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a b s t r a c t

Bitterlings are relatively small cypriniform species and extremely interesting evolutionarily due to their
unusual reproductive behaviors and their coevolutionary relationships with freshwater mussels. As a
group, they have attracted a great deal of attention in biological studies. Understanding the origin and
evolution of their mating system demands a well-corroborated hypothesis of their evolutionary relation-
ships. In this study, we provide the most comprehensive phylogenetic reconstruction of species relation-
ships of the group based on partitioned maximum likelihood and Bayesian methods using DNA sequence
variation of nuclear and mitochondrial genes on 41 species, several subspecies and three undescribed
species. Our findings support the monophyly of the Acheilognathidae. Two of the three currently recog-
nized genera are not monophyletic and the family can be subdivided into six clades. These clades are fur-
ther regarded as genera based on both their phylogenetic relationships and a reappraisal of
morphological characters. We present a revised classification for the Acheilognathidae with five
genera/lineages: Rhodeus, Acheilognathus (new constitution), Tanakia (new constitution), Paratanakia
gen. nov., and Pseudorhodeus gen. nov. and an unnamed clade containing five species currently referred
to as ‘‘Acheilognathus’’. Gene trees of several bitterling species indicate that the taxa are not monophy-
letic. This result highlights a potentially dramatic underestimation of species diversity in this family.
Using our new phylogenetic framework, we discuss the evolution of the Acheilognathidae relative to
classification, taxonomy and biogeography.
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1. Introduction

Bitterlings are small fishes, typically less than 150 mm in length
(Chen, 1998) and are native to Europe (three species) and east and
southeast Asia (Kottelat and Freyhof, 2007). The species are
associated with a variety of lowland freshwater habitats, including
lakes, ponds, rivers and irrigation ditches. Aside from their striking
nuptial coloration, bitterlings exhibit a remarkable breeding
biology involving oviposition in the gill chambers of freshwater
mussels (Unionidae and Margaritiferidae). Fertilization occurs in
the mussel gill cavity and development is completed in the host
mussel gill chamber (Smith et al., 2004). This breeding association
makes species of bitterlings a focus of research aimed at under-
standing coevolutionary dynamics, life-history evolution, sexual
selection, sperm competition, development and mate choice
(Agbali et al., 2011; Casalini et al., 2009; Kitamura et al., 2012;
Mills et al., 2005; Reichard et al., 2006, 2007, 2012; Spence and
Smith, 2013; Spence et al., 2013).

Bitterlings are thought to form a monophyletic group and have
traditionally been classified in the subfamily Acheilognathinae, one
of the 11 subfamilies of Cyprinidae (Howes, 1991; Nelson, 2006).
Recent molecular phylogenetic studies of cyprinid fishes have
revealed significant findings regarding the relationships of the
bitterling clade to other cyprinoids and a reclassification of
Cyprinidae (Chen and Mayden, 2009; Mayden and Chen, 2010;
Mayden et al., 2009; Saitoh et al., 2006; Tang et al., 2010, 2011;
Yang, L. et al., 2012b). Current molecular-based analyses support
the monophyly of Acheilognathinae as a subfamily within the
Cyprinidae (Chen and Mayden, 2009; Tao et al., 2013; Saitoh
et al., 2006; Wang et al., 2012b). However, Cyprinidae is paraphy-
letic with respect to Psilorhynchidae, as the latter family is nested
within the former (Chen and Mayden, 2009; Mayden and Chen,
2010). The most closely related lineages to Acheilognathinae
include: Tanichthys (mountain minnows), Tincinae (tench),
Leuciscinae (minnows), and Gobioninae (gudgeons). These lineages
are both temperate in distribution and include many species
endemic to Eurasia and North America, and deeply nested within
the ‘‘cyprinid’’ tree. Given the repeated recovery of monophyletic
groups, congruent phylogenetic relationships, and the paraphyly
of the ‘‘Cyprinidae’’, Chen and Mayden (2009) argued for elevating
the Acheilognathinae and some other previously recognized
subfamilies of Cyprinidae to family status, within the superfamily
Cyprinoidea.

1.1. Taxonomy

Bitterlings have a complicated taxonomic history. The Acheilo-
gnathidae currently includes about 74 species (from 117 available
species names; Eschmeyer and Fong, 2014) and several unde-
scribed species (Arai, 1988; Liu et al., 2006; Smith et al., 2004).

The classification inclusive of three genera, Acheilognathus,
Rhodeus, and Tanakia, has been particularly unstable and has been
retained largely as convention. Up to seven genera have been used
for the group (Acanthorhodeus, Acheilognathus, Rhodeops, Rhodeus,
Paracheilognathus, Pseudoperilampus, and Tanakia). Although
classifications have included three genera some studies have not
embraced this classification (Fujiwara et al., 2009; Hwang et al.,
2014; Wang et al., 2012a). For instance, Arai and Akai (1988) used
Acheiloghnathus macropterus; whereas Hwang et al. (2014) identi-
fied the species Acanthorhodeus. However, more recent studies
(Duc et al., 2013; Li and Arai, 2010; Yang, Q. et al., 2010, 2011)
generally agree in recognizing the ‘‘three genera scenario’’ (Arai
and Akai, 1988). Diagnoses of the genera include characters related
to karyotypes, color patterns on dorsal fins, and features of the
lateralis system.

1.2. Previous hypotheses of acheilognathid phylogeny

Despite many molecular phylogenetic analyses of the Cyprinoi-
dea (Chen and Mayden, 2009; Levin et al., 2012; Mayden et al.,
2009; Perea et al., 2010; Tang et al., 2010, 2011; Tsigenopoulos
et al., 2010; Yang, J. et al., 2012a; Yang, L. et al., 2012b), relation-
ships within the Acheilognathidae have not been examined until
very recently. Previous phylogenetic studies of bitterlings have
been limited in character and/or taxon sampling (Bohlen et al.,
2006; Chang et al., 2009; Kitamura et al., 2012; Yang, Q. et al.,
2011; Zhu and Liu, 2006). Bohlen et al. (2006) proposed that Rho-
deus in Europe was sister to the Asian species Rhodeus sericeus.
However, their results failed to clarify whether the history of the
multiple species in the genus involved one or more connections,
or whether additional sister group relationships among European
and Asian species need to be considered. Resolving this hypothesis
of evolutionary and biogeographic events related to the origin of
European bitterlings requires a greater sampling of species.

Prior to two recent studies (Cheng et al., 2014; Kawamura et al.,
2014), the most comprehensive molecular-based study on species
was that by Okazaki et al. (2001); however, this study suffered in
data analysis. Okazaki et al. (2001) reconstructed relationships of
bitterlings based only on partial sequences of 12S rRNA for 27
bitterling species/subspecies using Neighbor-Joining (NJ) analysis,
a distance-based method of analysis that is known to be inade-
quate for the inference of species relationships. In their inferred
NJ tree, Acheilognathus was recovered as monphyletic and sister
to the weakly supported clade including Rhodeus and Tanakia.
However, the monophyly of the latter two genera was not retained.
Arai and Kato (2003) examined relationships using combined
morphological and molecular (12S rRNA) characters as a follow
up to a classification by Arai and Akai (1988). The former authors
suggested a progressive evolution in bitterlings, implying a ‘‘trend’’
of bitterling evolution wherein Tanakia was the ‘‘ancestral’’ group,
with both Acheilognathus and Rhodeus evolving from Tanakia. A
more complete analysis by Chen and Mayden (2009), incorporating
more taxa and characters in the cyprinoid phylogeny, contradicted
these proposed evolutionary trends in bitterlings, and instead
resolved Acheilognathus sister to other species.

The two most recent molecular studies on bitterlings by Cheng
et al. (2014) and Kawamura et al. (2014) both increased taxonomic
sampling (44 and 82 taxa included, respectively) relative to
previous studies. However, both studies were limited in character
sampling in using primarily cytochrome b sequences. Kawamura
et al. (2014), while having increased taxonomic sampling, did not
diversify species, with most coming from East Asia (particularly
Korea and Japan) and only one sample was from Europe; no Middle
Eastern species were included. Limited sampling from specific
regions will tend to limit the resolution of evolutionary and
biogeographic events.

Despite these limitations, the studies by Cheng et al. (2014) and
Kawamura et al. (2014) consistently resolved Acheilognathidae as
monophyletic with two major clades, Acheilognathus and Tanakia-
Rhodeus. No previous studies (when multiple species from the
three current genera were sampled) including the most recent
ones have recovered Tanakia as monophyletic (Arai and Kato,
2003; Cheng et al., 2014; Kawamura et al., 2014; Okazaki et al.,
2001). Thus, the monophyly of the genera Tanakia and Rhodeus
remains questionable.

1.3. Objectives

In the present study we re-examined the phylogenetic relation-
ships within Acheilognathidae using the largest molecular dataset
assembled to date, with six nuclear gene loci (recombination
activating gene 1 [RAG1], rhodopsin [RH], interphotoreceptor
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