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Inferring the Tree of Life of the order Cypriniformes, the earth’s most
diverse clade of freshwater fishes: Implications of
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Abstract The phylogenetic relationships of species are fundamental to any biological investigation, including
all evolutionary studies. Accurate inferences of sister group relationships provide the researcher with an historical
framework within which the attributes or geographic origin of species (or supraspecific groups) evolved. Taken
out of this phylogenetic context, interpretations of evolutionary processes or origins, geographic distributions, or
speciation rates and mechanisms, are subject to nothing less than a biological experiment without controls.
Cypriniformes is the most diverse clade of freshwater fishes with estimates of diversity of nearly 3,500 species.
These fishes display an amazing array of morphological, ecological, behavioral, and geographic diversity and
offer a tremendous opportunity to enhance our understanding of the biotic and abiotic factors associated with
diversification and adaptation to environments. Given the nearly global distribution of these fishes, they serve as
an important model group for a plethora of biological investigations, including indicator species for future cli-
matic changes. The occurrence of the zebrafish, Danio rerio, in this order makes this clade a critical component in
understanding and predicting the relationship between mutagenesis and phenotypic expressions in vertebrates,
including humans. With the tremendous diversity in Cypriniformes, our understanding of their phylogenetic
relationships has not proceeded at an acceptable rate, despite a plethora of morphological and more recent mo-
lecular studies. Most studies are pre-Hennigian in origin or include relatively small numbers of taxa. Given that
analyses of small numbers of taxa for molecular characters can be compromised by peculiarities of long-branch
attraction and nodal-density effect, it is critical that significant progress in our understanding of the relationships
of these important fishes occurs with increasing sampling of species to mitigate these potential problems. The
recent Cypriniformes Tree of Life initiative is an effort to achieve this goal with morphological and molecular
(mitochondrial and nuclear) data. In this early synthesis of our understanding of the phylogenetic relationships of
these fishes, all types of data have contributed historically to improving our understanding, but not all analyses are
complementary in taxon sampling, thus precluding direct understanding of the impact of taxon sampling on
achieving accurate phylogenetic inferences. However, recent molecular studies do provide some insight and in
some instances taxon sampling can be implicated as a variable that can influence sister group relationships. Other
instances may also exist but without inclusion of more taxa for both mitochondrial and nuclear genes, one cannot
distinguish between inferences being dictated by taxon sampling or the origins of the molecular data.
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Nothing in Biology Makes Sense Except in the Light of Evolution.

Theodosius Dobzhansky. 1973.
The American Biology Teacher

Phylogenetic reconstruction is fundamental to comparative biology research ... as the phylogeneti-
cists’ conclusions (i.e., their phylogenetic inferences) become the comparative biologists’ assumptions.
Consequently, the generation of robust phylogenetic hypotheses and the understanding of the factors in-
fluencing accuracy in phylogenetic reconstruction are crucial to evolutionary hypothesis testing.

This famous quote from Dobzhansky emerged
over a century after Darwin’s transformational treatise
on descent with modification changed the face of
comparative biology. During the long hiatus following
Darwin’s hypothesis, much controversy emerged
about the idea of evolution and speciation. This
persisted until advances in genetics and population
biology made these disciplines which scientists could
use to provide first order, hypothesis-driven explana-
tions for evolution and speciation. While dominating
the field of evolutionary biology for decades, neither
this discipline nor the related disciplines of taxonomy
or systematics could offer a satisfactory theoretical
framework for reconstructing historical patterns of
speciation or evolutionary mechanisms underlying the
tree of life. This held true even after Hennig’s meth-
odology, now a fundamental part of phylogenetic
systematics, had already been published in
“Grundziige einer Theorie der phylogenetischen
Systematik” (1950) (the translated English version
“Phylogenetic Systematics” that received a much
wider international distribution was not published
until 1966). Integral in Hennig’s work was the evalua-
tion of both population and species level evolution of
traits or attributes, speciation, and inheritance of these
traits throughout the tree of life. His theories were
quite contrary to the traditional view of systematic
biology of the time and, as a discipline dealing with
systematics, were not viewed as worthy of investiga-
tion by geneticists and population biologists, then
forging new ideas on evolution. As with any paradigm
shift (Kuhn, 1962), significant controversy and estab-
lished inertia delayed an unbiased assessment and the
eventual adoption of this now widely accepted phi-
losophical and methodological transformation, offer-
ing for the first time a mechanism for researchers to
reconstruct testable histories (species trees) of life.
Thus, at the time of Dobzhansky’s famous assessment
of biology, few really knew of or understood the
significance of Hennig’s work. This was much like the
theory of continental drift and the works of Alfred
Wegener (Wegener, 1915) which had almost no
impact on its field when originally published. Recog-

Antonis Rokas and Sean B. Carroll (2005: 1337).

nition for both of these important interdisciplinary
scientists and their work did not come until after their
deaths.

In the wake of the transformation of the biologi-
cal community following the adoption of Hennig’s
theory and methods for reconstructing testable hy-
potheses of evolutionary relationships (i.e., phylogen-
ies), it is clear that Dobzhansky’s assessment of the
essential foundations of biology requires reconsidera-
tion. Rather, as indicated in the second quote by
Rokas and Carroll (2005), it is more appropriate to
keep in mind that nothing in biology makes sense
except in the light of the phylogenetic relationships of
species, including evolution. In fact, the conclusions
of any phylogenetic study of a group of organisms
serve as the beginning of any other biological investi-
gation of these same organisms. Only when a re-
searcher is equipped with a hypothesis of the sister
group relationships of targeted populations, species, or
supraspecific natural (monophyletic) taxa can one
address the variety of possible biological questions
about any of the organisms or species, including
evolutionary studies.

Given the obvious significance of hypotheses of
the genealogical relationships of species, it is critical
that these hypotheses reflect as closely as possible the
genealogical history of the species, including sister
group relationships, ancestral state reconstructions,
and branch lengths derived from meaningful optimi-
zations. Sister group relationships are critical for
appropriate comparisons, biogeographic investiga-
tions, and an eventual resolution of modes of speci-
ation. Ancestral character reconstructions and branch
lengths are essential to researchers investigating many
areas of evolution concerning ages of clades, rates of
anagenesis and cladogenesis, tracing the descent of
attributes, as well as other domains of comparative
biology.

Various methods have been advocated for the in-
ference of historical relationships of species that
involve both parametric and non-parametric algo-
rithms. In a perfect world, such a hypothesis of rela-
tionships would include all of the species within the
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group and an abundance of data with straightforward
homology assessment, the resulting phylogeny can be
used by anyone to investigate all aspects of the species
and interpret its traits and its geographic distribution
within an historical framework. This perfect situation
rarely exists and several important considerations
must be given to any analysis, to allow a researcher to
most accurately infer relationships. At least three
issues must be considered for accurate phylogenetic
reconstructions; these are 1) accurate analytical
methods, 2) selection of appropriate and enough
character data (e.g., morphology, molecular, behav-
ioral) for reliable inference, and 3) appropriate selec-
tion of taxa for the question at hand (Swofford et al.,
1996).

The computational demands inherent in phy-
logenetic reconstructions, representing a type of
NP-complete problem (Graham & Foulds, 1982), are
astounding as the number of possible resolutions
increases exponentially as the number of taxa in-
volved also increases. Historically, this prevented
scientists from examining many species and a focus
was placed on an increase in the number of characters
for the analysis. Few morphological studies, however,
come close to or exceed 100 or more characters (see
Scotland et al., 2003). With the efficiency of generat-
ing molecular sequence data increasing and the cost
decreasing, the ability to produce hundreds and thou-
sands of potential characters quickly became the
standard approach to assemble systematic data sets
and soon the number of molecular phylogenies rela-
tive to those based on morphological data dramatically
increased. With this increase in the amount of data
from sequences and the character states being limited
to “A-T-G-C,” model-based analyses and a number of
sophisticated evolutionary models have changed the
face of phylogenetic systematics (Yang, 1996; Sulli-
van & Swofford, 1997; Stamatakis, 2006a).

The ease with which DNA sequence data may be
obtained, combined with the improved models and
model-based analyses, has led to rapid and widespread
adoption of these methods by the community. How-
ever, for a variety of reasons, many researchers none-
theless limited analyses to only a subset of taxa for a
proposed clade, often because of unacceptable com-
putation time, availability of specimens, and/or lim-
ited 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 com-
plete 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 com-
putation time for data sets with large numbers of taxa
(e.g., Huelsenbeck & Ronquist, 2001; Stamatakis,
2006b). 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 phylogeny? This question
has been the focus of a number of studies and consid-
erable debate (Hillis et al., 2003; Rokas et al., 2003;
Rosenberg & Kumar, 2003; Cummings & Meyer,
2005; Rokas et al., 2005; Hedtke et al., 2006) and a
review of this controversy is provided in Heath et al.
(2008). The overwhelming evidence supports increas-
ing taxon sampling, even at the expense of great
quantities of character data, for improved accuracy of
topologies. In simulation studies, increased taxon
sampling appears to be more consequential than
increasing the number of characters for reaching the
“true” relationships in a group (Hillis, 1996). Several
authors have also agreed that the addition of species in
analyses results in more accurate estimates of rela-
tionships (Lecointre et al., 1993; Hillis, 1996, 1998§;
Graybeal, 1998; Rannala et al., 1998; Zwickl & Hillis,
2002; Pollock et al., 2002; Poe, 2003; DeBry, 2005;
Hedtke et al., 2006). Furthermore, empirical studies
have attributed problematic reconstructions and poorly
resolved trees to researchers limiting analyses to an
inadequate number of taxa (Bremer et al., 1999;
Johnson, 2001; Lin et al., 2002; Braun & Kimball,
2002; Chen et al.,, 2003; Sorenson et al., 2003;
Albrecht et al., 2007).

The essential problems with focusing only on in-
creasing characters at the expense of taxa involves
complications with estimates 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
solution. If there are not enough taxa in an analysis
then it is difficult to accurately estimate parameters for
evolutionary models as there will be too many unob-
served changes inherent in a matrix (Felsenstein,
1978; Hendy & Penny, 1989; DeBry, 1992; Huelsen-
beck & Hillis, 1993; Yang, 1994; Huelsenbeck, 1995;
Gascuel et al., 2001; Huelsenbeck & Lander, 2003;
Susko et al., 2004). Serious complications include
either long-branch attraction (Felsenstein, 1978) or a
nodal-density effect (Gojobori et al., 1982; Fitch &
Bruschi, 1987; Fitch & Beintema, 1990; Bruno &
Halpern, 1999; Hugall & Lee, 2007), or both. Here, a
limited sampling of species results in an artificial
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accumulation of apomorphies possessed by species
(ancestral or descendant) because taxa are missing
from intervening nodes that would presumably “break
up” branches and more realistically disperse character
change in the phylogeny (apomorphies and homo-
plasy) (Wiens, 2005). Long-branch attraction results
from an accumulation of phylogenetic noise or homo-
plasy in two or more non-adjacent taxa that is inter-
preted as an accumulation 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 substitu-
tions) overwhelming the phylogenetic signal.

Cypriniformes is known as the most diverse
group of freshwater fishes with estimates of diversity
reaching close to 3,500 species (Nelson, 2006). The
family occurs in habitats ranging from lakes and rivers
to small springs and streams in Eurasia, North Amer-
ica, and Africa. Species of this order (particularly
those of the Cyprinidae) are usually perceived as
having very similar morphologies (Howes, 1991), an
attribute that has likely contributed to the paucity of
researchers investigating their phylogenetic relation-
ships because of suspected conserved or constrained
evolution limiting the number of phylogenetically
useful morphological characters. These fishes also
include many commercially important species (e.g.,
aquarium trade, fisheries), and as model organisms in
many areas of research ranging from community
ecology to developmental biology. The zebrafish or
zebra danio (Danio rerio), goldfish (Carassius aura-
tus), algae eater (Gyrinocheilus aymonieri), and many
carp species (Cyprinus, Hypophthalmichthys, Cteno-
pharyngodon) likely represent the most familiar
members of this diverse clade.

As species of Cypriniformes are diverse compo-
nents in most of the freshwater habitats around the
globe and serve as important model organisms in
comparative research, the phylogenetic relationships
of these fishes serve as a critical, historical framework
aiding directed research. Unfortunately, either consid-
erable uncertainty exists over the relationships of
these fishes, even at the higher levels, or there are no
data providing insight into the relationships of these
fishes. Furthermore, some of the species and clades
previously examined for phylogenetic relationships
have been problematic in their resolution, despite
efforts to increase character sampling to resolve their
sister group relationships. Most notable among these
are the subfamilial relationships within the families
Cyprinidae, Catostomidae, Cobitidae, and Balitoridae,

and the phylogenetic position of the common aquar-
ium species, the algae eater, and relatives in the genus
Gyrinocheilus (Gyrinocheilidae).

Herein, we examine the relationships of major
clades within Cypriniformes as they relate to the
impact of taxon sampling, while intentionally holding
character sampling constant. We focus particularly on
the historically problematic taxa identified above and
how increasing taxa from 49 to 110 species in the
analysis alters their phylogenetic placement and
support for their sister group relationships. These
comparisons are made relative to a previous analysis
of these same species based on a more limited sam-
pling of taxa (53 species) but with whole mitochon-
drial genomes (Saitoh et al., 2006) containing signifi-
cantly more character data (14,563 bp) than used in
this analysis (1497 bp). This analysis is based on
sequences of exon 3 of recombination activating gene
1 (RAG1), a commonly used gene in phylogenetic
relationships of gnathostome vertebrates (e.g., Groth
& Barrowclough, 1999; Waddell & Shelley, 2003;
San Mauro et al., 2004; Steppan et al., 2004; Krenz et
al., 2005), including ray-finned fishes (e.g., Lopez et
al., 2004; Riiber et al., 2004; Holcroft, 2005; Sullivan
et al., 2006; Chen et al., 2007; Mayden et al., 2007).
This research is part of an ongoing international Tree
of Life initiative on Cypriniformes and is aimed at
furthering our understanding of not only the phyloge-
netic relationships of these species but also improving
our understanding of effective and accurate methods
for phylogeny reconstruction.

1 Methods

Taxon sampling attempted to match that of Sai-
toh et al. (2006). In cases where the same species was
not available, a congeneric representative was chosen
as a substitute, if possible. We conducted analyses on
two different sets of taxa. For the first analysis, we
compiled a data matrix of RAG1 sequence data to
match the species from Saitoh et al. (2006; fig. 2 &
table 2); this small data set included 7 outgroups and
49 cypriniform fishes. To explore the effects of taxon
sampling, our second analysis added an additional 61
cypriniform taxa; these included an additional two
species of catostomids, two cobitids, three botiids,
four balitorids, and 50 cyprinids (one acheilognathin,
one cultrin, one squaliobarbin, three gobionins, five
cyprinins, 17 rasborins, and 22 leuciscins). Of those,
23 RAGI1 were sequences downloaded from Gen-
Bank. Please see Table 1 for a complete list of taxa
examined for this study.
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RAGI was chosen for this study as it is not part
of the mitochondrial genome, thus not overlapping
with the data presented in Saitoh et al. (2006), thereby
enabling an independent assessment of relationships.
In addition, RAG1 has been demonstrated to be
phylogenetically informative for this level of rela-
tionship (e.g., Lopez et al., 2004; Riiber et al., 2004;
Holcroft, 2005; Sullivan et al., 2006; Chen et al.,
2007; Mayden et al., 2007). Methods for DNA data
collection followed standard procedures, as outlined in
Conway et al. (2008), a previous study that utilized
exon 3 of RAGI1. The primers, RAGIF1 and
RAGIRI1, published in Lopez et al. (2004) and the
primer, R1-4061R, published in Chen et al. (2007)
were used to amplify and sequence approximately
1500 bp of this loci. Sequences were deposited in
GenBank (Table 1).

Bayesian analyses were conducted with the par-
allel version of MrBayes v.3.1.2 (Huelsenbeck &
Ronquist, 2001; Ronquist & Huelsenbeck, 2003;
Altekar et al., 2004). Seven non-cypriniform outgroup
taxa within the Ostariophysi were used as outgroups;
Chanos chanos was designated as the most distant
outgroup. Prior to the analysis, the sequence data were
partitioned by codon position and MrModelTest v.2.2
(Nylander, 2004) and PAUP* (Swofford, 2002) were
used to perform hierarchical likelihood ratio tests
(hLRT) on each partition to determine the most ap-
propriate model of nucleotide substitution. The best-fit
model for all three codon positions of RAG1, in both
the small and large data sets, was found to be
GTR+I+I, which was applied during the MrBayes
analyses. Two independent Bayesian searches were
conducted for each data set (four total), each search
ran for 1,000,000 generations, with 4 chains, sampling
every 1,000 generations. The distribution of log
likelihood scores was examined to determine station-
arity and burn-in time for each search. In both
searches involving the small data set, stationarity in
log likelihood scores was observed after approxi-
mately 30,000—40,000 generations. Trees from the
first 50,000 generations (51 trees) were discarded to
ensure all burn-in trees were excluded. This left 950
trees from each search, which were combined to form
a common pool of 1900 trees, these were then used to
construct the 50% majority-rule consensus. In the two
analyses of the large data set, stationarity was not
observed until after 50,000-60,000 generations; to
guarantee that all the trees examined were
post-burn-in, the first 101 trees from each search
(representing 100,000 generations) were discarded.
The remaining 1800 trees were used to generate the

50% majority-rule consensus tree. Branch support for
each clade was based on posterior probability values,
indicated by the frequency of occurrence of each clade
among the trees retained after the initial burn-in
topologies were discarded.

2 Results and Discussion

As with any extremely diverse group, the phy-
logenetic relationships of Cypriniformes has had a
troublesome history. In fact, some authors have
described the relationships among species, genera,
subfamilies and families as largely “chaotic” (Hubbs
& Miller, 1977; Mayden, 1989; Mayden et al., 2007).
Some taxa have been especially problematic in our
ability to confidently decipher their sister-group
relationships to develop a phylogenetically informa-
tive classification. The phylogenetic placement of
Gyrinocheilus and Tinca, two of the most phyloge-
netically problematic genera in the order, and the
naturalness of the traditionally recognized Balitoridae
and Cobitidae (now recognized as two families,
Botiidae and Cobitidae sensu Slechtova et al., 2007),
as well as the naturalness and phylogenetic relation-
ships of the subfamilies of Catostomidae and Cypri-
nidae have all been difficult to seemingly intractable
problems. Much of the difficulty with these systematic
issues may, in part, owe its origin to the historic
difficulties in character assessment, obtaining taxa for
a global-wide Cypriniformes analysis, and the recent
emergence of molecular analyses for the order (see
Mayden et al., 2007). However, universal to all of the
molecular studies for the order has been the examina-
tion of a limited number of taxa, in most cases less
than 60—70 species and this degree of taxon sampling
has only occurred in the last few years. Historically,
even single morphological analyses of taxa in this
order have been limited in the number of taxa and
characters, with the notable exception of explicit
phylogenetic studies by Sawada (1982), Mayden
(1989), and Smith (1992). Consistency in the resolu-
tion of recent molecular trees for the traditionally
recognized Cobitidae led Slechtova et al. (2007) to
elevate the subfamilies within Cobitidae (Botiinae and
Cobitinae) to the family level, thus resolving the
apparent polyphyly of the family. Their taxon sam-
pling of the Balitoridae did not provide the diversity to
identify the problems with this family identified
herein. No analyses have focused on resolving the
relationship of Gyrinocheilus, Tinca, or the subfamily
naturalness and relationships within Cyprinidae.
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Table 1 Taxa used in this study, with GenBank accession numbers for RAG1 sequences

Taxon GenBank No. Taxon GenBank No.
Gonorynchiformes Gobioninae
Chanidae Abbottina rivularis EU711102
Chanos chanos AY430207 Coreoleuciscus splendidus EU711114
Gonorynchidae Gnathopogon elongatus EU711153
Gonorynchus greyi EU409606 Gobio gobio EU292689
Siluriformes Hemibarbus labeo EU711154
Callichthyidae Pseudorasbora pumila EU711155
Corydoras rabauti Chen unpublished Pungtungia herzi EU711156
Clariidae Romanogobio ciscaucasicus EU409624
Clarias batrachus DQ492521 Sarcocheilichthys variegatus EU711157
Heteropneustidae Leuciscinae
Heteropneustes fossilis DQ492522 Abramis brama EU711103
Characiformes Alburnoides bipunctatus EU711104
Alestidae Alburnus alburnus EU711143
Phenacogrammus interruptus Chen unpublished Aspius vorax EU711106
Characidae Blicca bjoerkna EU711108
Chalceus macrolepidotus EU409607 Campostoma anomalum EF452827
Cypriniformes Clinostomus elongatus EU711112
Balitoridae Couesius plumbeus EU711115
Barbatula barbatula EU711107 Cyprinella lutrensis EU711158
Barbatula toni EU711133 Erimystax dissimilis EU711116
Homaloptera leonardi EU711130 Exoglossum maxillingua EU711118
Homaloptera parclitella EU409610 Hemitremia flammea EF452828
Lefua echigonia EF458305 Hybognathus nuchalis EU711120
Nemacheilus longicaudus EU711124 Leucaspius delineatus EU711121
Schistura balteata EU711131 Luxilus chrysocephalus EF452829
Sewellia lineolata EU409609 Nocomis biguttatus EF452830
Botiidae Notemigonus crysoleucas EF452831
Botia striata EU711109 Notropis atherinoides EF452832
Chromobotia macracantha EU711137 Notropis baileyi EU292691
Leptobotia mantschurica EU711138 Opsopoeodus emiliae EF452833
Leptobotia pellegrini EU292683 Pelecus cultratus EU711144
Sinibotia superciliaris EU711110 Phoxinus percnurus EU409627
Catostomidae Pimephales promelas AY430210
Catostomus commersonii EU409612 Richardsonius balteatus EF452835
Cycleptus elongatus EU409613 Rutilus rutilus EU711126
Erimyzon oblongus EU711117 Scardinius erythrophthalmus EU409628
Hypentelium nigricans EU711134 Semotilus atromaculatus EU409629
Minytrema melanops EU711135 Tribolodon nakamurai EU711159
Myxocyprinus asiaticus EU711136 Rasborinae
Thoburnia rhothoeca EU711128 Aphyocypris chinensis EU292692
Cobitidae Aspidoparia morar EU711105
Acantopsis choirorhynchos EU711139 Barilius bendelisis EU292693
Cobitis striata Saitoh unpublished Boraras merah EF452838
Cobitis taenia EU711113 Chela dadiburjori EU292694
Misgurnus anguillicaudatus EU711122 Danio erythromicron EU292698
Misgurnus nikolskyi EU711140 Danio rerio U71093
Pangio oblonga EU711141 Danionella sp. EF452841
Cyprinidae Devario regina EU292701
Acheilognathinae Esomus metallicus EU292702
Acheilognathus typus EU292688 Horadandia atukorali EU292703
Rhodeus atremius EU711125 Inlecypris auropurpurea EU292708
Rhodeus ocellatus EU711142 Luciosoma setigerum EU292704
Cultrinae Microrasbora rubescens EU292706
Chanodichthys mongolicus EU711145 Nicholsicypris normalis EU711123
Hemiculter lucidus EU711119 Opsaridium sp. EF452846
Ischikauia steenackeri EU292687 Opsariichthys uncirostris EF452847
Cyprininae Rasbora bankanensis EU292709
Barbonymus gonionotus EU711146 Rasbora gracilis EU292710
Barbus barbus EU711147 Sundadanio axelrodi EU292711
Barbus trimaculatus EU711148 Trigonostigma heteromorpha EU711129
Capoeta capoeta EU711111 Zacco sieboldii EU292713
Carassius auratus DQ196520 Squaliobarbinae
Cyprinus carpio AY787040 Ctenopharyngodon idella EF178284
Garra orientalis EU292684 Tincinae
Gymnocypris przewalskii EU711149 Tinca tinca EU711162
Labeo batesii EU711150 Xenocyprinae
Labeo senegalensis EU711151 Xenocypris macrolepis EU711160
Puntius ticto EU711152 Gyrinocheilidae
Puntius titteya EU292685 Gyrinocheilus aymonieri EU292682
Sawbwa resplendens EU292686 Vaillantellidae
Schizopyge curvifrons EU711146 Vaillantella maassi EU711132
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Unlike mitochondrial gene trees for the family,
previous phylogenetic analyses at a higher level
within Cypriniformes using nuclear genes are few and
include only those by Mayden et. al. (2007), Slechtové
et al. (2007), Conway et al. (2008), and He et al.
(2008b). The first study examined not only the phy-
logenetic placement of the model species Danio rerio
but also evaluated some general relationships within
the order. Slechtova et al. (2007) assessed supraspeci-
fic relationships in the Cobitoidea. He et al. (2008b)
focused on the subfamilies in Cyprinidae, exclusive of
Psilorhynchinae, using the first intron of S7. Conway
et al. (2008) reevaluated the classification of Ce-
lestichthys margaritatus, verifying it as a species of
Danio, and also examined some higher relationships
in the family Cyprinidae.

Phylogenetic relationships among the 53 targeted
taxa within Cypriniformes, based on whole mitochon-
drial genomes (Fig. 1; Saitoh et al., 2006: fig. 2),
identified a monophyletic Cypriniformes and two
monophyletic superfamilies, Cobitoidea (Gyrino-
cheilidae, Catostomidae, Botiidae, Cobitidae,
Balitoridae, Vaillantellidae) and Cyprinoidea (Cypri-
nidae with multiple natural and unnatural subfami-
lies). Nodal support for these relationships were very
good overall, with posterior probabilities of 95-100%.
Exceptions included relatively poor support for the
superfamily Cobitoidea (63%) and similar support for
one sister group hypothesis in Catotomidae (Catosto-
mus + Minytrema) and some sister group relationships
within the subfamily Gobioninae of Cyprinidae (Gna-
thopogon + (Puntungia + Pseudorasbora)). Within the
Cobitoidea, Gyrinocheilus forms the sister group to
Catostomidae; this Gyrinocheilidae + Catostomidae
clade is sister to a loach clade consisting of mono-
phyletic Botiidae, Cobitidae, and Balitoridae, along
with the monotypic Vaillantellidae. Vaillantella is
sister to a Cobitidae + Balitoridae clade, with Botiidae
as the basal member of this loach clade. The sister
group to the Cobitoidea is Cyprinidae, or the suborder
Cyprinoidea. Within the family, the subfamily Cy-
prininae is sister to the remaining cyprinids. Saitoh et
al. (2006) did not recover a monophyletic Rasborinae,
instead they find support for a monophyletic Rasbori-
nae sensu stricto, with the other putative rasborins
found elsewhere in the tree. A monophyletic subfam-
ily Acheilognathinae is recovered as the sister group
to all remaining cyprinids (excluding Cyprininae and
Rasborinae sensu stricto). A clade composed of
Xenocyprinae, Cultrinae, and the remaining “ras-
borins” was recovered by Saitoh et al. (2006). The

apical portion of the Cyprinidae is occupied by three
subfamilies, Gobioninae and Leuciscinae, which are
monophyletic, and the monotypic Tincinae. The
subfamily Tincinae is sister to Leuciscinae, and that
clade is sister to the Gobioninae.

With few exceptions, nodal support for both the
smaller (49 cypriniform species) and larger (110
cypriniform species) analyses of taxa using only
RAGI1 sequences was generally high (90%-100%).
Phylogenetic resolution among the 49 species exam-
ined herein for RAG1 (Fig. 2) had some notable
differences from the topology of Saitoh et al. (2006)
(Fig. 1). In terms of higher-level relationships, the
RAG1-only tree (Fig. 2) did not find a monophyletic
Cobitoidea, instead catostomids are found in a basal
position as the sister group to a clade comprising all of
the other cypriniforms, consequently Gyrinocheilidae
is no longer the sister to Catostomidae, rather it is the
sister group to a loach clade similar to the one seen in
Fig. 1. Within the Catostomidae, relationships differed
from the mitochondrial tree in that Cycleptus and
Myxocyprinus did not form a clade. Rather, Cycleptus
is the basal sister group in the family, and Myxo-
cyprinus was sister to a clade wherein Hypentelium
was sister to Catostomus plus Minytrema. Overall, the
relationships within the loach clade (Botiidae, Vail-
lantellidae, Balitoridae, and Cobitidae) are roughly
comparable to those seen in the mitogenome tree. The
one major difference is that in the RAGl-only phy-
logeny, balitorids are not monophyletic, due to the
position of Homaloptera leonardi (Fig. 2). The other
major difference in the RAGl-only tree involves a
radical rearrangement of the subfamilial relationships
within the Cyprinidae. The subfamily Acheilognathi-
nae is still monophyletic but instead of being the sister
group to all cyprinids except Cyprininae and Rasbori-
nae sensu stricto, it is sister to Gobioninae. Associated
with that change is the relocation of Tinca, where it is
now sister to a Leuciscinae + (Acheilognathinae +
Gobioninae) clade. It should be noted that, although
the tree obtained from our RAGI analysis is not
identical to the mitogenome topology presented by
Saitoh et al. (2006), it is congruent with an alternate
topology they obtained using the 12,RT, coding
scheme excluding third codon positions (not shown;
see Saitoh et al., 2006 for discussion of alternate
topologies they recovered).

The relationships recovered by the analysis of the
110-taxa, RAGl-only data matrix (Fig. 3) resolve
some of the conflicts between the two trees produced
from examination of fewer taxa (Figs. 1 & 2). Beyond
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A 50% majority rule consensus tree of 10,800 trees generated from Bayesian analysis of whole mitogenome sequence data from 53 cyprini-
form taxa, redrawn from Saitoh et al. (2006; fig. 2).

Classification and family names are modified to reflect the taxonomy used herein (Figs. 2 & 3).
Species names were drawn from information provided in Saitoh et al. (2006; table 2), with updates to reflect current nomenclature, following
Eschmeyer (Catalog of Fishes, online version, updated 23 April 2008).
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Fig. 2. A 50% majority rule consensus tree of 1,900 trees generated from Bayesian analysis of RAG1 sequence data collected from 49 cypriniform
taxa, representing the same species as illustrated in Fig. 1 (Saitoh et al., 2006; fig. 2); when some species were not available, a congeneric species was
used where possible. Bayesian posterior probabilities are displayed above each node.
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the addition of taxa, the overall structure of the larger
phylogeny is closely congruent with that observed in
the 49-taxa, RAG1-only tree, in terms of familial and
subfamilial relationships. In looking at the higher
level relationships, the larger tree (Fig. 3) is congruent
with the RAG1-only tree shown in Fig. 2. At the base
of the tree, the superfamily Cobitoidea is not mono-
phyletic, with Catostomidae as the most basal member
of Cypriniformes, and Gyrinocheilidae is sister to a
loach group. Catostomid relationships were com-
pletely consistent with those observed in the RAGI1
phylogeny with 49 taxa except that Thoburnia and
Erimyzon were included in the analysis; the former
forms the sister group to Hypentelium and the latter is
sister to Minytrema. Within Cyprinidae, the large tree
agrees with the topology in Fig. 2: Acheilognathinae
and Gobioninae as sister taxa, with Tincinae as the
sister to a Leuciscinae + (Acheilognathinae + Gobi-
oninae) clade. In addition, the monophyly of the
Cyprininae, the Rasborinae sensu stricto, the Gobion-
inae, and the Leuciscinae is not challenged when more
species from those groups are added. However, the
Cultrinae becomes paraphyletic with respect to Xeno-
cypris macrolepis in the larger analysis. The one
major conflict between the mitogenome phylogeny
and that using 49 taxa was the status of Balitoridae; a
conflict that the incorporation of additional taxa
resolved in favor of the Saitoh et al. (2006) tree. The
inclusion of more balitorid species appears to solidify
the monophyly of the Balitoridae (98% nodal sup-
port).
2.1 Relationships within Cobitoidea

Gyrinocheilus has been resolved as sister to a
clade inclusive of Botiidae, Vaillantellidae, Balitori-
dae, and Cobitidae, sister to Catostomidae, or the
basal sister group to all other Cypriniformes (He et al.,
2008a). The former relationship is observed in both
analyses herein for RAG1 and by Slechtova et al.
(2007), also based on analysis of RAG1 sequences.
The sister relationship of Catostomidae and Gyrino-
cheilidae is observed in Saitoh et al. (2006) for 53 taxa
and He et al. (2008a) for 17 ingroup taxa. One analy-
sis in the latter study resolved Gyrinocheilus as the
sister group to all other Cypriniformes. The variable
relationships observed for the Cobitoidea cannot be
resolved herein with the increase in taxon sampling as
the results of all analyses appear to be partitioned on
the basis of whether the character base is mitochon-
drial or nuclear. Future analyses of many more taxa
for both mitochondrial and nuclear genes, and with an
eye towards the relationships at this basal portion of
the evolution of Cypriniformes, will be important in
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resolving this early diversification of the group.
2.2 Relationships within Catostomidae

Several hypotheses have been presented for rela-
tionships in Catostomidae, but all of the studies have
had limited taxon sampling within the family and
order. The mitochondrial phylogeny of Saitoh et al.
(2006) identifies Cycleptus and Myxocyprinus as a
basal monophyletic group, while that of Harris and
Mayden (2001) identifies Myxocyprinus as the basal
sister group in the family and Cycleptus sister to other
taxa (excluding Carpiodes and Ictiobus, more basal in
the tree). These studies are not, however, consistent in
the resolution of Carpiodes and Ictiobus. Both RAG1
analyses identify Cycleptus as the basal sister group
and Myxocyprinus as more closely related to other
taxa (Carpiodes and Ictiobus not included in these
analyses). The sister relationship of Hypentelium and
Thoburnia and between Minytrema and Erimyzon is
consistent with that of Harris and Mayden (2001) and
Saitoh et al. (2006). However, the placement of the
Hypentelium plus Thoburnia clade in the nuclear gene
phylogeny is inconsistent with those analyses using
fewer taxa (Saitoh et al.,, 2006; Harris & Mayden,
2001). While these differences could be the result of
different resolutions based on alternative gene trees,
we hypothesize that the placement of this clade is
likely novel due to increasing taxon sampling, a
hypothesis that should be tested using greater taxon
sampling with the mitochondrial genes.

2.3 Relationships within Balitoridae

This group, as we recognize it today, was first
proposed by Sawada (1982) based on morphological
characters. In both instances, depending on the analy-
sis, it has been resolved as either an unnatural or
natural group. Previously, Tang et al. (2006) included
a high number of species of the then recognized
Cobitinae, Botiinae, Nemacheilinae, and Balitorinae
and the relatively rapidly evolving mitochondrial
genes cytochrome b and control region. In their study,
the general relationships among these major groups
were as observed herein for the larger sample of taxa
(Fig. 3), except Tang et al. (2006) did not include the
Vaillantellidae. The Cobitidae and Botiidae are sepa-
rate monophyletic groups and Balitoridae is mono-
phyletic and sister to the Cobitidae.

In other analyses with fewer taxa, the family
Balitoridae is consistently resolved as a paraphyletic
grade relative to the Cobitidae. This is not only ob-
served in the present study but was also found by
Tang et al. (2006), using cyt b sequence data, and later
by He et al. (2008a) using whole mitochondrial gene
sequences for only 17 species of Cypriniformes.
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Fig. 3. A 50% majority rule consensus tree of 1,800 trees generated from Bayesian analysis of RAG1 sequence data collected from 110 cypriniform
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Interestingly, as observed for taxon sampling with the
nuclear gene RAGI1, with an increase in taxon sam-
pling from these 17 species to 53 species in Saitoh et
al. (2006) the family goes from being paraphyletic to
monophyletic.
2.4 Monophyly of “Cobitidae” or Cobitidae and
Botiidae

The unnaturalness of the historically conceived
family Cobitidae was identified by Tang et al. (2006)
and Saitoh et al. (2006), but taxonomic changes were
not advocated in these analyses as caution was exer-
cised in anticipation of more taxa and character data to
provide further support that this resolution was not a
result of long branch attraction in these highly mor-
phologically divergent fishes. Slechtova et al. (2007),
however, recognized the Cobitidae and Botiidae
(sensu Nalbant, 2002) and elevated the Nemacheilidae
and Vaillantellidae based on RAG1 sequences. In this
analysis the Cobitidaec and Botiidae both resolve as
monophyletic groups with either the smaller or larger
taxon base. Further, both nuclear and mitochondrial
gene analyses support these families as monophyletic
groups. Although Slechtova et al.’s (2007) Balitoridae
and Nemacheilidae are recovered as reciprocally
monophyletic groups in the large data set tree (Fig. 3),
they also are recovered as sister groups, therefore we
continue to recognize them as subfamilies of a mono-
phyletic Balitoridae.
2.5 Relationships within Cyprinidae

The purported chaos regarding placement and
relationships of species in the various subfamilies of
Cyprinidae (Conway et al., in press) is not surprising.
As currently conceived, this family is monophyletic
(Cavender & Coburn, 1992; Saitoh et al., 2006; He et
al., 2008b) but the vast majority of investigations of
these species are pre-Hennigian revisionary and
systematic studies, faunal works, and comparative
taxonomic studies. There remains much diversity to
be described and the current subfamilies’ taxonomy
rest largely on non-phylogenetic statements of inclu-
siveness that are essentially derived from phenetic
similarity. Thus, it is expected that many of the forth-
coming systematic studies of this family will result in
changes in the taxonomy of the group but this is only
because very few explicitly phylogenetic studies exist.

He et al. (2004) identified multiple, separate
lineages for species referred to the Rasborinae, con-
sistent with the polyphyletic origin of the subfamily
observed by Saitoh et al. (2006), Mayden et al. (2007),
Riiber et al. (2007), Conway et al. (2008) and herein
for both analyses, regardless of taxon sample size
(Figs. 2 & 3). The monophyly of Acheilognathinae
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and its sister relationship to the remaining apical
cyprinids (excluding Cyprininae and Rasborinae sensu
stricto), agrees with the results of Conway et al.
(2008). The location of Tinca in the cypriniform tree
of life is troublesome. However, the resolution of this
lineage as the sister to the Leuciscinae + (Acheilog-
nathinae + Gobioninae) clade is congruent with the
Bayesian analyses derived from the nuclear intron S7
(He et al., 2008b: fig. 2C). The variable placement of
Tinca in this instance may be related to the gene
origin (mitochondrial versus nuclear), as well as the
number and composition of taxa in the ingroup. The
relative sister group relationships of taxa within the
subfamilies Cyprininae, Gobioninae, and Leuciscinae
are dependent on taxon sampling. In all three groups,
the relationships observed in the larger taxon base are
more consistent with previous studies (Cavender &
Coburn, 1992; Simons & Mayden, 1997, 1998, 1999;
Simons et al., 2003; He et al., 2008a, b) based on
either morphological or molecular data.
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