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Abstract—The complete mitogenome of the peacock sole Pardachirus pavoninus (Lacepede, 1802) was
determined. The total length is 16 536 bp, containing 13 protein-coding genes, 22 tRNA genes and two rRNA
genes, as well as one control region (CR). The L-strand replication origin (O; ), which is typically located in
the WANCY cluster, is lost in P. pavoninus. The gene arrangement is identical to that in most teleosts. Com-
parison of the CR sequences among 13 soles reveals that a 211-bp fragment at the 5'-end of the CR is lost in
the P. pavoninus mitogenome, responsible for its short sequence with a length of 872 bp. All typical conser-
vative blocks (TAS, CSB-E E, D, C, B, A, CSB-1, 2, 3) are identified. Seven out of 13 soles contain tandem
repeats in the CR and the possible mechanisms of their formation are discussed. These results may provide
the consensus sequences of the conserved units in the sole CR as well as molecular data for phylogenetic stud-

ies on Soleidae and Pleuronectiformes.
DOI: 10.1134/S0026893315030061
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INTRODUCTION

Soles are benthic flatfishes characterized by the
localization of both eyes on the right side of the head
[1]. Traditional systematic studies of the Soleidae, due
to their high phenotypic similarity, have provoked
great differences in the number and nomenclature of
taxa [1—4]. This fact has made it necessary to develop
molecular markers to figure out the controversial
issues of Soleidae and flatfish systematics.

Mitochondrial DNA (mtDNA) has been exten-
sively used for phylogenetic analysis due to its small
size, high abundance in the cell, and high evolutionary
rate [5—11]. The main non-coding region, the so-
called control region (CR) or displacement loop (D-
loop) contains the major regulatory elements for the
replication and expression of the mitogenome, such as
the sites of initiation of H-strand replication and both
H- and L-strand transcription. Because of its fast evo-
lutionary rate and functional importance, the CR is
one of the most interesting parts of the vertebrate
mitogenome [12—14]. Several detailed comparisons of
the CRs in fish mtDNA have been published [15—19].
Nevertheless, it is still relatively badly known in
Soleidae species.

! The article is published in the original.

The peacock sole Pardachirus pavoninus
(Lacepede, 1802) belongs to the family Soleidae of
Pleuronectiformes, occurring on the coast of the
Indo-Pacific [20]. The most notable feature of this
sole is that it is bordered by a dark rim and some have
a blackish spot in the center [21]. Extracts from the sac
under the skin is toxic and the mucus appears to have
shark-repellent qualities [22].

In this study, the complete mitogenome of P. pavoni-
nus was determined. Main characteristics and gene
structure are described. The CR sequence was com-
pared with that of 12 other soles. The features of repeat
arrays and possible mechanisms of generation were
analyzed. We hope that these results will provide con-
sensus sequences of the conserved units of the CR in
soles as well as useful molecular data for phylogenetic
studies in Soleidae and Pleuronectiformes.

EXPERIMENTAL

Sampling, amplification and sequencing. The spec-
imen of P. pavoninus was collected from Guangdong,
China. A portion of the epaxial musculature was
excised and the total genomic DNA was extracted
using an SQ Tissue DNA Kit (Omega, Guangzhou,
China) following the manufacturer’s protocol. The
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Table 1. Primers used in this study

409

F;érvnfrd Sequence, 5'—3' lgz\fqr:f Sequence, 5'—3'
Z15 ATTAAAGCATAACHCTGAAGATGTTAAGAT | F2671 AGATAGAAACTGACCTGGAT
72625 GTTTACGACCTCGATGTTGGATCAGGACAT | F6746 GCGGTGGATTGTAGACCCATARACAGAGGT
YL-6746R | ACTAACCTCCTCATAAACC YL-COIF CGCCGATTATTAGAGGAA
R6754 CTAAGCCATCCTACCTGTG F11089 TTTAACCAAGACCRGGTGATTGGAAGTC
YL-COIIR | GAACGACCCTCATCTCAC YL-13347F CTACTGGGGTGAAGATAA
710818 TTYGAAGCAGCCGCMTGATACTGACAYTT | F13413 TAGCTGCTACTCGGATTTGCACCAAGAGT
713347 AAGGATAACAGCTCATCCGTTGGTCTTAGG| H15149 AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA
YL-13413R| GTTCACATTACCCGAGAC F17147 TAGTTTARTGCGAGAATCCTAGCTTTGGG
717054 GYCGGTGGTTARAATCCTCCCTACTGCT YL-17114F TCTTGGCGGGATGTTGAT
L17114 RCGCCCAAAGCTAGDATTC F49 GGCCCATCTTAACATCTTC

primers used to amplify the mtDNA of P. pavoninus
are shown in (Table 1). Fragments generated from
PCR amplification were sequenced by primer walking
directly or if necessary, the purified PCR products
were inserted into the pMDI19-T vector (TaKaRa)
then transformed in E. coli competent cells and
sequenced using the ABI 3730 genetic Analyzer
(Applied Biosystems). The complete mtDNA
sequence was submitted to GenBank under the acces-
sion number KJ433565.

Bioinformatics. Sequenced fragments were assem-
bled to create the complete mitochondrial genomes
using CodonCode Aligner v3 (CodonCode Corpora-
tion, Dedham, MA) and BioEdit v7 [23]. Annotation
and boundary determination of protein-coding and ribo-
somal RNA genes were performed using NCBI-BLAST
(http://blast.ncbi.nlm.nih.gov). Transfer RNA genes
and their potential cloverleaf structures were identified
using tRNAscan-SE 1.21 [24], with cut-off values set
to 1 when necessary. The gene map of the P. pavoninus
mitogenome was generated using CGView [25]. In
order to compare the characteristics of the CR
sequences among the soles (Table 2), multiple align-
ment of 13 soles was performed using Clustal X 2.0 [30].

RESULTS
Genome Organization

The complete mitogenome of P. pavoninus is
16.536 bp, within the range of other mitogenomes
sequenced in Pleuronectiformes to date (from 16417 bp
in Cynoglossus abbreviatus and Cynoglossus lineolatus
to 18139 bp in Reinhardtius hippoglossoides). The
genome contains 13 protein-coding genes, two rRNA
genes, 22 tRNA genes, and one control region. In
addition, the gene arrangement is identical to that typ-
ical in fishes and most genes are encoded by the heavy
strand (H-strand), except for ND6 and ecight tRNA
genes (Fig. 1).

The overall base composition values for the L-strand
are 29.1, 29.5, 16.4, and 25.0% for A, C, G, and T,
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respectively, with an A+T content of 54.0%. A total of
43 base pairs are found in 12 intergenic spacers ranging
from 1 bp to 13 bp in length. Overlapping sites (a total
of 26 bp) are observed between protein-coding genes:
ATP8 and ATP6, ATP6 and COIIl, ND4L and ND4,
ND5 and ND6, which are the four notable overlaps
between protein-coding genes as reported in other ver-
tebrate species, or between tRNA genes (fRNA-1Ile and
tRNA-Gin, tRNA-Gin and tRNA-Met, tRNA-Thr and
tRNA-Pro) (Table 3).

Protein-Coding Genes, Ribosomal and tRNA Genes

The total size of the 13 protein-coding genes is
11.426 bp. Twelve of them begin with an ATG codon,
except for the COI gene, which starts with GTG, as
found in most other fishes [17, 31, 32]. Most genes use
TAA, TA, or T as stop codons, while ND6 ends with
AGG, which is not commonly used as a stop codon in
other vertebrate mitogenomes.

The most frequent amino acid is leucine (17.03%),
while cysteine (0.79%) is the rarest one. The overall
codon usage of the 13 protein-coding genes reveals a
remarkable bias against the use of G (10.3%) at the third
codon position, which is free from selective constraints
on nucleotide substitutions. There is no bias at the first
codon positions, but pyrimidines are over-represented as
compared with purines (C 28.0% + T 40.6% = 68.6%) at
the second position as in other vertebrate mitoge-
nomes. These characteristics of P. pavoninus are con-
gruent with those of other fish species reported previ-
ously [33—36].

Occurrences of 128 rRNA and 765 rRNA in
P. pavoninus are flanked with tRNA-Phe and tRNA-Leu
(UUR), and are interposed by tRNA-Val. The lengths
of 125 rRNA and /65 rRNA are 965 bp and 1.701 bp,
respectively. Twenty-two tRNA genes are interspersed
between rRNA and protein-coding genes, which are
in clusters or individually scattered in the genome. The
sizes vary from 65 bp to 74 bp, similarly to other fish
mitogenomes [34, 37—39]. Of the 22 tRNA genes,
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Table 2. Information on the control region sequences of the 13 soles used in this study

Length, bp Tandem repeat
Species Abbr Accession : Refe-
No. total |No.TRs* | location** ﬁgp Y| size mm. | rence
0. energy***
Aesopia cornuta A. con NC_021969 | 1071 1071 Vad / / / [26]
Brachirus orientalis B. ori KJ433558 925 925 / / / / [27]
Heteromycteris H. jap JQ639060 1356 1215 3 2.0 139 —26.0(1)| [28]
Jjaponicus
Liachirus L. mel KF573188 1220 1220 / / / / [37]
melanospilos
Pardachirus P. pav KJ433565 872 836 5' 3.2 17 —5.02)| This
pavoninus study
Solea lascaris S. las AB271693 1200 910 3 23.3 13 —4.512)| [17]
S. ovata S. ova KF142459 1153 884 3 17.9 16 —=5.32)| [31]
S. senegalensis S. sen AB270760 1017 953 3 8.1 8 =3.73)| [17]
S. solea S. sol AB271692 1264 920 3 44.4 8 =2.009| [17]
Zebrias crossolepis Z. cro KJ433564 1079 1079 / / / / This
study
Z. japonicus Z. jap JQ639060 1120 1120 / / / / This
study
Z. quagga Z. qua NC 023225 | 1338 993 3 3.7 117 —29.0(1)| [29]
Z. zebrinus Z. zeb NC_021377 | 1077 1077 / / / / [34]

* No TRs: CR length without tandem repeats.
** ocation: tandem repeat at the 3' or 5'-end of the CR.

**%* Min. energy: minimum free energy (kcal/mol), numbers in the parenthesis indicate the minimum number of copies necessary to

form a stem-loop structure.
#/. No tandem repeat.

21 are able to fold into typical cloverleaf structures as
predicted by tRNAscan-SE 1.21 [24], except for the
tRNA-Cys, which shows a deviated secondary struc-
ture, in which the dihydrouracil loop could not be
formed as in most bony fish [31, 32, 34]. All putative
secondary cloverleaf structures contain 7 bp in the
amino acid stem, while the majority has 4 bp in the
DHU stem, and 5 bp in both the TWC stem and the
anticodon stem.

Variation of the O;, Region

Typically, the L-strand replication origin (Oy) is
located in the WANCY tRNA cluster between the
tRNA-Asn and tRNA-Cys genes and has the potential
to fold into a stable stem-loop structure. However, in
the P. pavoninus mitogenome, the WANCY region
contains only a 13-bp intergenic spacer between the
tRNA-Asn and tRNA-Cys genes, thus it is unable to
form a stem-loop structure. The loss of the Op
sequence has also been observed in some vertebrate
mitogenomes [40—42]. It has been suggested that

some features of the tRNA gene sequence may be a
functional substitute for the O; [43, 44] and an alter-
native possibility would be a bidirectional origin in the
control region [13].

Comparative Analysis of the Control Region
among 13 Soles

The major non-coding region found in

P. pavoninus is located between the tRNA-Pro and
tRNA-Phe genes. The A+T content of the CR frag-
ment and that of the whole strand excluding the CR
are 62.0 and 53.6%, respectively. These results show
that the CR sequence plays a vital role in the base con-
tent of the entire strand. Base composition of all 13 sole
CRs was studied and P. pavoninus and Solea lascar
showed the following abundances T > A > C > G while
the rest of the species showed A>T > C > G. Never-
theless, all 13 species follow the general vertebrate pat-
ter of (A + T) > (C +G) in the CR [14]. Comparison
of these 13 CR sequences revealed that the length het-
eroplasmy of these CR sequences was significant,
MOLECULAR BIOLOGY Vol. 49
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Fig. 1. Gene map of the P. pavoninus mitogenome.

ranging from 872 bp (P. pavoninus) to 1.356 bp (Hetero-
mycteris japonicus). Analysis showed that the reason
for P. pavoninus’s short CR sequence was mainly due
to a 211-bp fragment loss in the 5'-end (Fig. 2). Seven
out of 13 species own tandem repeats (TRs). Compar-
ison of these arrays showed that the TRs were at the
5'-end in P. pavoninus CR, while in the other six soles
at the 3'-end. Each species possesses various motifs with
different numbers of copies. Further analysis found that
the lengths of the motifs ranged from 8 bp (Solea senega-
lensis and Solea solea) to 139 bp (H. japonicus). S. solea
showed the maximum number of copies (44.4) of an
8-bp motif, while H. japonicas had the minimum
number of copies (two) for a 139-bp one. Secondary
structure analyses showed that these TRs were able to
form potential secondary structures. For example, a
single motif in Zebrias quagga (117 bp) and H. japonicas
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CR (139 bp) was able to form a long stable stem-loop
structure (Min. energy —29.0 and —26.0 kcal/mol, 37°C,
respectively). In other species with short motifs (8—17 bp),
such as S. solea and Solea ovata, several consecutive
motifs were able to form hairpin structures (Min.
energy —2.0 to —5.3 kcal/mol, 37°C) (Table 2).

In order to explore the characteristic of the CR, an
alignment of the 13 sole CRs was conducted and the
typical tripartite structure was exhibited, including the
termination associated sequence (TAS), the central
conserved blocks (CSB-FE E, D, C, B and A) and the
conserved sequence blocks (CSB-1, 2, and 3). All
these regulatory elements are highly conserved among
these soles (Fig. 2). The TAS motif is located at the
5'-end of the CR with a typical TAS-complementary
TAS block sequence (TAS-cTAS: TACAT-ATGTA).
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Table 3. Features of the P. pavoninus mitogenome

Gene fromPOSItlon - Length, bp AA* Anticodon Stigécsntfp I;let;irfgilic Strand
tRNA-Phe 1 69 69 GAA 0 H
125 rRNA 70 1034 965 0 H
tRNA-Val 1035 1108 74 TAC 0 H
16S rRNA 1109 2809 1701 0 H
tRNA-Leu™| 2810 2883 74 TAA 0 H
NDI 2884 3858 975 324 ATG/TAA 2 H
tRNA-1le 3861 3930 70 GAT —1 H
tRNA-GIn 3930 4000 71 TTG -1 L
tRNA-Met 4000 4070 71 CAT 0 H
ND2 4071 5117 1047 348 ATG/TAA 4 H
tRNA-Trp 5122 5194 73 TCA 1 H
tRNA-Ala 5196 5264 69 TGC 1 L
tRNA-Asn 5266 5338 73 GTT 13 L
tRNA-Cys 5352 5416 65 GCA 0 L
tRNA-Tyr 5417 5486 70 GTA 1 L
cor 5488 7035 1548 515 GTG/TAA 3 H
tRNA-Ser’V | 7039 7109 71 TGA 3 L
tRNA-Asp 7113 7181 69 GTC 6 H
coir 7188 7881 694 231 ATG/T 0 H
tRNA-Lys 7882 7955 74 TTT 1 H
ATPS 7957 8124 168 55 ATG/TAA -10 H
ATP6 8115 8798 684 227 ATG/TAA -1 H
colil 8798 9581 784 261 ATG/T 0 H
tRNA-Gly 9582 9652 71 TCC 0 H
ND3 9653 9998 346 115 ATG/T 0 H
tRNA-Arg 9999 10067 69 TCG 0 H
ND4L 10068 10364 297 98 ATG/TAA -7 H
ND4 10358 11738 1381 460 ATG/T 0 H
tRNA-His 11739 11807 69 GTG 0 H
tRNA-SerY¢© | 11808 11872 65 GCT H
tRNA-Leu“U | 11877 11949 73 TAG 0 H
ND5 11950 13788 1839 612 ATG/TAA -5 H
ND6 13784 14305 522 173 ATG/AGG 0 L
tRNA-Glu 14306 14374 69 TTC L
Cyth 14379 15519 1141 380 ATG/T 0 H
tRNA-Thr 15520 15592 73 TGT -1 H
tRNA-Pro 15592 15664 73 TGG L
Control region| 15665 16536 872 H

* AA—Amino acid;
** Intergenic region
overlap.

non-coding bases between the feature on the same line and the line below, with a negative number indicating an

MOLECULAR BIOLOGY Wl1.49 No.3 2015
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Although no TAS block exists in the uniform 5'-end of
the CR in P. pavoninus due to the lack of a 211 bp
sequence, another sequence (TACAT-ATGTA) at the
location of about 290 bp in the aligned CR sequence
was identified (Fig. 2). Successively, the CSB-F, E, D,
C, B and A of the central conserved blocks were distin-
guishable and the key sequences of these blocks were as fol -
lows: CSB-F. CAGTAAGAG-ACCACCAAC; CSB-E:
GGTCAGGGACA-AATT-GTGGGGG. The GT-box
(GTGGGGG) was the most conservative in CSB-E;
CSB-D: TATTCCTGGTATTTGG-TCCT, CSB-C was
moderately conserved with a pattern as CT-CAT-C-
ATGC; CSB-B: CATA-C-CGTTACCCAGCAAGC-
CGGGC; CSB-A: CCAGCG-GCAAGGGAG. Simul-
taneously, a pyrimidine tract following the CSB-A was
also fixed as TTCTCTTTTTTTGTTTTCC-TTTC.
The CSB-1, 2, 3 conserved sequence blocks were con-
firmed at the 3'-end of the CR and their consensus
sequences were as follows: CSB-1: TAACTGATAT-
CAAG-GCATAA; CSB-2: AAACCCCCCT-TAC-
CCCCC; CSB-3: TGCAAACCCCCC-GGAAACAG,
respectively. Even so, the CSB-2 and CSB-3 blocks
have not been identified in P. pavoninus and Z. quagga.

DISCUSSION

The CR is the most variable region because of a
faster rate of evolution as compared with the rRNA
and protein-coding genes of the mitochondrial
genome, but some sequences maintain a striking iden-
tity despite the influence of the rapid evolutionary
changes, such as the TAS block, CSB-E E, D, C, B
and A and CSB-1, 2, and 3 blocks.

Generally, there exists only one TAS-cTAS in the
CR [7, 31, 34, 38, 45]. In the present study, all soles
except P. pavoninus had only one such block. In the
P. pavoninus CR, although the TAS-cTAS block is
missing a 211-bp counterpart, three blocks (one per-
fect and two imperfect TAS-cTAS blocks) still could
be identified at the location of about 290—340 bp in
the aligned sequences. For a long time, the TAS-cTAS
block was thought to act as a termination signal for
D-loop strand synthesis during the replication of
mitochondrial DNA [13, 46]. Thus, the phenomenon
in P. pavoninus CR corroborates the functional signif-
icance of this block. Furthermore, in previous studies,
more than one TAS-cTAS blocks in the CR have been
reported, such as two blocks in common carp, Japa-
nese crucian carp [15] and in two species of Rhinogo-
bius [47] and three blocks in Myxine glutinosa [48].
Generally, only one block exerts as the termination
signal, however, there is no pertinent explanation for
the issue of which one of these blocks functions to
date. Therefore, further studies focused on these ques-
tions are needed in the future.

Generally, the differences in the TRs and the num-
ber of copies have a significant impact on the length
heteroplasmy of the CR [47, 49—51]. Among the
13 soles, seven species possess TRs, and their CR
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lengths range from 1.017 bp (S. senegalensis) to 1.356 bp
(H. japonicus) excluding the abnormal length of
P. pavoninus CR (the same hereinafter). In the rest six
species without TRs the CRs are from 925 bp (Brachi-
rus orientalis) to 1220 bp (Liachirus melanospilos). It is
not difficult to find that the tandem arrays indeed play
an important role in the length heteroplasmy of CR. It
is notable, however, that several sequences without
TRs, on the contrary, are longer than those carrying
them. Further analysis showed that seven CR
sequences removing the TRs, plus the rest six
sequences without TRs ranged from 884 bp (. ovata)
to 1220 bp (L. melanospilos) in length. Alignment of
these 13 sole sequences suggested that the length het-
eroplasmy was mainly caused by the hypervariable
regions downstream of the CSB-3 sequence. This data
manifested that besides the variations in the TRs and
copy numbers, hypervariable regions also affect the
length heteroplasmy of the CR.

So far, three main mechanisms have been proposed
to account for the formation of the repeated sequences
in the mitogenome, including the Illegitimate Elonga-
tion Model [52], the Improper Initiation Model [53],
and the Pause-Melting Misalignment [54]. As for IEM
suggested by Buroker, it is targeted at explaining the
generation of the TAS motif in the 5'-end of the CR.
In this study, the TRs in the P. pavoninus CR exactly
included the TAS in the 5'-end of the CR and it was
able to form a hairpin structure. Thus, when the
nascent (N) heavy strand is arrested at the TAS
sequence, a competitive equilibrium between the
N-strand and the displaced (D) heavy strand occurs,
what results in a frequent misalignment prior to elon-
gation in the repeat region. This mechanism well
explains the TRs in P. pavoninus CR. Nevertheless, it
fails to account for the TRs in the 3'-end of the CR in
the rest six species.

Another influential model, IIM, specially explains
the TRs in the 3’ end of the CR. Based on this model,
mt-replication begins upstream of the tRNA-Phe
gene, an improper origin of replication, and results in
an identical in length repeated sequence positioned
between the fRNA-Phe and the normal origin of repli-
cation (Oy). In this study, although the repeated arrays
in six species are located at the 3'-end, they do not
involve the complete sequences between tRNA-Phe
and Oy. In fact, some of the motifs only cover a very
short sequence. These features showed that none of
the TRs accord with this model.

Currently, Shi et al. [54] proposed a novel model to
describe the birth and indel of TRs in the mitogenome.
In contrast to IEM and IIM, the PMM model can
explain the formation and indel of the mt genome tan-
dem repeats at any location. It suggests that during the
pause event in mitochondrion replication, dynamic com-
petition between the nascent (N-) strand and the dis-
placed (D-) strand can lead to the melting of the N-strand
from the template (T-) strand. When the N-strand suc-
cessfully rebinds to the T-strand, mis-pairing between
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complementary or near-complementary sequences
can easily occur due to the ability of the TR sequence
to fold into potential stem-loop structures. As a result,
after the next round of mt-duplication or repair takes
place, insertion or deletion of one or several motifs
could occur. Comparison of these TRs indicates that
the PMM model is capable to account for the tandem
arrays in this study, including the P. pavoninus CR,
which can also be explained by the IEM.
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