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Abstract Rock carp, Procypris rabaudi (Tchang), is an

endemic fish species in China. We sequenced the complete

mitochondrial genome of it by high-fidelity polymerase

chain reaction with conserved primers and primer walking

sequencing method. The complete mitochondrial genome

of rock carp is 16595 bp in length and contains 13 protein-

coding genes, two ribosomal RNA (rRNA) genes, 22

transfer RNA (tRNA) genes and one control region, with

an identical order to that of most other vertebrates. The

origin of L-strand replication (OL) in rock carp mito-

chondrion is located in a cluster of five tRNA genes

(WANCY region) with 35 nucleotides in length. The

control region is located between the tRNA-Pro and tRNA-

Phe genes and is 943 bp in length. Three conserved

sequence blocks (CSB), an extended termination associated

sequence (ETAS), an AT-repeat microsatellite sequence

and a putative promoter sequence for H-strand transcrip-

tion (HSP) were identified within this region. The

microsatellite sequence has a very low variation, with only

one repeat alteration in 50 checked individuals (from 12

to 13 repeats). The phylogenetic analysis for rock carp was

performed with Bayesian and Maximum likelihood (ML)

methods based on the concatenated nucleotide sequence of

12 protein-coding genes on the heavy strand. The result

suggested that traditional taxonomic barbines possibly

originated more early than cyprininaes; rock carp was

placed at the position between barbines and cyprininaes,

while has a closer relationship with cyprininaes than

barbines.
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Introduction

Rock carp, Procypris rabaudi (Tchang), is an endemic

species to China and mainly distributed in upper reaches of

the Yangtze River drainage [1]. The fish prefers to inhabit

slow flowing deep water with plenty of rocks at bottom,

and lives through winter in the holes of rocks at bottom of

deep pool or bed of river. As omnivorous fish, it mainly

feeds on zoobenthos, such as aquatic insect, Limnoperna,

aquatic Oligochaeta, and etc., and secondly on oddment of

plant and phytoplankton [1, 2]. It is an important com-

mercial fish due to its good taste, rich nutrition, and

potential in aquaculture. Because of heavy fishing, dam

construction and water pollution in the Yangtze River

drainage, the wild populations of this species have rapidly

declined in recent years. Now this species is listed as

vulnerable in China [2]. In order to prevent the population

decline from anthropogenic impacts, rock carp has been

recommended as a second-class state protected animal in

China (Wenxuan Cao, personal communication).

Rock carp belongs to the family Cyprinidae, and was

further classified to Cyprininae based on its mainly mor-

phological characters [3]. In phylogenetic relationships,

Cyprininae is closest to Barbinae within Cyprinidae.

Cyprininae is distinguished from Barbinae based on one

mainly morphological character, the presence of strong last

single ray in anal fin [3]. Some species of Puntioplites and

Procypris in Cyprininae, including rock carp, were con-

sidered having closer relative to Barbinae based on their

other morphological characters, such as pharyngeal tooth

[3, 4] and the fist vertebra [5]. Phylogenetic analysis based
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on RAPD also suggested that Procypris rabaudi is closer to

Barbinae than Cyprininae [6]. However, to date, the deeper

phylogenetic relationship of rock carp remains ambiguous,

and there is no more information available about phylo-

genetic knowledge for rock carp.

The typical vertebrate mitochondrial genome is circular,

ranging in size from approximately 15 to 18 kb and gen-

erally containing 37 genes (22 tRNAs, two rRNAs, and 13

proteins) and a control region (D-loop) [7–10]. The gene

order of mitochondrial genome is high conserved in fish

with a few exception reported so far [8, 10–15]. Because of

its maternal inheritance, relative lack of recombination, fast

evolutionary rate compared to nuclear DNA, and the ability

to provide an abundance of genotype, the mitochondrial

DNA is a useful molecular marker for population genetic

and phylogenetic studies [16–18]. In fish, numerous phy-

logenetic analyses have been conducted based on

cytochrome b, rRNA, and control region of mitochondrion

[19–27]. However, short sequence data may give rise to

some misleading conclusions for resolution of deeper

evolutionary branches [28–30]. Recent studies have shown

that longer sequence, especially the 12 concatenated pro-

tein-coding genes, have great potential in phylogenetic

inferences of deeper branches [8, 18, 31–36]. There are

more than 600 complete mitochondrial DNA sequences of

teleosts been deposited in GenBank. However, it is quite

insufficient for complete mitochondrial data available to

insight into the phylogenetic relationships in the family

Cyprinidae. In this paper, we reported the complete

sequence of the mitochondrial genome of rock carp and

determined the mitochondrial genomic structure, gene

order, codon usage and base composition. Based on rock

carp’s complete mitochondrial DNA sequence and along

with the sequences of 40 other cyprinids, we recovered the

phylogenetic relationships to further clarify the relative

phylogenetic position of P. rabaudi in Cyprinidae. We

hope that the knowledge of the mitochondrial genome

sequence of this species could contribute to the phylogeny

clarification of cyprinids.

Materials and methods

Fish sample, mitochondrial DNA extraction,

PCR amplification and sequencing

The rock carp was collected from Mudong in Chongqing,

which was one of the main regions for distribution of this

species in the Yangtze River. Total mitochondrial DNA

(mtDNA) was extracted from the muscle tissue using the

method described by Tapper et al. [37].

We used eight sets of primers to amplify contiguous,

overlapping segments of the complete mitochondrial

genome in rock carp. The primer sequences were shown in

Table 1. The primers were designed from the mitochon-

drial conservative region based on a result of multiple

sequence alignment of complete mitochondrion of Cypri-

nus carpio, Carassius carassius, Barbus barbus, Puntius

ticto, Cyprinella spiloptera, Danio rerio, Ischikauia stee-

nackeri, and Labeo batesii (GenBank accession nos. were

shown in Table 2). PCR amplification was conducted on

iCycler PCR System (Bio-Rad, USA) in a 25 ll reaction

volume containing about 30 ng mt DNA, 19 La PCR

buffer II (TaKaRa, China), 1.5 mM MgCl2, 2 lM of each

primer, 0.5 mM dNTP and 1.0 U La Taq DNA polymerase

(TaKaRa, China). PCR condition was 94�C for 4 min, 30

cycles consisting of 94�C for 30 s, 58�C for 50 s, 68�C

extension 2–4 min, with a final extension at 72�C for

10 min. PCR products were electrophoresed on 1.0%

agarose gel and sized relative to molecular weight marker

D2000 (TIANGEN, China).

PCR products were purified using QUIEXII Kit

(OMEGA, USA), and then directly sequenced using the

primer walking method on ABI 3730 Genetic Analyzer

(Applied Biosystems). The self-designed primers used in

Table 1 The eight primer combinations for amplifying the complete

mitochondrial DNA of Procypris rabaudi

Primer name

and locations

Primer sequence (50?30)

mtDNA1 fragment

12S rRNA-F F-TGA CCC CAC GAA AGC TGA GAA

16S rRNA-R R-GAT CCA ACA TCG AGG TCG TAA AC

mtDNA2 fragment

16S rRNA-F F-GAC GAG AAG ACC CTT TGG AGC T

ND2-R R-TTG GCG GAG GAG GGA CTT TA

mtDNA3 fragment

ND1-F F-TTG CCT TCG TAC TAT GAC ACA CTG

COI-R R-TAG CAG CGA AGG CTT CTC ATA G

mtDNA4 fragment

COI-F F-CAC GTT CTT CCC ACA ACA CTT

COIII-R R-TGA TAG GCA TGT GCT TGG TG

mtDNA5 fragment

ATP6-F F-TTC GGC TCA CAG CTA ACC TAA

ND4L-R R-AGG TTT TGT AGT CGA TCT GTT CC

mtDNA6 fragment

tRNA-Arg-F F-AAG ACC TCT GAT TTC GGC TC

ND5-R R-CAA GAG TTT TTG GTT CCT AAG AC

mtDNA7 fragment

ND4-F F-ATT TCA CAC CCG AGA ACA CC

Control region-R R-CCC ACA TTT ATT GTC CCT GAT

mtDNA8 fragment

tRNA-Thr-F F-AAA GCA TCG GTC TTG TAA TCC

12S rRNA-R R-GTG GCT AGA AGT GGT GAG GTT
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PCR and BigDye Termination v3.1 Cycle Sequencing Kit

(Applied Biosystems) were used for sequencing.

Sequence analysis

DNA sequences were analyzed using the software DNA-

MAN version 3.0 (Lynnon Biosoft, Quebec, Canada). The

locations of protein-coding and rRNA genes were deter-

mined by comparison with the corresponding known

sequences of other three cyprinid fishes, Cyprinus carpio

[38], Carassius carassius [39] and Barbodes gonionotus

[34]. The tRNA genes were identified using the program

tRNAscan-SE 1.21 [40]. Some tRNA genes, which could

not be found by the tRNAscan-SE were identified by their

secondary structure [41] and specific anti-codons.

Phylogenetic analysis

In order to acquire some implications about phylogenetic

position of Procypris rabaudi within cyprinid, the nucle-

otide sequence data of 12 heavy-strand protein-coding

genes were used for phylogenetic analysis. The ND6 was

excluded from the phylogenetic analysis, because it is

encoded by the opposite strand with considerably different

base composition and codon bias. ND6 might possess a

different evolutionary pattern from 12 protein-coding

genes on the heavy-strand [30]. After removal of the gaps,

all ambiguous sites around the gaps, overlapping region

and stop codons, a 10865 nucleotide sequence set was

obtained. Twelve concatenated protein-coding gene

sequence of mitochondrion from rock carp and 40 other

cyprinid fishes (Table 2) were used in the phylogenetic

analysis. Leptobotia mantschurica, Vaillantella maassi,

Gyrinocheilus aymonieri and Hypentelium nigricans

(Table 2) were used as outgroups. Multiple alignments of

the 12 concatenated protein-coding gene sequences were

conducted using Clustal X [42] with the default settings.

Two different methods, Maximum-likelihood (ML) and

Bayesian, were used to construct phylogenetic relationship.

For ML analysis, the best fitting models of sequence evo-

lution were determined with Modeltest 3.06 [43]; heuristic

searches were executed in 100 replicates with all characters

unordered and equally weighted, and using tree bisection

reconnection (TBR) branch swapping in the program

PHYML [44]; bootstrapping proportions with 100

Table 2 The fish species and the GenBank accession nos. of their

complete mitochondrial DNA sequences used in this study

Species Accession no. and reference

Rhodeus uyekii NC_007885, Kim et al. 2006

Pseudaspius leptocephalus NC_008681, Saitoh et al. 2006

Cyprinella spiloptera NC_008103, Saitoh et al. 2006

Tribolodon nakamurai NC_008651, Saitoh et al. 2006

Campostoma anomalum NC_008102, Broughton and

Reneau 2006

Chondrostoma lemmingii DQ536427, Broughton and

Reneau 2006

Tinca tinca NC_008648, Saitoh et al. 2006

Phenacobius mirabilis NC_008112, Broughton and

Reneau 2006

Gila robusta NC_008105, Broughton and

Reneau 2006

Notropis stramineus NC_008110, Broughton and

Reneau 2006

Phoxinus perenurus
mantschuricus

NC_008684, Saitoh et al. 2006

Opsariichthys bidens DQ367044, Wang et al. 2007

Zacco sieboldii NC_008653, Saitoh et al. 2006

Aphyocypris chinensis NC_008650, Saitoh et al. 2006

Acheilognathus typus NC_008668, Saitoh et al. 2006

Esomus metallicus NC_008660, Saitoh et al. 2006

Danio rerio NC_002333, Milam et al.2001

Chanodichthys mongolicus NC_008683, Saitoh et al. 2006

Notemigonus crysoleucas NC_008646, Saitoh et al. 2006

Ischikauia steenackeri NC_008667, Saitoh et al. 2006

Pelecus cultratus NC_008663, Saitoh et al. 2006

Alburnus alburnus NC_008659, Saitoh et al. 2006

Xenocypris argentea NC_008682, Saitoh et al. 2006

Barbus trimaculatus NC_008666, Saitoh et al. 2006

Barbus barbus NC_008654, Saitoh et al. 2006

Barbodes gonionotus NC_008655, Saitoh et al. 2006

Puntius ticto NC_008658, Saitoh et al. 2006

Gymnocypris przewalskii NC_008661, Saitoh et al. 2006

Labeo batesii NC_008656, Saitoh et al. 2006

Cyprinus carpio AP009047, Mabuchi et al.2006

Carassius carassius AY714387, Guo et al. 2007

Gobio gobio NC_008662, Saitoh et al. 2006

Pungtungia herzi NC_008664, Saitoh et al. 2006

Pseudorasbora pumila NC_008665, Saitoh et al. 2006

Gnathopogon elongatus NC_008649, Saitoh et al. 2006

Biwia zezera NC_008324, Mukai et al. 2006

Hemibarbus barbus NC_008644, Saitoh et al. 2006

Sarcocheilichthys variegatus
microoculus

NC_004694, Saitoh et al. 2006

Coreoleuciscus splendidus NC_007783, Lim et al.2006

Iberochondrostoma lemmingii NC_008108, Broughton and

Reneau 2006

Gyrinocheilus aymonieri NC_008672, Saitoh et al. 2006

Table 2 continued

Species Accession no. and reference

Hypentelium nigricans NC_008676, Saitoh et al. 2006

Leptobotia mantschurica NC_008677, Saitoh et al. 2006

Vaillantella maassi NC_008680, Saitoh et al. 2006
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replicates were used for nodal evaluation. The Bayesian

analysis was conducted using MrBayes 3.1.2 [45]. The

Bayesian posterior probabilities were estimated with

2 million generations, sampling trees every 100 genera-

tions. About 20% of sampling trees were discarded (the

burnin) after estimating with a conservative approach.

Then a consensus tree was calculated using the remaining

16000 trees (whose log-likelihoods converged to stable

values). Two separate runs with four Markov chains were

performed. The genetic distances among P. rabaudi and

other species in Cyprininae and Barbinae were calculated

based on the concatenated nucleotide data of 12 heavy-

strand protein-coding gene sequences using MEGA 3.1

[46] with the Kimura 2-parameter model.

Results and discussion

Genome organization

The complete mitochondrial genome sequence of rock carp

was determined to be 16595 bases in length and was

deposited in GenBank (Accession no. EU082030). As

shown in Fig. 1, the organization of mitochondrial genome

of rock carp is similar to that of typical vertebrate mito-

chondrial genome, consisting of 13 protein-coding genes,

two rRNA genes and 22 tRNA genes. These genes are

arranged in line in rock carp mitochondrial genome

(Table 3). Also as in other vertebrates, most rock carp

mitochondrial genes are encoded on the H-strand, except

ND6 and eight tRNA genes (tRNA-Gln, tRNA-Ala, tRNA-

Asn, tRNA-Cys, tRNA-Tyr, tRNA-Ser, tRNA-Pro, tRNA-

Glu), which are encoded on the L-strand. The overall base

composition of H-strand of rock carp mitochondrial gen-

ome is A: 32.27%, T: 25.20 %, C: 26.92% and G: 15.60%,
Fig. 1 The structure of complete mitochondrial genome of Procypris
rabaudi

Table 3 The characteristics of genes of Procypris rabaudi mito-

chondrial genome

Gene Position Size

(bp)

Strand Codon

From To Start Stop

tRNA-Phe 1 69 69 H

12S rRNA 70 1027 958 H

tRNA-Val 1028 1099 72 H

16S rRNA 1100 2782 1683 H

tRNA-

Leu(UUR)

2783 2858 76 H

ND1 2860 3834 975 H ATG TAA

tRNA-Ile 3839 3910 72 H

tRNA-Gln 3909 3979 71 L

tRNA-Met 3981 4049 69 H

ND2 4050 5094 1045 H ATG T

tRNA-Trp 5095 5165 71 H

tRNA-Ala 5168 5236 69 L

tRNA-Asn 5238 5310 73 L

OL 5311 5345 L

tRNA-Cys 5343 5409 67 L

tRNA-Tyr 5409 5479 71 L

COI 5481 7031 1551 H GTG TAA

tRNA-Ser(UCN) 7032 7102 71 L

tRNA-Asp 7106 7177 72 H

COII 7183 7873 691 H ATG T

tRNA-Lys 7874 7950 77 H

ATPase8 7952 8116 165 H ATG TAG

ATPase6 8110 8792 683 H ATG TA

COIII 8793 9577 785 H ATG TA

tRNA-Gly 9578 9649 72 H

ND3 9650 9998 349 H ATG T

tRNA-Arg 9999 10068 70 H

ND4L 10069 10365 297 H ATG TAA

ND4 10359 11739 1381 H ATG T

tRNA-His 11740 11808 69 H

tRNA-Ser(AGY) 11809 11877 69 H

tRNA-

Leu(CUN)

11879 11951 73 H

ND5 11955 13778 1824 H ATG TAA

ND6 13775 14296 522 L ATG TAA

tRNA-Glu 14297 14365 69 L

Cytb 14371 15511 1141 H ATG T

tRNA-Thr 15512 15583 72 H

tRNA-Pro 15583 15652 70 L

Control region 15653 16595 943
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with an A + T rich feature as that of other vertebrate

mitochondrial genome.

Protein-coding genes

Among rock carp mitochondrial protein-coding genes, the

open reading frames of two pairs of contiguous genes

overlap occurred on the same strand: ATPase8-ATPase6

and ND4L-ND4, and they overlap by seven nucleotides,

respectively. ND5 and ND6 overlap by four nucleotides as

well, whereas they are encoded on the opposition strand.

All 13 protein-coding genes in rock carp mitochondrial

genome use ATG as the initiation codon except the COI

gene, which uses GTG as initiation codon. All COI genes

in reported fishes use GTG as initiation codon, thus, the

feature that COI uses GTG as initiation codon seems to be

prevalent among nontetrapod vertebrates [30]. However,

termination codons vary among different fish species [11].

Six protein-coding genes in rock carp mitochondrial gen-

ome end with complete stop codons, TAA (ND1, COI,

ND4L, ND5, ND6) and TAG (ATPase8), the rest seven

genes end with incomplete stop codons, either TA (ATP-

ase6, COIII) or T (ND2, COII, ND3, ND4, Cytb), which

are presumably completed as TAA after transcriptions [47].

The codon usage in rock carp mitochondrial genome was

given in Table 4. The frequency of CTA (Leu) is the

highest (count: 290), and TGT (Cys) and AAG (Lys) are

the lowest (count: 6, respectively) among codons used in

rock carp mitochondrial genome. This codon usage bias

might be associated with the available tRNA in organism.

Base composition of rock carp mitochondrial protein-

coding genes is given in Table 5. Similar to other

vertebrates, the base composition of 12 protein-coding

genes on the H-strand is bias against G and strong bias

against G at the third codon position. The most frequent

nucleotide at the third codon position is A, which is con-

sistent with most cyprinid fish, such as Cyprinus carpio,

Carassius carassius, Barbus barbus, Danio rerio, but

inconsistent with Opsariichthys bidens [36], where C is the

most frequent nucleotide. The most frequent nucleotide at

the second codon position is T (40%) and pyrimidine is

over-represented (T + C=68%), owing to the hydrophobic

character of the proteins [48]. However, the ND6 possesses

markedly different base composition and codon bias,

having more G than C or A both in total base composition

and at the third codon position. To explore the codon

evolution of 12 protein-coding genes in teleostean

Table 4 Codon usage in mitochondrial genome of Procypris rabaudi

Amino acid Codon Count Amino acid Codon Count Amino acid Codon Count Amino acid Codon Count

Ala GCA 129 Glu GAA 95 Pro CCA 125 Thr ACA 157

GCC 139 GAG 8 CCG 12 ACC 110

GCG 7 Gly GGA 138 CCT 24 ACG 9

GCT 60 GGC 44 CCC 50 ACT 29

Arg CGA 49 GGG 38 Lys AAA 70 Trp TGA 110

CGC 9 GGT 28 AAG 6 TGG 10

CGG 7 His CAC 83 Met ATA 137 Try TAC 54

CGT 11 CAT 22 ATG 37 TAT 61

Asn AAC 91 Ile ATC 139 Phe TTC 133 Val GTA 103

AAT 34 ATT 156 TTT 95 GTC 31

Asp GAC 51 Leu CTA 290 Ser AGC 36 GTG 27

GAT 22 CTC 79 AGT 12 GTT 60

Cys TGC 19 CTG 37 TCA 96 Stop TAA 12

TGT 6 CTT 96 TCC 52 TAG 1

Gln CAA 94 TTA 110 TCG 7

CAG 7 TTG 11 TCT 32

Table 5 Base compositions (%) of protein-coding genes in Procypris
rabaudi mitochondrial genome

Genes T C A G

Proteina

Position 1 21 27 28 24

Position 2 40 28 19 13

Position 3 18 31 46 5

Total 26.40 28.40 30.96 14.24

Proteinb

Position 1 31 13 11 45

Position 2 46 20 10 24

Position 3 49 6 14 31

Total 41.81 13.10 11.75 33.34

a Protein genes on H-strand
b Protein gene on L-strand (ND6)
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Table 6 Base compositions (%) of 12 protein-coding genes on H-strand of mitochondrial genome in 20 teleosteans and 19 other vertebrates

Accession no. species Position 1 of codon Position 2 of codon Position 3 of codon

T C A G T C A G T C A G

Teleostean NC_008645

Cycleptus elongates

21 26 27 26 40 28 19 13 22 29 39 9

AB127394

Catostomus commersonii

22 25 26 26 40 28 18 14 28 25 38 9

AP005987

Fistularia commersonii

20 29 26 25 40 29 18 13 20 42 25 14

AP006006

Centropyge loriculus

21 28 25 26 40 28 18 13 21 39 32 9

AP009173

Trixiphichthys weberi

20 29 26 25 40 29 18 13 19 40 33 7

AP009233

Sardina pilchardus

21 26 25 28 40 28 18 14 23 34 22 21

DQ367044

Opsariichthys bidens

21 26 27 26 40 28 18 13 24 31 28 16

EF025506

Verasper moseri

21 28 26 25 40 28 18 13 25 35 32 9

EF107158

Parargyrops edita

21 28 25 25 41 28 18 13 25 36 32 7

EF427916

Anarhichas lupus

21 28 26 26 40 28 18 13 27 33 29 11

EF455489

Oncorhynchus gorbuscha

21 27 27 25 40 28 18 13 24 35 34 8

NC_002081

Gadus morhua

22 26 26 25 40 28 18 14 34 25 34 7

NC_003161

Harpadon microchir

21 28 26 25 41 28 18 13 26 37 28 9

NC_003183

Cololabis saira

22 26 28 23 41 28 19 13 31 27 38 4

NC_003186

Rondeletia loricata

21 28 26 25 40 28 19 13 26 33 32 9

NC_005146

Pagrus auriga

21 28 26 25 41 28 18 13 25 35 33 7

NC_007395

Merlangius merlangus

23 25 27 25 41 28 18 14 36 22 37 5

NC_007892

Phractolaemus ansorgii

21 27 29 24 41 28 18 13 16 35 44 4

NC_008223

Squalogadus modificatus

23 25 27 25 41 27 18 13 29 30 37 4

NC_008280

Cranoglanis bouderius

22 26 28 25 40 28 19 13 22 32 40 7

Elasmobranch AJ310140

Chimaera monstrosa

23 25 30 22 42 25 20 13 31 28 37 5

AJ310141

Heterodontus francisci

23 26 30 21 41 27 19 12 23 34 41 2

NC_007173

Raja porosa

21 28 28 22 41 27 19 12 21 38 36 6
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mitochondrion, we investigated the nucleotide frequency of

codon using 20 teleostean data sets reported in GenBank.

As shown in Table 6, the significant changes of nucleotide

frequency at the third codon position indicate that there are

different nucleotide preferences for the codon ends among

teleosteans. Whereas, there are highly conservative nucle-

otide frequencies at the second codon position, with

extremely minor nucleotide frequency alteration (T: 40–

41%, C: 27–29%, A: 18–19%, G: 13–14%). At the second

codon position, the frequency of pyrimidine seldom alter-

nated. Most teleosteans have a pyrimidine frequency of

68%, and it ranges from 68% to 69% in 20 investigated

teleosteans. These results suggested that the frequency of

non-synonymous mutations is very low in 12 mitochondrial

protein-coding genes of teleosteans. In order to compare

the codon evolution pattern of teleosteans to that of other

vertebrates, we further investigated the codon nucleotide

frequency of 12 mitochondrial protein-coding genes in four

elasmobranches, two amphibians, three reptiles, five birds

and five mammals. As shown in Table 6, there is a similar

nucleotide frequency variation as that in teleosteans,

exhibiting a relatively conservative nucleotide frequency at

the second codon position and an obviously various

nucleotide frequency at the third codon position among

different species. Compared with nucleotide frequency at

the second codon position of teleosteans, there is a slightly

higher variation among the investigated amniotes as fol-

lows: T: 39–42%, C: 27–31%, A: 18–20%, G: 11–12%.

Table 6 continued

Accession no. species Position 1 of codon Position 2 of codon Position 3 of codon

T C A G T C A G T C A G

NC_007230

Plesiobatis daviesi

22 28 28 21 41 28 19 12 21 39 36 3

Amphibian NC_006404

Ichthyophis bannanicus

23 24 33 20 40 28 19 12 20 27 48 6

NC_010196

Ramphotyphlops braminus

21 26 33 20 40 29 19 12 18 35 40 7

Reptile AJ810452

Crocodylus niloticus

21 27 31 22 41 29 19 12 15 35 41 8

NC_009509

Cuora aurocapitata

23 25 32 20 40 29 19 12 20 31 44 5

NC_009421

Chlamydosaurus kingii

20 26 35 19 39 31 19 11 15 33 49 3

Bird NC_007598

Nisaetus nipalensis

19 31 29 20 39 30 18 12 12 46 37 5

EF455490

Platalea minor

20 29 29 21 40 29 19 12 15 40 42 4

NC_010195

Meleagris gallopavo

21 29 30 20 40 30 18 12 18 38 40 4

NC_007897

Taeniopygia guttata

20 29 29 22 40 29 19 12 10 43 43 4

NC_010094

Archilochus colubris

21 29 29 21 40 30 19 12 13 41 40 5

Mammal NC_000891

Ornithorhynchus anatinus

24 25 30 21 42 27 19 12 31 26 38 5

EU095237

Homo sapiens

20 28 34 20 41 28 20 11 15 43 37 5

NC_001794

Macropus robustus

22 26 31 21 42 27 20 12 22 33 41 4

NC_009971

Ursus thibetanus

21 26 30 22 42 27 19 12 24 29 39 9

AB201258

Balaenoptera edeni

21 27 32 20 42 27 19 12 18 35 43 3
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This might be associated with diverse habitats. Most of the

amniotes have a pyrimidine frequency of 69% or 70%.

Ribosomal and transfer RNA genes

The 12S and 16S rRNA genes of rock carp mitochondrion

are 958 and 1683 bp in length, respectively. As in other

vertebrates, they are located between tRNA-Phe and

tRNA-Leu (UUR) genes and separated by tRNA-Val gene

(Fig. 1). The base composition of the two rRNA gene

sequences is 35.4% A, 20.37% G, 19.88% T and 24.35% C.

The content of A + T (55.28%) is higher than that of

C + G (44.72%). Thus, the rock carp mitochondrial rRNA

genes also exhibit A+T content-rich like as other bony

fishes [49–53]. Rock carp mitochondrial genome contains

22 tRNA genes, which are interspersed between the rRNA

and protein-coding genes and range from 67 bp (tRNA-

Cys) to 77 bp (tRNA-Lys) in size (Table 3). Twenty-one

tRNA genes, which could fold into the typical cloverleaf

secondary structure, were identified by tRNAscan-SE

v.1.21 [40]. Due to lacking of the complete dihydrouridine

arms (D-arms), the tRNA-Ser (AGY) gene was determined

by proposed secondary structures [41] and the anti-codon.

The anti-codons of the 22 tRNA genes of rock carp mito-

chondrial genome have no unique characteristics compared

to other vertebrates.

Control region

The major non-coding sequence (control region) of the

rock carp mitochondrial genome is located between the

tRNA-Pro and tRNA-Phe genes and is 943 bp in length.

The conserved sequence blocks (CSB1-3), which were

thought to be involved in positioning RNA polymerase

both for transcription and priming replication [54, 55],

were identified in the positions 615–641, 698–715 and

741–759 nt downstream of the 50 end, respectively. The

extended termination associated sequences (ETAS) was

found in the position 25–61 nt downstream of the 50 end,

which can form a stable hairpin-loop structure. The

sequence ACCAAAAACTTCCAAAAAATA, which is a

putative promoter for H-strand transcription (HSP) [49],

was found at 55 nt upstream of the 50 end of tRNA-Phe

gene. The HSP has a few nucleotide substitutions at the

two underlined positions compared to that of Cyprinus

carpio [49]. An AT-repeat microsatellite sequence was

also identified at 45 nt upstream of the 50 end of HSP. The

microsatellite has only one repeat variation in 50 tested

individuals of rock carp (from 12 to 13 repeats) (Jun Song

et al. unpublished data). It also presents at other teleostean

mitochondrion control region, but the repeats of AT might

be different, for example, Cyprinus carpio: 9 repeats

(AP009047), Barbus barbus: 14 repeats (AB238965). This

microsatellite sequence might be useful in some inter-

species identification. As like as most vertebrates, the

origin of L-strand replication (OL) in rock carp mito-

chondrion is located in a cluster of five tRNA genes

(WANCY region). The region is 35 bp in length, overlaps

the tRNA-Cys gene by 3 bp and has the potential to fold

into a stable stem–loop secondary structure consisting of

22 bp in the stem and 13 bp in the loop. The conserved

motif 50-GGCGGG-30 also presents in the stem of tRNA-

Cys gene. Compared with the OL of Cyprinus carpio, the

rock carp OL exhibits five nucleotide substitutions and

one nucleotide deletion in the loop, yet they are com-

pletely identical in the stem.

Phylogenetic analysis

To investigate the phylogenetic position of rock carp, the

concatenated nucleotide sequence of the 12 heavy-strand

protein-coding genes were used to construct the phyloge-

netic relationships by Bayesian and ML methods (Fig. 2).

Hierarchical likelihood ratio tests indicate that the

(GTR +I + U) model of substitution and gamma distri-

bution was the best for our data (GTR + I + U,

-lnL = 280184.91; Ts/Tv ratio = 5.66; distribution shape

parameter = 0.6044). The yielded Bayesian tree had a

nearly same topology as that of ML (Fig. 2). In the clade C

of Fig. 2, Barbodes gonionotus (subfamily Barbinae) was

placed on the basal position, sister to the clade comprising

of P. rabaudi, C. carpio and C. carassius. In addition, as

shown in clade B, three other barbines diverged prior to

cyprininaes as well. This suggested that the traditional

taxonomic barbines possibly originated more early than

cyprininaes. Procypris rabaudi diverged after the emer-

gence of B. gonionotus of Barbinae and prior to C. carpio

and C. carassius of Cyprininae. Also, the genetic distances

of P. rabaudi to C. carpio and C. carassius were 0.1260

and 0.1382, respectively, and that to B. gonionotus,

B. barbus, B. trimaculatus and P. ticto were 0.1396,

0.1498, 0.2242 and 0.1872, respectively. Both the phylo-

genetic tree and genetic distances showed that P. rabaudi

had a closer relationship to Cyprininae than Barbinae,

which was incongruent with the opinion that P. rabaudi

was closer to Barbinae than Cyprininae inferred from

RAPD analysis [6]. Our result appeared to be consistent

with the results from morphological characters of rock carp

compared with that of the Cyprininae and Barbinae [3–5].

However, considering only four species of Barbinae, and

two other species of Cyprininae have been incorporated

into the phylogenetic analysis, it is needed more evidences

rooted in the more species of Barbinae and Cyprininae to

confirm the phylogenetic position of rock carp in Cyprin-

idae in the future.
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In the present study, the fishes of Gobinoninaes formed

an independent monophyletic group (clade A in Fig. 2),

which agreed with the traditional Gobinoninae grouping

[1, 3, 4]. In clade B, the Labeo batesii was placed at the

basal-most position, sister to the clade consisting of bar-

bines, cyprininaes and a schizothoracine. Several traditional

taxonomic subfamilies, such as Cultrinae, Danioninae and

Leuciscinae, represented polyphyletic in the phylogenetic

tree, which was accordant to the conclusions of Saitoh et al.

[34]. This may be due to the result that some similar mor-

phological characters were from either convergent

evolution or retained ancestral characters shared across

some taxa, which were used to group by the traditional

subfamily classification within Cyprinidae [56]. However,

Fig. 2 Phylogenetic

relationships of the family

Cyprinidae by Bayesian and

Maximum likelihood (ML)

methods based on the

concatenated nucleotide

sequence of 12 protein-coding

genes on the heavy strand.

Numbers in the nodes: posterior

probabilities for Bayesian

analysis and bootstrap values

for ML analysis. Less than 0.95

of Bayesian posterior

probabilities and 50% of

bootstrap values were omitted.

If only less than 0.95 of

Bayesian posterior probability,

or 50% of bootstrap value in the

same clade, both were kept to

avoid the confusion between

them
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the relationships of the genera within Labeoninae, Schizo-

thoracinae, Xenocyprinae and Acheilognathinae were

ambiguous because of lack of complete mitochondrial data

of various genera in these subfamilies.
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