
Cyprininae Labeo senegalensis AB238968 EU711151 FJ197053 FJ197104 FJ265034
Cyprininae Puntius ticto AB238969 EU711152 FJ197054 FJ197105
Cyprininae Carassius auratus AB006953 DQ196520/DQ196518 L11863 X80802 AF069398
Gobioninae Gnathopogon elongatus AB218687 EU711153 FJ197055 FJ197106 FJ265030
Gobioninae Gobio gobio AB239596 EU292689 FJ197056 FJ197107 FJ265048
Gobioninae Hemibarbus barbus AB070241 EU711154 FJ197057 FJ197108 FJ265032
Gobioninae Pseudorasbora pumila pumila AB239599 EU711155 FJ197058 FJ197109 FJ265039
Gobioninae Pungtungia herzi AB239598 EU711156 FJ197059 FJ197110 FJ265040
Gobioninae Sarcocheilichthys variegatus microoculus AB054124 EU711157 FJ197060 FJ197111 FJ265042
Leuciscinae Cyprinella lutrensis AB070206 EU711158 FJ197061 FJ197112 FJ265061
Leuciscinae Notemigonus crysoleucas AB127393 EF452831 FJ197062 FJ197113 FJ265036
Leuciscinae Tribolodon nakamurai AB218896 EU711159 FJ197063 FJ197114 FJ265044
Xenocyprinae Xenocypris argentea AP009059
Xenocyprinae Xenocypris macrolepis EU711160 FJ197064 FJ197115 FJ265049
Leuciscinae Phoxinus phoxinus EU711161 FJ197065 FJ197116 FJ265038
Leuciscinae Phoxinus perenurus AP009061
Rasborinae Aphyocypris chinensis AB218688 EU292692 FJ197066 FJ197117 FJ265026
Rasborinae Esomus metallicus AB239594 EU292702 FJ197067 FJ197118 FJ265029
Rasborinae Opsariichthys uncirostris AB218897 FJ197126 FJ197068 FJ197119 FJ265037
Rasborinae Zacco sieboldii AB218898 EU292713 FJ197069 FJ197120 FJ265025
Rasborinae Danio rerio AC024175 U71093 L11014 X85957 AJ937858
Tincinae Tinca tinca AB218686 EU711162 FJ197070 FJ197121 FJ265043

Gyrinocheilidae Gyrinocheilus aymonieri AB242164 EU292682 FJ197071 FJ197122 FJ265031
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with the mixed model of nucleotide substitution, we used the
GTR + C + I model (with four discrete rate categories) for each par-
tition because RAxML only provides GTR related models (GTR + C,
GTR + C + I and GTR + CAT approximation) of rate heterogeneity
for nucleotide data (Stamatakis, 2006). The ML tree search was
conducted by performing 100 distinct runs using the default algo-



Table 2
Growth hormone (GH) PCR primers for amplification and sequencing of cyprinifomres
and expected length of amplicons.

Name Sequence (from 50 to 30) Expected length (bp)

First round PCR primers
GH22F YTGTCKDTGGTSCTGGTYAGT
GHRa CAGGGTRCAGTTKGAATCSAR 1200–2500

Short PCR primers
GH22F YTGTCKDTGGTSCTGGTYAGT
GH264R GCTYTTYTGBGTTTCATSTTT 500–800
GH181F CAGCTGAGTAAAATCTTYCCT
GH295R CTCCCARGAYTCAATGAGGYG 400–1400
GH274F AAGCTBCTTCGYATCTCYTT
GHRa CAGGGTRCAGTTKGAATCSAR 500–800

50 UTR PCR primers
GHIFa AAAGCCTTCAACTAAGACTAAC
GH240R TTCTGGGTTTCATGTTTGTCA 700–750
GHp57F CAAACACTCACAAGCCTTCAAC 600–1050
GHp221F CAAATACATGACCGGAACTAC 1100–1350

a From Clements et al. (2004).
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rithm of the program from random trees (-d option) as a starting
tree for each run. The final tree was determined by a comparison
of likelihood scores under the GTR + C + I model among subopti-
mal trees obtained per run.

Nodal support was assessed using the bootstrap (BS) procedure
(Felsenstein, 1985) under Maximum Parsimony (MP) and Maxi-
mum Likelihood (ML) criterion, based on 1000 pseudo-replicates
and the resulting a posteriori probabilities from partitioned BA.
The studies on experimental simulation suggest that, being more
conservative, the non-parametric bootstrap approach might be less
prone to strongly supporting a false phylogenetic hypothesis, while
posterior probabilities put overconfidence on a given phylogenetic
hypothesis (Douady et al., 2003). In the present study, we set up
posterior probabilities and non-parametric bootstrap support
(especially from MPBS) as potential upper and lower bounds of
node robustness for our inferred phylogenetic trees. For the MPBS
analyses using PAUP�, optimal trees were obtained by heuristic
searches with random stepwise addition sequences followed by
TBR swapping for 100 replications (Swofford, 2002). The MLBS re-
sults (through analyses using RAxML web-servers) (Stamatakis
et al., 2008) were obtained from the CIPRES cluster (CIPRES Portal
v 1.13) at the San Diego Supercomputer Center at http://www.phy-
lo.org/sub_sections/portal/. The retention index and chi-square
tests of base composition stationarity were calculated using
PAUP�.

Finally, to gain further insight on ‘phylogenetic’ signals pre-
sented in each data set across taxa, a protocol called repeated-
bootstrap components (Chen et al., 2003) was employed. This
method consisted of scoring the repeated clades found in the list-
ing of bootstrap bipartitions from MP analysis produced by PAUP�
for each separate gene partition (repeated bootstrap components)
using the computer program developed by the author (W.J.C.).
Resulting repeated bootstrap components were mapped onto the
optimal ML tree derived from simultaneous analysis of the com-
bined dataset with equal-weighting scheme (Fig. 3, left). The corre-
sponding bootstrap values for each data partition were displayed
in the form of a histogram for each node on the tree (Fig. 4).

3. Results

A total of 3810 bp were aligned for the exon regions of four nu-
clear genes for 56 taxa (including seven outgroups) sampled in this
study. The length of aligned sequences from each locus was
1497 bp (RAG1), 831 bp (RH), 849 bp (IRBP), and 633 bp (GH). No
internal indels were found among aligned sequences of ingroup
taxa. Of these, 1826 sites were constant and 1618 sites were parsi-
mony informative. The nuclear dataset is about 26% the size of the
whole mt-genome dataset (14,563 bp) of Saitoh et al. (2006). The
level of homoplasy contained in the nuclear dataset, as measured
by RI, was much lower than that observed in the mitochondrial
dataset (RI = 0.61 vs 0.33 for nuclear and mitochondrial datasets,
respectively). An excess of nucleotide substitutions at third codon
positions of the mitochondrial protein-coding genes is likely one of
the causes for the higher level of homoplasy in the mitochondrial
dataset (Saitoh et al., 2006; Chen et al., 2008). Additionally, when
base composition varies significantly among taxa, all classical
methods of phylogenetic construction tend to group sequences of
similar nucleotide composition together, regardless of evolution-
ary history (Lockhart et al., 1994; Chen et al., 2003). Base composi-
tion stationarity could not be rejected on all sites for each codon
position of nuclear genes except for the third codon position of
RAG1 and rhodopsin. Thus, results obtained from the RY-coding
analyses were compared to those from equal-weighting analyses
to assess the consistency of phylogenetic inferences.

Relationships of taxa derived from partitioned ML and Bayesian
analyses of nuclear and mitochondrial sequences were nearly iden-
tical; only likelihood trees are presented herein (Figs. 1–3). Analy-
ses of individual nuclear genes yielded different tree topologies
(see Supplementary Material); however, the major clades identi-
fied among cypriniform species and sister group relationships of
all the trees were consistent (Table 3). Several previously recog-
nized groups such as cypriniform families and subfamilies (except
for Rasborinae) were resolved as monophyletic in separate gene
and/or genome trees. In addition, some clades were discovered
that suggest relationships that differ from more traditional per-
spectives on cypriniform relationships. These include a clade
(Clade V) grouping Xenocypris and cultrines, a clade (Clade VI)
grouping some Aphyocypris, Opsariichthys, and Zacco plus members
from the previous clade, and a clade (Clade VII) grouping Tinca,
gobioninies, leuciscines and acheilognathines. The latter clade
was not found in mt-genome trees but is recurrently found by
two nuclear genes (RAG1 and GH) and in the phylogeny based on
combined sequences of all nuclear genes (Table 3).

Separate phylogenetic signals presenting in each data set
across taxa were assessed using the approach of repeated boot-
strap components (Fig. 4). Given that bootstrap values are re-
garded as generally good measures of hierarchical signal (Hillis
and Bull, 1993) under the criterion of repeatability (Chen et al.,
2003), the histogram mapped on the tree for each node can be
interpreted as the contribution to phylogenetic signal of each data
partition in support of a corresponding node (Fig. 4). This infor-
mation may also be useful for future studies of particular cyprin-
iform groups by focusing on signal-rich genes when the target
taxonomic samples become available. In general, given the results
shown in the Fig. 4 the phylogenetic signal is not always homo-
geneously distributed across different data partitions throughout
the tree. In general, MT data provided more pronounced signals
in resolving terminal clades relative nuclear genes. In addition,
the phylogenetic signal contribution at this taxonomic level for
GH was rather weak in some case while that of RAG1 was strong.
Regarding particular regions of the tree, RH appeared to perform
relatively poorly for recovering several clades within the Cyprin-
idae, yet performed very well in recovering some clades within
the loach group. Nonetheless, these analytical results were cor-
roborated with the repeated clades identified from the individual
gene/genome analyses (Table 3). With this approach we con-
firmed the monophyly of clades II and III where MT data provided
no or contradictory signals relative to the overall signals from
independent nuclear gene loci. Accordingly, the position of a crit-
ical taxa, Vaillantella, was resolved as the sister-group of cobitids,
balitorids plus nemacheilids.

http://www.phylo.org/sub_sections/portal/
http://www.phylo.org/sub_sections/portal/


Fig. 1. Phylogenetic trees depicting relationships of the major clades within the Cypriniformes obtained from partitioned ML analyses and equal weighting of operational
dataset 1 (all nc-DNA sequences; ca., 3810 bp) (left) and operational dataset 2 (mt-DNA sequences; ca.,14,563 bp) (right). ML scores of the trees are �45518.194337 and
�284837.240795, respectively. Branch lengths are proportional to inferred character substitutions under the GTR + C + I model. Numbers on branches are ML bootstraps.
Values below 50% are not shown. Bold branches on topologies indicate statistically robust nodes with a posteriori probabilities from partitioned Bayesian analysis P0.95 and
resulting MP bootstraps P than 80%.

R.L. Mayden et al. / Molecular Phylogenetics and Evolution 51 (2009) 500–514 505
All of the combined and separate nuclear gene analyses re-
sulted in similar high bootstrap (from MLBS and/or MPBS) and
posterior probability support for the monophyly of the order Cyp-
riniformes and the families Catostomidae, Cobitidae, Botiidae,
Nemacheilidae, and Cyprinidae; Gyrinocheilidae, Balitoridae, and
Vaillantellidae were represented only by Gyrinocheilus, Homalop-
tera, and Vaillantella, respectively (Table 3, Figs. 1 and 2). Within
Cyprinidae, the traditionally recognized subfamilies Acheilogna-
thinae, Cyprininae, Cultrinae, Gobioninae, and Leuciscinae, were
always resolved as monophyletic with strong nodal support;



Fig. 2. Phylogenetic trees depicting relationships of the major clades within the Cypriniformes obtained from partitioned ML analysis and RY-coding of operational dataset 1
(all of nc-DNA sequences; ca., 3810 bp) (left) and operational dataset 2 (mt-DNA sequences; ca.,14,563 bp) (right). ML scores of the trees are �25994.707827 and
�193917.795931, respectively. Branch lengths are proportional to inferred character substitutions under the GTR + C + I model. Numbers on branches are ML bootstraps.
Values below 50% are not shown. Bold branches on topologies indicate statistically robust nodes with a posteriori probabilities from partitioned Bayesian analysis P0.95 and
resulting MP bootstraps P than 80%.
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Tincinae and Xenocyprinae were only represented by Tinca and
Xenocypris, respectively. The subfamily Rasborinae was never rec-
ognized as a monophyletic group and the included species were
always resolved as three different, unrelated clades or lineages.
Relationships of supraspecific groupings within the order, sup-
ported by combined nuclear gene variation, were similar for
equal-weighting and RY-coding analyses; the superfamilies Cobi-
toidea and Cyprinoidea were resolved as reciprocally monophy-
letic groups. Cyprinoidea (or Cyprinidae) was strongly
supported. Nodal support for Cobitoidea was poor; this clade



Fig. 3. Phylogenetic trees depicting relationships of the major clades within the Cypriniformes obtained from partitioned ML analysis and equal-weighting (left) and RY-
coding (right) of operational dataset 3 (combined nc and mt-DNA sequences; ca., 18,354 bp). ML scores of the trees are �296598.143911 and �197655.988408, respectively.
Numbers on branches are ML bootstraps. Values below 50% are not shown. Bold branches on topologies indicate statistically robust nodes with a posteriori probabilities from
partitioned Bayesian analysis P0.95 and resulting MP bootstraps P than 80%.
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was recovered in two out of four nuclear gene analyses and mt
genome analysis (Table 3). In the combined nc-mtDNA analysis,
however, Cobitoidea was paraphyletic with respect to Cyprinoi-
dea; Catostomidae was the sister group to all other cypriniforms
(Fig. 3). Repeatability of clades recovered in independent gene
trees has been argued as a criterion of support for particular
topologies recovered in phylogenetic analyses (Chen et al.,
2003). Based on this criterion, Cobitoidea is herein tentatively
recognized as monophyletic, irrespective of the weak nodal sup-
port in ncDNA analysis and the combined nc-mtDNA analysis.
Within Cobitoidea, Gyrinocheilidae formed the sister group to
the clade formed by Botiidae, Cobitidae, Vaillantellidae, Nemache-
ilidae and Balitoridae in combined nuclear gene trees, RAG1 gene
trees and rhodopsin gene tree (with RY-coding analysis only), but
this relationship received no bootstrap support and was not recov-
ered by mtDNA analyses (Figs. 1 and 2; Table 3). In contrast to
these findings from ncDNA analyses, Gyrinocheilidae was identi-
fied as the sister group to Catostomidae, but with relatively poor
bootstrap support, in both equal-weighting and RY-coding analy-
ses of mtDNA datasets. Botiidae likewise formed the sister group



Fig. 4. General assessment of phylogenetic signals for each nuclear gene and mitochondrial genome at nodes across all taxa based on the repeated bootstrap components
approach (see Section 2). Resulting bootstrap components (small histograms over branches) from the analyses of each gene/genome locus were mapped onto ML tree of
combined, equal-weighting analysis as presented in Fig. 3 (left). Gray histograms indicate MP bootstraps P than 75%. � indicates values are not available because GH
sequence data for the corresponding nodes are partially missing. Numbers below branches are resulting MPBS from the combined analysis. Values below 50% are not shown.

508 R.L. Mayden et al. / Molecular Phylogenetics and Evolution 51 (2009) 500–514
to Vaillantellidae plus the clade of Cobitidae, Nemacheilidae and
Balitoridae in most of the analyses with generally robust support
except for the equal-weighting analysis from mtDNA. The sister
group relationship between Vaillantellidae and Cobitidae, Nem-
acheilidae plus Balitoridae received 99% ML bootstrap support in
equal-weighting nuclear analyses, but only 90% support under
the RY-coding scheme. The same sister group relationship was only
found in the RY-coding analysis of mtDNA with 95% of ML boot-
strap support. The sister relationships between Cobitidae and
Nemacheilidae plus Balitoridae received the highest bootstrap sup-
port in all analyses. However, Balitoridae was not sister to Nem-
acheilidae and was instead the sister group to Cobitidae in all
mtDNA analyses, except in the combined analysis with ncDNA un-
der both the equal-weighting and RY-coding schemes. All nuclear
gene analyses identified Balitoridae as the sister group to Nem-
acheilidae (89–98%). The monophyly of Balitoridae plus Nemache-
ilidae was repeatedly determined in separate gene tree analyses
(Table 3, Fig. 4).



Table 3
Summary results of major clades among cypriniforms identified from separate gene/genome trees inferred using partitioned ML analysis. Below each gene or genome support for
the relationships on the left is indicated; a bold Y indicates that the resulting Maximum Likelihood bootstrap for the group is >80%; Y or N within parentheses denotes the result
based on the same analysis but with RY-coding.

Hypothesis Gene or genome

RAG1 RH IRBP GH Nc MT

Monophyly of
Cypriniformes Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Cobitoidea Y(Y) Y(Y) N(N) N(N) Y(Y) Y(Y)
Cyprinoidea (Cyprinidae) Y(Y) N(N) Y(Y) Y(Y) Y(Y) Y(Y)
Catostomidae Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Cobitidae Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Botiidae Y(Y) Y(Y) Y(Y) na Y(Y) Y(Y)
Balitoridae na na na na na na
Nemacheilidae Y(Y) Y(Y) Y(Y) Y(N) Y(Y) Y(Y)
Balitoridae + Nemacheilidae N(Y) Y(Y) N(Y) Y(N) Y(Y) N(N)
Clade I (Balitoridae, Nemacheilidae + Cobitidae) Y(Y) N(N) Y(Y) Y(Y) Y(Y) Y(Y)
Clade II (Vaillantella + Clade I) Y(Y) Y(N) N(N) N(N) Y(Y) N(Y)
Clade III (Botiidae + Clade II) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Acheilognathinae Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Cyprininae Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Cultrinae Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Gobioninae Y(Y) N(N) Y(Y) N(N) Y(Y) Y(Y)
Leuciscinae Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Rasborinae N(N) N(N) N(N) N(N) N(N) N(N)
Clade IV (Danio + Esomus) Y(Y) Y(Y) Y(N) Y(Y) Y(Y) Y(Y)
Clade V (Xenocypris + Cultrinae) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y) Y(Y)
Clade VI (Aphyocypris, Opsariichthys, Zacco, + Clade V) Y(Y) Y(Y) Y(Y) N(Y) Y(Y) Y(Y)
Clade VII (Tinca, Gobioninae, Leuciscinae and Acheilognathinae) Y(Y) N(N) N(N) Y(Y) Y(Y) N(N)
Clade VIII (Gobioninae + Leuciscinae) N(N) N(N) Y(Y) N(N) Y(Y) Y(N)

Acheilognathinae sister to
Tinca + Clade VI + Clade VIII N(N) N(N) N(N) N(N) N(N) Y(Y)

Clade IV sister to
Clade VI + VII Y(Y) N(N) Y(N) Y(Y) N(Y) Y(Y)

Gyrinocheilus sister to
Catostomidae N(N) N(N) N(Y) N(N) N(N) Y(Y)

Gyrinocheilus sister to
Clade III Y(Y) N(Y) N(N) N(N) Y(Y) N(N)

Vaillantella groups with
Balitoridae, Nemacheilidae and Cobitidae Y(Y) Y(N) N(N) N(N) Y(Y) N(Y)

Vaillantella sister to
Botiidae N(N) N(N) Y(Y) N(N) N(N) Y(N)

Abbreviations used: RAG1, recombination-activating gene 1; RH, rhodopsin gene; IRBP, interphotoreceptor retinoid-binding protein gene; GH, growth hormone gene; Nc,
nuclear genome; MT, mitochondrial genome; Y, Yes; N, No; na, not applicable.
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Within Cyprinidae (or Cyprinoidea), the subfamily Cyprininae
was always resolved as monophyletic. ML support for the mono-
phyly of Cyprininae was 100% both in ncDNA and mtDNA analyses
(Figs. 1 and 2) and in the combined nc-mtDNA analysis (Fig. 3).
Cyprininae formed the basal sister group to other cyprinids in all
analyses except in the equal-weight analysis of ncDNA (Figs. 1–
3). The subfamily Rasborinae was never resolved as monophyletic
and representatives were part of three separate clades or lineages
(Figs. 1–3). The strongly supported clade inclusive of Danio and
Esomus formed the sister group to Cyprininae in the equal-weight
analysis of ncDNA (Fig. 1), and the sister group to the remaining
cyprinids (excluding the Cyprininae) in the RY-coding analysis of
ncDNA (Fig. 2), both coding analyses of mtDNA (Figs. 1 and 2),
and of the combined nc-mtDNA (Fig. 3). Regardless of the analysis,
relationships of the clade inclusive of Danio and Esomus received
poor support in our analyses, but the sister group relationship be-
tween this clade and a clade grouping remaining cyprinids (with-
out cyprinines) was confirmed by repeated clade analyses of
nuclear genes (Table 3). The remaining cyprinid subfamilies, the
clade inclusive of Cultrinae and Xenocyprinae (Clade V), and the
clade (Clade VI) aligning Clade V with three remaining ‘‘rasborines”
(Aphyocypris and Opsariichthys, Zacco) was generally resolved as a
monophyletic group with strong nodal support (Table 3) (Supple-
mentary Material) (Figs. 1 and 2). Within Clade VI, Opsariichthys
and Zacco were sister taxa. Aphyocypris was sister to Clade V in
both the ncDNA analysis and the combined nc-mtDNA analysis
with equal-weighting scheme. The monophyly of a clade (Clade
VII) grouping Acheilognathinae, Tincinae, Leuciscinae, and Gobion-
inae received poor nodal support but this clade was confirmed in
results of separate gene/genome analyses (Table 3). However, the
relationships of deep branches within this clade remained
unresolved.

In general, support for the monophyly of clades using only
mtDNA varied but was quite high (Figs. 1–3). However, the number
of nodes supported by high ML and/or MP bootstrap (equal to 80%
and higher) and by high a posteriori probabilities (equal to 95% and
higher) are relatively few in comparison with results from ncDNA
analyses with a smaller data set. Regardless, relationships among
clades as determined by mtDNA sequence variation was generally
similar to those derived using ncDNA, except in the following in-
stances and others already mentioned above. The basal lineage of
Catostomidae included Myxocyprinus plus Cycleptus in mtDNA
analyses (76–84%); however, Myxocyprinus formed the sister group
to Cycleptus plus other catostomids in all combined nc-mt analyses
but with very low support. Within the Cyprininae, Labeo (with two
taxa represented) always formed a monophyletic group and was
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sister to the remaining cyprinines, and Barbonymus varied in its
placement depending on the genes and method of analysis. Barbus
never formed a monophyletic group, with Barbus barbus more clo-
sely related to Gymnocypris and Barbus trimaculatus more closely
related to Puntius ticto.

Contradictions among datasets in relationships of supraspecific
groupings within family Catostomidae and subfamily Cyprininae
could potentially result from the polyploid nature of the genomes
in these taxa (Chen et al., 2008). In fact, a ncDNA tree could be in-
ferred from a dataset with a mixture of orthologous and paralogous
copies, while a mtDNA tree can be referred to an organismal his-
tory from maternal lines only. Both of these clades contain species
(suckers, carps and goldfishes) with polyploid genomes (Ohno
et al., 1967; Yu et al., 1987; Larhammar and Risinger, 1994; David
et al., 2003). Thus, interpretation of some of the phylogenetic re-
sults reported herein should be treated with caution. Ultimately,
unambiguous identification for paralogous loci of genes will be re-
quired for future studies to resolve the organismal phylogeny and
to assess the evolutionary origin of polyploidy events.

4. Discussion

The relationships of major clades within the Cypriniformes
were first examined using molecular characters by Saitoh et al.
(2006) using whole mitochondrial genomes for 50+ ingroup and
outgroup taxa. That paper and a paper published by Šlechtová
et al. (2007) suggested novel relationships among cypriniform
fishes requiring recognition of new families and indicating other
unresolved taxonomic issues. Herein we recognize eight families
within Cypriniformes (Šlechtová et al., 2007; Conway et al., in
press). These include: Cyprinidae, containing the carps and min-
nows; Catostomidae, containing the suckers; Gyrinocheilidae, con-
taining the algae eaters; Botiidae, containing the botiid loaches
(formerly included in Cobitidae); Cobitidae, containing the cobitid
loaches; Balitoridae, containing the flat loaches; Nemacheilidae,
containing the nemacheilid loaches (formerly included in Balitori-
dae; Sawada, 1982); and Vaillantellidae, containing the vaillantel-
lid loaches (formerly considered a nemacheilid; Sawada, 1982) or a
botiid (Nalbant and Bănărescu, 1977; Siebert, 1987). We have
matched the Saitoh et al. (2006) dataset as closely as possible with
four independent nuclear genes for the same taxa (with few excep-
tions). The goal was to compare the phylogenetic signal of addi-
tional, independent genes with that of the mitochondrial
genome, and to examine congruence in phylogenetic signal for
relationships among these clades. Our working hypothesis was
that analysis of both mitochondrial and nuclear data would result
in isomorphic phylogenetic relationships of the major clades of
cypriniform fishes. This hypothesis was not supported, as some sis-
ter group relationships varied depending upon the data examined.
Potential explanations include (1) different evolutionary histories
of the included nuclear genes and the mitochondrial genome, (2)
rate variation among included genes, (3) limited taxon sampling,
and (4) insufficient characters.

The fundamental question in cypriniform systematics is the
phylogenetic relationships of the included families. At present,
the eight cypriniform families are considered to form two major
clades, the Cyprinoidea, containing the Cyprinidae, and the Cobi-
toidea, containing all remaining families (Siebert, 1987; Saitoh
et al., 2006; Šlechtová et al., 2007); however, there has been little
support in previous analyses for the relationships of the Cyprini-
dae, Catostomidae, Gyrinocheilidae (Conway et al., in press; Si-
mons and Gidmark, in press). There is strong support for
monophyly of the remaining taxa, herein referred to as the loach
clade, based on morphological (Sawada, 1982; Siebert, 1987) and
molecular data (Saitoh et al., 2006; Šlechtová et al., 2007). This
pattern is continued in our analyses, the instability at the base
of the cypriniform tree is reflected by each of the four nuclear
genes added to the Saitoh et al. (2006) dataset. The traditional
division of cypriniform fishes into a monophyletic Cobitoidea
and Cyprinoidea was recovered only by RAG1 (the same gene se-
quenced by Šlechtová et al. (2007)) and analysis of all nuclear
genes together (Figs. 1 and 2; Table 3). Rhodopsin recovered a
paraphyletic Cyprinoidea containing a monophyletic Cobitoidea;
in contrast, GH and IRBP recovered a paraphyletic Cobitoidea con-
taining a monophyletic Cyprinoidea. The latter situation was also
observed in the combined analysis of nuclear and mitochondrial
genes (Fig. 3). However, such a conflict can only be resolved in
light of taxonomic congruence from independent gene/genome
trees (Mickevich, 1978; Miyamoto and Fitch, 1995; Chen et al.,
2003). In our study, both of the clades (Cobitoidea and Cyprinoi-
dea) were repeatedly recovered in the majority of gene/genome
data analyses (Table 3). Reciprocal monophyly of these two cyp-
riniform superfamilies should be valid, at least from currently
available data.

The family Catostomidae contains the suckers, a group largely
restricted to North America. There is a substantial amount of sup-
port for the monophyly of this clade including morphological char-
acters (summarized by Conway et al. (in press)) and molecular data
(Saitoh et al., 2006; Šlechtová et al., 2007; this study). They are of-
ten considered the sister taxon to the rest of Cobitoidea; however,
IRBP recovered them as sister to all Cypriniformes, a result also ob-
served in the combined analysis of nuclear and mitochondrial
genes; however, this result may not be reliable as it is never re-
peated in independent datasets and analyses.

The family Gyrinocheilidae contains the algae eaters, a group of
three species that are widespread in Southeast Asia. The algae eat-
ers have a very interesting morphology. They lack teeth (all other
cypriniform fishes have teeth only on the fifth ceratobranchial
bone) and have a peculiar sucker-like mouth that is lined with
keratinous rasps (Benjamin, 1986). The phylogenetic position of
the gyrinocheilids is also unstable. Combined analysis of nuclear
and mitochondrial genes places Gyrinocheilus sister to the loach
clade within the Cobitoidea; however, GH places Gyrinocheilus as
sister to the remaining Cypriniformes. A clear picture of the phylo-
genetic position of Gyrinocheilidae does not emerge from our data
especially from separate analyses of gene/genome. Relationships of
this genus will require further evaluation with additional indepen-
dent gene data and evaluation of morphological data.

The family Cyprinidae is one of the largest families of freshwa-
ter fishes and contains most of the taxa included in Cypriniformes.
Cyprinidae is recovered as a monophyletic group in most of our
analyses; however, analysis of rhodopsin sequences do not recover
a monophyletic Cyprinidae (Table 3) which is rendered paraphylet-
ic by the Cobitoidea. In this case, the cyprinine clade plus Clade IV
(Danio and Esomus) of cyprinids together is sister to the Cobitoidea,
albeit with low support.

Analysis of RAG1 sequences produces similar results to relation-
ships derived from mitochondrial sequences (Saitoh et al., 2006)
and previous studies with RAG1 sequences (Šlechtová et al.,
2007), though the other nuclear loci do not always corroborate
the RAG1 results. These conflicts could be explained as the result
of different evolutionary histories of the included nuclear genes
and the mitochondrial genome; however, examination of unrooted
topologies illustrate similarities among all analyses. In all cases,
regardless of gene or analysis (equal-weighting or RY coding) the
leuciscine cyprinid group and the cyprinine cyprinid group are clo-
sely related as is the Catostomidae and the loach clade. What does
differ between all the analyses are the position of gyrinocheilids
and the location of the root. Gyrinocheilids are variously posi-
tioned on an internal branch between the loach/catostomid clade
and the cyprinid clade, on the loach clade, or on the catostomid
clade. Similarly, the outgroups may root on the leucisine cyprinids,
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the gyrinocheilids, the catostomids, or another internal branch.
One logical explanation for at least some of the differences ob-
served herein between these two genomes has to do with branch
lengths across the trees for alternate genes or genomes. While
we have employed a model-based approach for all analyses, our
necessary restriction in this comparative study to roughly 1%
(�50 species of an estimated 5000 species) of the predicted num-
ber of species in the order may, infact, be responsible for the ob-
served incongruencies observed because of long-branch
attraction or taxon sampling. It should be noted that incorrect
model estimations due to inadequate species sampling could result
in biased tree topologies. Therefore, intense taxonomic sampling
can not only correct this systematic error of estimations but also
break up long branches due to heterogeneous rates of gene evolu-
tion across taxa, thereby increasing the accuracy of our phyloge-
netic estimation (Rannala et al., 1998; Huelsenbeck and Lander,
2003). However, several authors (Hillis et al., 1994; Graybeal,
1994; Rannala et al., 1998; Sullivan et al., 1999) have also shown
that increases in the number of characters can increase resolution
and support for a phylogeny. That is, by increasing character data,
such as the number of genes or nucleotides, it should reduce sto-
chastic error or character sampling bias and maximize congruence
of all relevant characters to obtain the preferred hypothesis (Chen
et al., 2004; Philippe et al., 2004; Delsuc et al., 2005).

Over the last two decades a plethora of parametric and non-
parametric algorithms have been advocated for the inference of
historical relationships of taxa. Ideally, one hoping to examine
the phylogenetic relationships of a group would have access to
all taxa from all clades, even extinct taxa if fossils are available,
such that accurate hypotheses of relationships could be deduced
from as much data as is available. Likewise, given the technological
advances in molecular biology, an abundance of data should be
available and most would involve simple homology assessment
to derive phylogenies. As identified by Swofford et al. (1996);
Heath et al. (2008); and Mayden et al. (2008), such an ideal situa-
tion rarely exists and researchers must infer relationships based on
only a subsampling of available taxa and characters. The question
remains then as to how effective is the subsampling and union of
different data types in inferences of the tree of life? As identified
in the above listed studies, several important considerations must
be given to any analysis for researchers to most accurately infer
relationships. Accurate phylogenetic reconstructions depend upon:
(1) accurate analytical methods, (2) selection of appropriate types
of and enough character data (e.g., morphological, molecular,
behavioral) for reliable inference, and (3) appropriate selection of
taxa; that is, the appropriate selection of taxa for the question at
hand. Herein, we are working with roughly the same taxa and
using the same analyses, varying only the types of characters used
in phylogeny reconstruction, thereby constraining two of these
three considerations.

The ease with which DNA sequence data may be obtained, com-
bined with the improved models and model-based analyses, has
led to rapid and widespread adoption of these methods by the
community. However, for a variety of reasons, many researchers
have nonetheless limited analyses to only a subset of taxa for a
proposed clade, often because of unacceptable computation time,
availability of specimens, and/or limited funds to collect large
numbers of homologous sequences. This has resulted in a culture
of scientists focusing on relatively few taxa with an abundance of
character data. Analyses of relationships among relatively few taxa
based on complete or nearly complete genome data represent an
excellent example of one extreme (e.g., Inoue et al., 2001; Miya
et al., 2003; Mabuchi et al., 2007).

In recent years, algorithms have improved computation time for
large numbers of taxa (Huelsenbeck and Ronquist, 2001; Stamata-
kis, 2006). With this flexibility, one may then ask, when given a
choice, which of the two possible variables should be increased,
taxa or character data, to increase the accuracy of the inferred phy-
logeny? This question has been the focus of a number of studies
and debate (Hillis et al., 2003; Rosenberg and Kumar, 2003; Rokas
et al., 2003; Cummings and Meyer, 2005; Rokas and Carroll, 2005;
Hedtke et al., 2006; Gatesy et al., 2007; Heath et al., 2008; Mayden
et al., 2008). Evidence usually supports increasing taxon sampling,
even at the expense of great quantities of character data, for im-
proved accuracy of topologies. In simulation studies, increased tax-
on sampling appears to be more consequential than increasing the
number of characters (Hillis, 1996). Several authors have also
agreed that the addition of species in analyses results in more
accurate estimates of relationships (Lecointre et al., 1993; Hillis,
1996, 1998; Graybeal, 1998; Rannala et al., 1998; Zwickl and Hillis,
2002; Pollock et al., 2002; Poe, 2003; DeBry, 2005; Hedtke et al.,
2006). Furthermore, studies have attributed problematic recon-
structions and poorly resolved trees to a limited number of taxa
(Bremer et al., 1999; Johnson, 2001; Lin et al., 2002; Braun and
Kimball, 2002; Chen et al., 2003; Sorenson et al., 2003; Albrecht
et al., 2007).

The essential problems with focusing only on increasing char-
acters at the expense of taxa involves complications with esti-
mates of unobserved changes or transformations in a tree—
consequently poor estimates of evolutionary models or a resulting
matrix that precludes parsimony from arriving at a correct solu-
tion. With too few taxa it is difficult or impossible to accurately
estimate parameters for evolutionary models as there will be
too many unobserved changes in a matrix (Felsenstein, 1978;
Hendy and Penny, 1989; Debry, 1992; Huelsenbeck and Hillis,
1993; Yang, 1994; Huelsenbeck, 1995; Gascuel et al., 2001; Huel-
senbeck and Lander, 2003; Susko et al., 2004). Serious complica-
tions include either long-branch attraction (Felsenstein, 1978) or
a nodal-density effect (Gojobori et al., 1982; Fitch and Bruschi,
1987; Fitch and Beintema, 1990; Bruno and Halpern, 1999; Hugall
and Lee, 2007), or both. Here, a limited sampling of species results
in an artificial accumulation of apomorphies possessed by species
(ancestral or descendant) because taxa are missing from interven-
ing nodes that would presumably ‘‘break up” branches and more
realistically disperse character change in the phylogeny (apomor-
phies and homoplasy) (Wiens, 2005). Long-branch attraction re-
sults from an accumulation of phylogenetic noise or homoplasy
in two or more non-adjacent taxa that is interpreted as an accu-
mulation of homologous characters between two closely related
species. In either case, a restriction of taxon sampling, even with
a limited number of characters, can result in phylogenetic noise
(homoplasy via convergences, reversals, or substitutions) over-
whelming the phylogenetic signal. This study was an attempt to
test the mitogenome approach by comparing that tree to a tree
determined from an unrelated set of nuclear loci. While the results
obtained herein were in general agreement regarding relation-
ships among Cypriniformes, questions regarding relationships re-
main. Obviously, the most appropriate method to address these
unresolved issues is a more comprehensive sampling of the diver-
sity present within this important group of fishes. Future efforts,
while likely to include the same sets of genetic markers, should
include a much denser representation of the taxonomic diversity
of cypriniform fishes.
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