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However, taxonomy and phylogeny of these species remain unclear. In this study, we
determined the complete mitochondrial genome of Schizopygopsis malacanthus. We also
used the newly obtained sequence, together with 31 published schizothoracine mito-
chondrial genomes that represent eight schizothoracine genera and six outgroup taxa to

ﬁim%rg:drial genome reconstruct the phylogenetic relationships of the subfamily Schizothoracinae by different
Phylogeny partitioned maximum likelihood and partitioned Bayesian inference at nucleotide and

Schizothoracinae amino acid levels. The schizothoracine fishes sampled form a strongly supported mono-
Schizopygopsis malacanthus phyletic group that is the sister taxon to Barbus barbus. A sister group relationship between
the primitive schizothoracine group and the specialized schizothoracine group + the
highly specialized schizothoracine group was supported. Moreover, members of the
specialized schizothoracine group and the genera Schizothorax, Schizopygopsis, and Gym-

nocypris were found to be paraphyletic.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The schizothoracine fishes (Teleostei: Cyprinidae), which are composed of approximately 100 species in 11—12 genera, are
endemic to the Qinghai—Tibetan Plateau and surrounding regions (Mirza, 1991). They are distinguished from other cyprinids
by two lines of enlarged scales along both sides of the urogenital opening and anus (Cao et al., 1981). The subfamily Schiz-
othoracinae is traditionally divided into three groups based on morphological data: the primitive group (including the genera
Schizothorax, Schizocypris, and Aspiorhynchus), the specialized group (including the genera Diptychus, Gymnodiptychus, and
Ptychobarbus), and the highly specialized group (including the genera Chuanchia, Gymnocypris, Herzensteinia, Oxy-
gymnocypris, Platypharodon, and Schizopygopsis) (Cao et al., 1981). The taxonomy and phylogeny of Schizothoracinae have
been investigated by a series of morphological and molecular data over the past three decades (Cao et al., 1981; He et al,,
2004; Qi et al., 2012; Yonezawa et al., 2014). Great advances have been made in elucidating the phylogenetics and taxon-
omy of Schizothoracinae, but these studies have also created some new issues. For example, one controversy was the
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monophyly of Schizothoracinae. Analyses of datasets consisting of morphological characteristics, single nuclear genes, and
mitochondrial gene sequences all supported the monophyly of Schizothoracinae (He et al., 2004; Qi et al., 2012). However,
recent molecular analyses based on their complete mitogenomes disproved their monophyly and suggested polyphyletic
origins of Schizothoracinae (Li et al., 2013; Yonezawa et al., 2014). Another contentious issue is the taxonomy of Schizo-
thoracinae. Only two distinct groups, i.e., the morphologically primitive and morphologically specialized groups, were
identified with the analyses of molecular data (He et al.,, 2004; Qi et al., 2012; Yonezawa et al., 2014). In addition to these
controversies, previous phylogenetic analyses had different conclusions regarding the interrelationships within Schizo-
thoracinae (He et al., 2004; Qi et al., 2012; Yonezawa et al., 2014).

Mitochondrial DNA (mtDNA) has been proposed as a useful marker for studies of systematics, phylogenetics, evolution,
and population biology because of its relative lack of recombination and maternal mode of inheritance. mtDNA has also been
successfully applied to recover robust phylogenies for various groups at different taxonomic ranks (He et al., 2008). In
addition, substantial amounts of amino acid and DNA data involved with mtDNA can be provided for phylogenetic analyses.
Yonezawa et al. (2014) pioneered the use of complete mitochondrial genomes to investigate the phylogenetic relationships
among schizothoracine fishes. However, only 21 species of schizothoracine fish were involved, and only single maximum
likelihood analyses were conducted using the concatenated data of the 12 protein-coding genes and two rRNAs. A separate
partition for the concatenated tRNAs, each rRNA, and each codon position of each protein-coding gene is suggested for
mitogenome analyses (Mueller et al.,, 2004). Therefore, increasing the number of mitochondrial genome sequences of
Schizothoracinae and reconstructing the Schizothoracinae phylogenetic tree based on a more comprehensive dataset are
necessary to address the remaining problematic clades.

In this study, we determined and analyzed the complete nucleotide sequence of Schizopygopsis malacanthus mtDNA.
Phylogenetic analyses were also conducted based on the nucleotide and the deduced amino acid sequences of the 13
mitochondrial protein genes, as well as the entire mitochondrial genome sequences using the maximum likelihood and
Bayesian inference methods to reveal the phylogenetic relationships among 32 species of 8 genera in Schizothoracinae.

2. Materials and methods
2.1. Sample collection and DNA extraction

S. malacanthus (Voucher: HNNU20060805036) collected from Litang County, Sichuan Province, China in August 2006 was
used in the experiments. Total DNA was extracted from the ethanol-preserved muscle tissues by using a standard phenol/
chloroform procedure followed by ethanol precipitation (Sambrook and Russell, 2006).

2.2. Primer design, PCR amplification, and sequencing

Normal PCR and long-and-accurate PCR (LA-PCR) were employed to amplify 19 DNA overlapping fragments by using 10
pairs of highly conserved primers (Zhou et al., 2014) and 9 pairs of newly designed primers to determine the complete
mitogenomic sequence of S. malacanthus. The primer information is given in Table 1. All PCR amplifications were conducted
using a BioRAD PTC-200 (BioRad Laboratories, Hercules, CA) with 2 x EasyTaq PCR SuperMix (TransGen Biotech, Beijing,
China) or LA-Taq kit (Takara, Dalian, China). Normal PCR was carried out in a 25 pl reaction mixture containing 12.5 pl of

Table 1
Primers used in this study.

Fragment Region Forward primer sequences (5'-3') Reverse primer sequences (5'-3') Source

1 tRNAP"®-12S rRNA GTAGCTTAAHRYAAAGCATRRCACTG GGCGGTGTGTACGCGYCTYAGAGCC Zhou et al. (2014)
2 12S rRNA -16S rRNA AAGGAGGATTAGTAGTAAARRRGGAA CAACCAGCTATYACCARGTTCGRTA Zhou et al. (2014)
3 16S rRNA-16S rRNA AACCCKTCTCTGGTGGCAAAGAGTGG AGCTCCAWAGGGTCTTCTCGTCTTGT Present study

4 16S rRNA-16S rRNA TGACCGTGCAAAGGTAGCGYAATCACT TACAGATAGAAACTGACCTGGATT Zhou et al. (2014)
5 16S rRNA- tRNAC™" TGGTGCAGCCGCTATTAAGGGTTCGTT TAGRRAGTGGTGTADAGGARGCAC Zhou et al. (2014)
6 tRNAC™ - tRNAM" TAGAAAGAAGGGRRTYGAACCCAT TTGRGCRCTTAGCTGTTAACTAAGA Zhou et al. (2014)
7 ND2-COll ACATCCTCATACTCACCACCTAG GATAGGAGTCAAAGCCCAGAT Present study

8 COII- tRNAWS GGMTTYCAAGACGCRGCRTCACCYGT CACCAWWCTTTGGCTTAAAGGCCRA Zhou et al. (2014)
9 tRNAYS -colll AGCRTYGGCCTTTTAAGCCRAAG GGTCAKGGGCKDGGRTCRACYAT Zhou et al. (2014)
10 COIlI- tRNASY TAATGRCHCACCAAGCACAYGC TCCYTGGRRTTYAACCAAGACT Zhou et al. (2014)
11 COIlI-ND4L AGACGGGGTATACGGCTC AGCTAGCCTCACAAGCAGAA Present study

12 tRNA""8-ND4 AAGAYCYCTGATTTCGGCT TCVGTVGCVCCRAADGCYA Zhou et al. (2014)
13 ND4-ND4 GCCTCTTGATTGCTTTCATG ATGTAGCGTTACTARTAAGTGTTCC Present study

14 ND4-ND5 TGCAGTRTGATGATTCRTCG ATAATGCTCCGAGGCAGAG Present study

15 ND5-ND5 AGCTTCGACATAACGATTCC TGTCCGAGGGTAAGTTTGG Present study

16 ND5- tRNAC! ARCGRGCYTGRGGRAGHAT GTTTTYCGWAGGCTTGYCAT Zhou et al. (2014)
17 ND6- Cytb TGCCGAATAAGCAAAGACTAC GCGGAATGTTAGTCCTCGT Present study

18 Cytb- D-loop CCTTCCACCCATACTTYACAT TCGTTGGTGGTTTCTTACTACAT Present study

19 D-loop-12S rRNA CACCCYTRRCTCCCAAAGCYA GGTGCGGRKACTTGCATGTRTAA Present study

Notes: R = A/G; Y = C/T; W = A/T; M = A/C; K = G/T; H = A/T/C; D = G/A/T; V = G/A/C.
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2 x EasyTaq PCR SuperMix, 9.5 pl of sterile distilled water, 1 pl of each primer (10 uM), and 1 pl of template DNA with the
following thermal profile: initial denaturation for 5 min at 94 °C, followed by 34 cycles of denaturation for 30 s at 94 °C,
annealing for 30 s at 53—59 °C, and extension for 30 s at 72 °C, and then a final extension for 10 min at 72 °C. LA-PCR was
performed in a 25 pl reaction mixture containing 2.5 pl of MgCl, (25 mM), 2.5 ul of 10x reaction buffer, 1 pl of each primer
(20 uM), 4 pl of dNTPs (2.5 mM), 12.75 pl of sterile distilled water, 0.25 pl of Ex-Taq™ polymerase, and 1 ul of template DNA
with the following thermal profile: initial denaturation for 4 min at 94 °C, followed by 35 cycles of denaturation at for 30 s at
98 °C, annealing for 1 min at 55—60 °C, and extension for 14 min at 68 °C, and then a final extension for 20 min at 68 °C.

The amplified PCR products were purified through gel excision (1.5% agarose in Tris-borate-EDTA buffer) using AxyPrep™
DNA gel extraction kit (Axygen Scientific, Inc. USA). The products were then sequenced in both directions using an ABI 3730
automated genetic analyzer. For some large PCR fragments, specific primers were designed based on the newly obtained
sequences to fulfill primer walking.

2.3. Sequence editing and analysis

Sequences were carefully checked and assembled using the program SegMan in Lasergene version 5.0 (Burland, 2000). The
locations of 2 rRNA genes and 13 protein-coding genes were determined by comparison of the homologous sequences be-
tween other schizothoracine fishes using ClustalwW (Thompson et al., 1997). All the tRNA genes except for the tRNA-Ser (AGY)
gene were determined by their cloverleaf secondary structure with tRNA-scan SE 1.21 (Lowe and Eddy, 1997). The tRNA-Ser
(AGY) gene was identified by comparison with other schizothoracine homologous sequences. The complete mitogenome
sequence of S. malacanthus obtained in the present study has been deposited in GenBank with accession number KR527479.

2.4. Phylogenetic analyses

In addition to the newly obtained sequence of S. malacanthus, we obtained another 31 complete mitogenomic sequences of
8 genera in Schizothoracinae to elucidate the phylogenetic relationships among members of the subfamily Schizothoracinae.
Complete mitogenomic sequences of four species in the subfamily Barbinae and three species in Cryprininae were obtained
from GenBank to serve as outgroups in the subsequent phylogenetic analyses. All species and the respective GenBank
numbers used in the present study are listed in Table 2.

All the L-strand-encoding gene sequences (eight tRNA genes and ND6) were converted into their complementary strand
sequences. Twenty-two tRNA and two rRNA sequences were separately aligned by their secondary structures. All 22 tRNA
alignments were combined, and a concatenated alignment was then generated. Thirteen protein-coding gene sequences were
translated into their corresponding amino acids and aligned using ClustalX (Thompson et al., 1997) with default settings. The
amino acids were then used as a backbone for the alignment of the corresponding nucleotide sequences. All gap-containing
sites and unalignable sites analyzed using Gblocks (Castresana, 2000) were deleted from the initial alignments. Finally, three
datasets (i.e., the concatenated amino acid sequences of the 13 protein-coding genes, the concatenated nucleotide sequences
of the 13 protein-coding genes, and the concatenated nucleotide sequences of the 22 tRNA, 2 rRNA, and 13 protein genes)
were generated for the subsequent phylogenetic analyses. A partition strategy that defined 42 partitions for every codon
position in each protein-coding gene, the concatenated tRNAs, and each rRNA was selected for the two concatenated
nucleotide sequences according to the recommendation of Mueller et al. (2004).

Phylogenies were reconstructed using maximum-likelihood algorithms in MetaPIGA 2.0 (Helaers and Milinkovitch, 2010)
and Bayesian inference in MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001) for the three datasets mentioned above. The
optimal models for each partition were determined with Modeltest 3.7 (Posada and Crandall, 1998) according to the Akaike
Information Criterion, and the best-fit substitution models selected for the protein dataset and the two DNA datasets were
MtREV + I+ and GTR + I+T, respectively. Maximum likelihood analyses were conducted using MetaPIGA 2.0 (Helaers and
Milinkovitch, 2010) with 1000 metaGA replicate searches. Twenty million generations were conducted, and every 1000
generations were sampled with four Markov chains. Tracer 1.4 (Rambaut and Drummond, 2007) was employed to determine
the stationarity of the likelihood scores of sampled trees. The first 10% of the trees were deleted as the “burn-in” stage, and the
50% majority-rule consensus trees of the post “burn-in” sampled at stationarity.

3. Results
3.1. General features of S. malacanthus mtDNA achieved in this study

The mitogenomic organization of S. malacanthus is shown in Fig. 1. It is a circular molecule of 16,672 bp in length, including
13 protein-coding genes, 22 tRNA genes, 2 rRNA genes, and 17 non-coding regions (including the control region) (Table 3). The
orientation and order of the protein-coding, tRNA, and rRNA genes are identical to those of other vertebrates. As in other
schizothoracine fishes, most of the genes were encoded on the H-strand except for ND6 and 8 tRNA genes (Table 3 and Fig. 1).

The 13 protein-coding genes found in the mitogenome of S. malacanthus are similar in length to those of the other
schizothoracine fishes, and no frameshift mutations or premature stop codons were found. As shown in Table 3,12 out of the
13 protein-coding genes begin with ATG as start codon, whereas COI starts with GTG. Five genes (i.e., COIl, ATP6, ND4L, ND5,
and ND6) are terminated with TAA as stop codon, ND1 and ATP8 end with TAG, and the six other protein-coding genes end



with an incomplete stop codon (i.e., a single stop nucleotide T). Acommon feature was found in the metazoan mitogenome;
these incomplete termination codons can be recovered into a complete stop codon TAA with post-transcriptional poly-
adenylation. The 22 tRNA genes range from 66 to 73 nucleotides in length (Table 3), and the typical cloverleaf secondary
structure can be folded except for the tRNA-Ser (AGN) gene. Similar to other metazoan mtDNAs, the DHU arm was absent in
the tRNA-Ser (AGN) gene and was folded manually.

The non-coding regions of S. malacanthus include a few intergenic spacers and the control region (



genes. Most of the spacer positions are conserved among the mitogenomes of schizothoracine fishes. Furthermore, the origin
of light strand replication was 33 bp in length and located between the tRNA-Asn and tRNA-Cys genes.

3.2. Mitogenomic dataset characteristics

The mitochondrial genomic DNA dataset combining the 13 protein-coding genes, the concatenated tRNAs, and two rRNA
alignments includes 15,577 characters. A total of 9103 out of 15,577 sites are constant and 6474 are variable, with 5025 being
parsimony-informative. Within the subfamily Schizothoracinae, the number of parsimony-informative sites is 3820. Another
DNA dataset combining the concatenated nucleotide sequences of the 13 protein-coding genes contains 11,376 characters. Of
these, 6191 are constant, 5185 are variable, and 4251 are parsimony-informative. The protein dataset combining the deduced
amino acid sequences of all 13 mitochondrial protein-coding genes includes 3794 characters (2775 constant, 1019 variable,
and 557 parsimony-informative), and the number of parsimony-informative sites within Schizothoracinae is 405.
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sister to another well-supported clade (Clade A) that includes all other schizothoracine fishes included in the present study
(Diptychus, Gymnodiptychus, Ptychobarbus, Gymnocypris, Oxygymnocypris, and Schizopygopsis) (PP = 1.0, BP = 100).

In Clade A, Subclades A1 and A2 were recovered with strong supports (PP = 1.0, BP = 100). In Subclade Al, the sister
relationship between Diptychus maculatus and Gymnodiptychus pachycheilus was well-resolved with strong support (PP = 1.0,
BP = 100). Subclade A2 consisted of the two species of the genus Ptychobarbus and a highly supported monophyletic group
comprising the 12 representatives of the highly specialized group (Gymnocypris, Oxygymnocypris, and Schizopygopsis). The
first phylogenetic split within the highly specialized group separates Oxygymnocypris stewartii from a clade involving the
species of the genus Gymnocypris and Schizopygopsis (PP = 1.0, BP = 100). Interspecific relationships among the nine species
of the two genera Gymnocypris and Schizopygopsis appear to be well-resolved except for one node comprising Gymnocypris
eckloni, Gymnocypris przewalskii, and Gymnocypris przewalskii ganzihonensis. G. eckloni and G. przewalskii are sister taxa
(PP = 0.83, BP = 79) that have a close affinity with G. przewalskii ganzihonensis (PP = 1.0, BP = 100) based on the analyses of
the mitogenomic DNA dataset (37 genes). However, the relationship between G. eckloni and G. przewalskii + G. przewalskii
ganzihonensis (PP = 0.84, BP = 78) was well-resolved (PP = 1.0, BP = 100) based on the analyses of the protein-coding gene
DNA dataset. Previous studies reported that species of Gymnocypris and Schizopygopsis did not form respective monophyletic
groups, suggesting the paraphyly of both genera. Moreover, the monophyly of two individuals of Schizopygopsis young-
husbandi was not supported. S. younghusbandi (GenBank No. KC351895) and Schizopygopsis thermalis, as well as S. young-
husbandi (GenBank No. JX232379), and Gymnocypris dobula were grouped as sister species (PP = 1.0, BP = 100).

Clade B consisted of Aspiorhynchus laticeps and 15 species of the genus Schizothorax (Fig. 2 and Appendix 1). The basal split
within Clade B separated Schizothorax pseudoaksaiensis from a well-supported clade (Subclade B2 in Fig. 2 and Appendix 1)
consisting of A. laticeps and the other 14 species of Schizothorax (PP = 1.0, BP = 100). Two well-supported monophyletic
groups were identified in Subclade B2 (Clades B2-1 and B2-11 in Fig. 2 and Appendix 1). In clade B2-1, Schizothorax plagiostomus
is the sister taxon to a highly supported group comprising Schizothorax macropogon, Schizothorax waltoni, Schizothorax
oconnori, and Schizothorax wangchiachii (PP = 1.0, BP = 100); among the latter three species, the basal divergence separates S.
waltoni from S. oconnori and S. wangchiachii (PP = 1.0, BP = 100). Within Clade B2-11, A. laticeps and Schizothorax biddulphi are
grouped (PP = 1.0, BP = 100) as the sister taxon to a clade consisting of the remaining seven species of Schizothorax included in
the present study. Schizothorax dolichonema and Schizothorax prenanti are sister taxa (PP = 1.0, BP = 100) that have a close
affinity with Schizothorax chongi. Schizothorax esocinus, Schizothorax progastus, Schizothorax richardsonii, and Schizothorax
labiatus formed a well-supported monophyletic group (PP = 1.0, BP = 100), within which interspecific relationships are not
well-resolved.

The phylogenetic relationships among schizothoracine fishes inferred by the protein dataset show slight differences from
the DNA phylogeny. (1) the protein results favor a sister group relationship of B. barbus and a clade comprising the specialized
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schizothoracine group and the highly specialized schizothoracine group (Fig. 3, node a), whereas the DNA tree supports the
sister group relationship of B. barbus and a monophyletic group containing all of the included schizothoracine species. (2)
Within the primitive schizothoracine group, the protein tree places S. plagiostomus as the sister taxon to a clade comprising A.
laticeps and 14 species of the genus Schizothorax included (Fig. 3, node b) instead of grouping it with a clade containing S.
macropogon, S. waltoni, S. wangchiachii, and S. oconnori, as in the DNA tree. (3) A clade including A. laticeps and S. biddulphi is a
sister taxon to a well-supported monophyletic group (S. macropogon, S. waltoni, S. wangchiachii, and S. oconnori) (Fig. 3, node
¢) in the protein tree, whereas it was grouped with seven other species of Schizothorax (Clade B2-11 in Fig. 2 and Appendix 1).
(4) A relationship of (((S. labiatus, S. richardsonii), S. esocinus), S. progastus) is supported in the protein tree (Fig. 3, nodes d and
e), but the DNA results favor (((S. labiatus, S. richardsonii), S. progastus), S. esocinus). (5) In the protein tree, Gymnocypris
namensis is placed as the sister taxon to a clade ((G. dobula, S. younghusbandi 1X232379), (S. thermalis, S. younghusbandi
KC351895)) (Fig. 3, node f), whereas different relationship of (((S. thermalis, S. younghusbandi KC351895), G. namensis), (G.
dobula, S. younghusbandi 1X232379)) is supported in the DNA trees. However, the supports for these conflicting nodes in the
protein tree are weak (Fig. 3), and the DNA phylogeny with strong support appears to be more reliable.

4. Discussion

A more robust schizothoracine phylogeny was reconstructed and evaluated in this study by increasing the amount of
mitogenome sequences and using different phylogenetic analytical methods (i.e., bootstrapping partitioned maximum
likelihood and partitioned Bayesian inference). The monophyly of Schizothoracinae obtained in our DNA phylogeny was
compatible with previous molecular analyses (He et al., 2004; Qi et al., 2012) and supported by morphological evidence (Cao
etal,, 1981; Qi et al., 2012), but contradicted with the results of Li et al. (2013) and Yonezawa et al. (2014). In agreement with
the findings of previous molecular analyses (He et al., 2004; Qi et al., 2012), two major clades, i.e., the primitive schizo-
thoracine group and the specialized schizothoracine group + the highly specialized schizothoracine group were recovered in
Schizothoracinae, which contradicts prior morphological results (Cao et al., 1981). In addition, the specialized schizothoracine
group does not seem to be a monophyletic group, a finding consistent with several previous molecular studies (He et al.,
2004; Yonezawa et al., 2014).

The monophyly and status of the genera within Schizothoracinae have been disputed by morphologists and molecular
systematists (He et al., 2004; Qi et al., 2012; Yonezawa et al., 2014). The sister group relationship of Diptychus and Gymno-
diptychus and the basal position of this group in the morphologically specialized Schizothoracinae (the specialized schizo-
thoracine group + the highly specialized schizothoracine group) agreed with many previous molecular hypotheses (He et al.,

bandi (JX232379)

wono| ] Schizopygop bandi (KC351895)
Gymnocypris namensis
chizopygopsis pylzovi
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Fig. 3. Phylogenetic trees reconstructed using partitioned maximum likelihood and partitioned Bayesian inference methods using the concatenated dataset of
the amino acid sequences of the 13 protein-coding genes for species of Schizothoracinae and related species. Bootstrap support values for maximum likelihood
inference and Bayesian posterior probability are labeled with integers and values of 1 or less associated with branches, respectively. Numbers in parentheses
correspond to the GenBank accession numbers for the mitochondrial genome of the related species. Branches with letters (a—f) represent the differences be-
tween the protein tree and the DNA phylogeny.
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