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Abstract

The control region (CR) of the mitochondrial DNA exhibits important functions in replication
and transcription, and duplications of the CR have been reported in a wide range of animal
groups. In most cases, concerted evolution is expected to explain the high similarity of
duplicated CRs. In this paper, we present seven complete mitochondrial genome sequences
from the bushtits (genus Aegithalos), in which we discovered two duplicated CRs, and try to
survey the evolution pattern of these duplicated CRs. We also found that the duplicated CRs
within one individual were almost identical, and variations were concentrated in two sections,
one located between a poly-C site and a potential TAS (termination associated sequence)
element, the other one located at the 30 end of the duplicated CRs. The phylogenetic analyses
of paralogous CRs showed that the tree topology were depending on whether the two high
variable regions at the upstream of TAS element and the 30end of duplicated CRs: when they
were concluded, the orthologous copies were closely related; when they were excluded, the
paralogous copies in the same lineages were closely related. This may suggest the role of
recombination in the evolution of duplicated CRs. Consequently, the recombination was
detected, and the breakpoints were found at �120 bp (the upstream of the potential TAS
element) and �1150 bp of the alignment of duplicated CRs. According to these results, we
supposed that homologous recombination occurred between paralogous CRs from different
mtDNA molecule was proposed as the most suitable mechanism for concerted evolution of the
duplicated CRs, and the recombination took place in every replication cycle, so that most part
of the duplicated regions remain identical within an individual, while the 50 and 30end of the
duplicated CRs were not involved in recombination, and evolved independently.
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Introduction

The control region (CR), also known as the D-loop region, is the
main non-coding segment of animal mitochondrial DNA
(mtDNA) (Boore, 1999). The CR consists of a regulatory or
initiation element for replication and transcription (Boore, 1999;
Moritz et al., 1987). In most cases, a normal mtDNA molecule has
only one CR, while in some rearranged mtDNA molecules, two
(e.g. ticks (Shao et al., 2005), sea cucumbers (Arndt & Smith,
1998), and several groups of vertebrates (Eberhard et al., 2001;
Kumazawa et al., 1996; Kurabayashi et al., 2008; Singh et al.,
2008; Tatarenkov & Avise, 2007) or three (e.g. thrips (Yan et al.,
2012), nematodes (Azevedo & Hyman, 1993), and some frogs
(Kurabayashi et al., 2008)) copies of CRs can be found. In many
cases, the duplicated CRs exhibit extremely high sequence
similarity between the copies, and all the copies appear functional
(Eberhard et al., 2001; Tatarenkov & Avise, 2007), which may
indicate that these regions have evolved in concert (Tatarenkov &
Avise, 2007).

Duplicated CRs are the main type of rearrangement found in
avian mitochondrial genomes (mitogenomes). So far as we know
in October 2014, four mitochondrial gene orders have been found
in birds (Gibb et al., 2007). Most birds present a gene organization
similar to that of chicken (Gallus gallus, (Desjardins & Morais,
1990)), while other birds present the rearranged types, i.e. tandem
duplication of a section including part of cyt b, tRNAThr, tRNAPro,
nad6, tRNAGlu, and most part of CR (‘‘duplicated tThr-CR’’
named by Gibb et al., 2007) (Abbott et al., 2005; Cho et al., 2009;
Morris-Pocock et al., 2010; Sammler et al., 2011; Verkuil et al.,
2010); only CR was duplicated (duplicated CR) (Cerasale et al.,
2012; Eberhard et al., 2001; Gibb et al., 2007; Singh et al., 2008);
and duplicated type with the original CR degenerated (remnant
CR2) (Bensch & Härlid, 2000; Cooke et al., 2012; Gibb et al.,
2007; Mindell et al., 1998; Morgan-Richards et al., 2008; Pratt
et al., 2009; Slack et al., 2007). In addition, the duplicated CRs in
rearranged avian mitogenomes are identical with each other
across almost the entire sequences including complete Domain II,
30 end of Domain I and 50 end of Domain III, whereas 50 end of
Domain I and 30 end of Domain III show high sequence variation
(Cerasale et al., 2012; Morgan-Richards et al., 2008; Sammler
et al., 2011; Singh et al., 2008; Verkuil et al., 2010). Thus, the
extremely high similarities in most sequences between different
copies may indicate that concerted evolution occurs in the
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duplicated mitochondrial CRs of birds (Morgan-Richards et al.,
2008; Sammler et al., 2011; Verkuil et al., 2010). However, recent
fixation of duplication could not be rejected, especially for the
‘‘duplicated tThr-CR’’ type (Verkuil et al., 2010). In addition,
concerted evolution has been detected in the flanking duplicated
genes of duplicated CRs (3 tRNAs: tRNAThr, tRNAPro, tRNAGlu;
2 protein-coding genes (PCGs): cyt b and nad6) in birds (Morgan-
Richards et al., 2008; Sammler et al., 2011; Verkuil et al., 2010),
but its exact mechanism remains unclear.

Several hypotheses have been proposed to interpret the
mechanism of concerted evolution, such as gene conversion
(Tatarenkov & Avise, 2007), parallel selection (Eberhard et al.,
2001), conversion between parental and nascent strands of
duplicated control regions during DNA replication within the
three-strandructure (Eberhard et al., 2001), exact replication
mechanism based on the deletion of one copy of duplicated CRs
and replacement by a duplicated copy of another CR in every
replication (Ogoh & Ohmiya, 2007), and homologous or
illegitimate recombination (Kurabayashi et al., 2008). All of
these hypotheses can partially account for concerted evolution,
but each involves some points that are difficult to explain.
Morris-Pocock et al. (2010) commented that parallel selection
can not clarify why putative non-functional portion in CR
evolves in concert, while conversion during the initial mtDNA
replication of a three-stranded D-loop structure is an unsuitable
explanation for the concerted evolution of CR-flanking genes
(tRNAs and PCGs) and the high variable region at the 50 end of
the duplicated CR, and homologous or illegitimate recombin-
ation requires multiple breakpoints to explain the high variations
in both the 50 and 30 ends of the CR for the ‘‘duplicated tThr-
CR’’ type.

So far, duplicated CR is main rearrangement type among avian
mitogenome. In this paper, we describe seven complete mito-
chondrion genomes of bushtits, and try to investigate the
evolutionary patterns of duplicated CRs through inferring the
phylogenetic relationships among paralogous (i.e. two CRs from
the same individual) and orthologous (i.e. the same CR from
different individuals) CRs, and detecting evidence that recom-
bination exists between paralogous CRs. Moreover, we discussed
the most likely mechanism of concerted evolution and the
potential complications that duplicated CRs may bring to
phylogenetic and phylogeographic analyses.

Materials and methods

Samples collection, DNA extraction, PCR amplification
and sequencing

Samples from a total of seven species and subspecies in
Aegithalos were collected (Table 1). DNA was extracted using
the phenol-chloroform method described by Zhou et al. (2007).

Five pairs of long PCR primers and two pairs of short PCR
primers were selected to amplify overlapping fragments of the
complete mitochondrial genome, as described by Sorenson et al.

(1999) and Yang et al. (2010) (Supplementary Appendix A). The
long PCR products were purified with DNA Gel Purification
Kit (U-Gene) after separation through electrophoresis in a 1.0%
agarose gel. All of the purified long PCR products were used as
the templates for the sub-PCR. The primer pairs for the sub-PCR
assays were selected as described by Sorenson et al. (1999) and
Yang et al. (2010) (Supplementary Appendix B). The short PCR
and sub-PCR products were sequenced directly with the PCR
primers on the ABI 3730 XL DNA Analyzer. Some internal
sequencing primers were designed if the products were longer
than 1400 bp.

Sequences assembly and annotation

Staden package (Staden, 1996) was used for assembling and
annotating the complete sequences. The PCGs, 2 rRNAs, and 22
tRNAs were identified via comparison with the mitogenomic
sequence of blackcap (Sylvia atricapilla (Singh et al., 2008)).
Transfer RNAs were identified and secondary structures were
predicted using the tRNAscan-SE Search Server version1.21
(Santa Cruz, CA) (Lowe & Eddy, 1997).

Data analysis

Two different datasets were used to infer the phylogenetic
relationships among bushtits. The first dataset comprised 13
protein-coding genes and 2 ribosomal RNAs, and the second set
consisted of the two duplicated CRs within an individual. These
genes or regions were aligned separately with MEGA5.05
(Tamura et al., 2011) and combined using SequenceMatrix-
1.7.8 (Vaidya et al., 2011). The maximum likelihood method
implemented in PhyML3.0 (Guindon & Gascuel, 2003) and the
Bayesian inference method in MrBayes v3.2 (Ronquist &
Huelsenbeck, 2003) were used to reconstruct the phylogenetic
relationships of Aegithalos. Modeltest3.7 (Posada & Crandall,
1998) and MrModeltest2.2 (Uppsala, Sweden) (Nylander, 2004)
were employed to select the best model for maximum likelihood
and Bayesian analyses, respectively.

For the analysis of duplicated CRs, the following two datasets
were generated: (i) untrimmed alignment of bushtits’ duplicated
CRs, where both orthologous and paralogous CRs removed 50 end
of CR1 and 30 end of CR2 which were longer than its paralogous
copies, were aligned together; and (ii) trimmed alignment of
bushtits’ duplicated CRs, in which alignment of bushtits trimmed
down both 50 and 30 ends that showed high variation among
paralogous CRs. Unrooted trees for the three datasets were
reconstructed by the Bayesian inference method implemented in
MrBayes v3.2 (Ronquist & Huelsenbeck, 2003), and the best
models were selected by MrModeltest2.2 (Nylander, 2004). To
assess the sequence divergence in complete CRs, each domain of
CRs, and all 13PCGs among bushtit were calculated by
MEGA5.05 (Tamura et al., 2011) using maximum composite
likelihood model.

Table 1. Data samples used in the study.

Species Voucher-specimen Collection locality Sequence length GenBank accession number

A. concinnus concinnus IOZ1152 China, Gansu, Wen county 17,940 bp KF951091
A. concinnus talifuensis IOZ5344 China, Yunnan, Tengchong county 17,940 bp KF951092
A. fuliginosus IOZ2476 China, Shaanxi, Zhouzhi county 17,953 bp KF951086
A. bonvaloti IOZ3766 China, Sichuan, Yanbian county 17,953 bp KF951087
A. caudatus vinaceus IOZ2175 China, Shaanxi, Ansai county 17,938 bp KF951090
A. caudatus caudatus IOZ5879 China, Heilongjiang, Shangzhi county 17,935 bp KF951088
A. caudatus glaucogularis IOZ12564 China, Anhui, Jixi county 17,937 bp KF951089

IOZ¼ Institute of Zoology, Chinese Academy of Sciences.
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Detection of recombination in duplicated CRs

RDP 4.33 (Martin et al., 2010) was used to look for evidence of
recombination between paralogous CRs. The seven taxa were
divided into three groups (see phylogenetic results), and
duplicated CRs in each group were analyzed individually. In the
detection results, the major parent usually means a sequence
closely related to that from which the greater part of the
recombinant’s sequence may have been derived, while the minor
parent usually means a sequence closely related to that from
which sequences in the proposed recombinant region may have
been derived (Martin et al., 2010). And the minor parent is often
located between the two breakpoints.

Results

The general features of Aegithalos mitogenome

The lengths of the 7 genomic sequences are from 17,935 bp (A.
caudatus caudatus) to 17,953 bp (A. bonvaloti and A. fuliginosus).
Each sequence comprises of 37 genes (including 13 protein-coding
genes, 2 ribosomal RNA genes and 22 transfer RNA genes) and 2
non-coding regions, i.e. CRs, whose sequences are almost identical
within individuals. For two duplicated CRs, one is located in the
ancestral position for birds (Desjardins & Morais, 1990) (control
region 2 or CR2), while the novel one is located between tRNAThr

and tRNAPro (control region 1 or CR1). Annotations of each of
these sequences are provided (Supplementary Appendix C).

In all 7 of the mitogenome sequences, the length, the start and
stop codons are identical for each PCG. Moreover, the start codon
of all PCGs are ATG with the exception of ND3 whose start
codon is ATA (Supplementary Appendix C).

The secondary structures of the 22 tRNAs were predicted
by tRNAscan-SE1.21 (Lowe & Eddy, 1997). All of the
transfer RNAs formed the typical cloverleaf structure, including
tRNASer-AGY, which has lost the DHU arm in most metazoan
mitochondrial genomes (Supplementary Appendix D).

Structure of duplicated CRs

Both of the duplicated CRs were composed of three domains
based on the observed levels of sequence variation, namely, the
hypervariable domain I, the conserved central domain II, and
the variable domain III (Supplementary Appendix E). And among
bushtits, duplicated CRs within an individual were found to
exhibit almost identical sequences, except for both the 50 end of
domain I and 30 end of domain III. Domain I of CR2 was about
410 bp in length, while that of CR1 was about 50 bp longer at the
50 end, and both had a poly-C stretch and a potential TAS
(termination associated sequence) element. Domain III of CR1

was about 260 bp in length, while that of CR2 was about 100 bp
longer at the 30 end. The variable sites among paralogous CRs
were mainly concentrated between the two elements in domain I
and in the last 20 bp of CR1 in domain III (Supplementary
Appendix E). Domain II and the rest parts of domain I and
domain III were almost identical among paralogous CRs within
an individual. Several conserve blocks, such as F box, D box, C
box, bird similarity box and conserved sequence block-1 (CSB-1)
are found in both CRs (Supplementary Appendix E). This type of
variation distribution among paralogous CRs within an individual
have not been found previously in birds, while in previous
researches, the high variable regions were found at the down-
stream of TAS element (Sammler et al., 2011), most of domain I
(Abbott et al., 2005; Eberhard et al., 2001; Morris-Pocock et al.,
2010), or even could not found in some birds due to no difference
throughout the entire duplicated CRs (Cerasale et al., 2012; Cho
et al., 2009; Singh et al., 2008). The high sequence similarity of
the duplicated CRs may indicate that they evolved in concert.

Phylogeny of Aegithalos and duplicated CRs

The phylogenetic tree and node support deduced from the dataset
comprising PCGs and rRNAs are shown in Figure 1, and the
combined CR dataset produced the same tree topology, but the
branch lengths are much shorter. Based on this tree topology, this
genus could be divided into three lineages. The first consisted of
A. concinnus (Group1), while the second corresponded to A.
caudatus (Group2), and the third was formed by A. bonvaloti and
A. fuliginosus (Group3). Furthermore, the second and third groups
formed a sister group.

The sequence divergence among CRs showed that the
substitution rate of unmatched regions among duplicated CRs
(the 50 end of CR1 and 30 end of CR2) seemed to have a different
manner compared with the rest part of CRs, and the three domains
of CR had different substitution rates. In addition, the rate of
duplicated CRs seemed to be slower than expected considering
that of PCGs (Table 2).

For the phylogenetic analyses of duplicated CRs, the two
independent analyses revealed conflicting observations
(Figure 2). The results of the untrimmed alignment of the
duplicated CRs showed that the orthologous CRs from the three
lineages (see phylogenetic results) formed clade first, and each
lineage subsequently clustered with paralogous ones. However,
analysis of the trimmed bushtits’ dataset suggested that paralo-
gous ones from the same individual formed a clade first, then the
seven individuals formed three lineages as the phylogenetic
analysis (Figure 3).

To interpret the conflicting phylogenetic results of duplicated
CRs, detection of recombination was used. Recombination could

Figure 1. The Bayesian inference phylogenetic tree of genus Aegithalos inferred from combined PCGs and rRNA dataset. Node support is showed as
bootstrap values from maximum likelihood analysis (former) and Bayesian posterior probabilities (latter). Node supports for combined PCGs and rRNA
dataset are shown above the line, while that for combined control regions dataset are shown below the line.
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be detected in A. concinnus and A. caudatus (Table 3, Figure 3),
but could not be observed between A. fuliginosus and
A. bonvaloti, which may be due to the high sequence similarity
in these two species. For A. concinnus and A. caudatus,
recombination of paralogous CRs could be detected. However,
the identity of the CR which was replaced through recombination
remains unknown. The detection results showed that both CR1
and CR2 were recombinants from their paralogous and ortholo-
gous copies (Table 2), and the paralogous copies formed the
proposed recombinant region (the minor parent, possibly includ-
ing the 30 end of domain I, the complete domain II, and the 50 end
of domain III) of the recombinant, whereas the 50 and 30 ends (the
major parent, including the 50 end of domain I, and the 30 end of
domain III) of the recombinant came from the orthologous copies.
For the two breakpoint, one was often located between the poly-C
stretch and the potential TAS element, while the other one was
located adjacent to the 30 end of CR1.

Discussion

The evolutionary pattern of duplicated CRs in Aegithalos

The present study revealed that two highly similar duplicated CRs
in the mitogenomes of seven passerine species/subspecies evolved
in concert. Molecular phylogenetic and dating analyses indicated
that the divergence of Aegithalos occurred approximately 5 Mya
(Päkert et al., 2010). Thus, this duplication event may have taken
place before 5 Myr. However, more condensed sampling of both
closely and distantly related species is needed to determine when
this duplication event occurred and to examine whether all
members of Sylvioidae exhibit a duplicated or remnant CR order,
given that all of the available mitogenomes from this superfamily

exhibit the two aforementioned arrangement types (Bensch &
Härlid, 2000; Cerasale et al., 2012; Singh et al., 2008).

In our study, the sequence divergence showed that different
components of CRs had different substitution rate, while
duplicated CRs seemed to have slower rate than expected
compared to that of PCGs. Together with the phylogenetic
relationships among paralogous CRs that CRs from the same
lineages clustered first, and the topology among each lineage was
dependent on whether the highly variable regions at both the 50

and 30 ends were removed, these results may indicated that (i) the
50 end of CR1 and 30 end of CR2 evolved in an independent way,
while the rest part of CRs evolved in concert; (ii) the substitution
rate of duplicated CRs may be affected and slowed down by
concerted evolution; and (iii) mutations among paralogous CRs
were mainly accumulated between the poly-C site and a potential
TAS element in domain I within an individual, while they were
accumulated in almost entire domain I among paralogous copies
in different individuals. This evolution pattern among duplicated
CRs seemed to be a little different from previously reported
duplicated CRs in birds. Previous studies showed that such high
variable regions among paralogous CRs within an individual were
found at the downstream of TAS element (Sammler et al., 2011),
most of domain I (Abbott et al., 2005; Eberhard et al., 2001;
Morris-Pocock et al., 2010), or even no difference throughout the
entire duplicated CRs (Cerasale et al., 2012; Cho et al., 2009;
Singh et al., 2008). So, several patterns of concerted evolution
may exist in duplicated CRs. To interpret this phenomenon, two
explanations were deduced: (i) exact concerted evolution regions
in duplicated CRs may not the same during each replication or
in different individuals, (ii) the regions evolved in concerted may
be influenced by the sequence or structure adjacent to them.

Figure 2. The unrooted tree of 14 control
regions using Bayesian Inference method: (a)
analysis with the high variation regions, (b)
analysis without the high variation regions.

Table 2. The sequence divergence in different component of mitogenome and duplicated CRs.

Domain I Domain III

Complete

Remove
unmatched

regions only

Remove
unmatched

region and high
variable region Domain II Complete

Remove
unmatched

regions only

Remove
unmatched

region and high
variable region Average

cr1 0.1636 0.1414 0.1353 0.0244 0.0563 – 0.0541 0.0947
cr2 0.1488 – 0.1419 0.0233 0.1222 0.0579 0.0452 0.0938
Untrimmed alignment

of all CRs (dataset i)
0.1434 – 0.1306 0.0403 0.0676 – 0.0638 0.087

PCG – – – – – – – 0.0903

‘‘–’’ means the value were not calculated for certain sequences.
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Concerted evolution in duplicated CRs: mechanism and
complications

Gene duplication is common in rearranged mt genome of birds,
and most of the duplication regions show high sequence similarity
among the same molecule in most cases. The duplication of
certain sections may take place through three possible mechan-
isms: dimerization, tandem duplication, and illegitimate recom-
bination (Boore, 2000). For the circular mtDNA, several studies
have presented evidence that tandem duplication (Abbott et al.,
2005; Cho et al., 2009; Levinson & Gutman, 1987; Morris-
Pocock et al., 2010; Sammler et al., 2011; Verkuil et al., 2010)
and illegitimate recombination (Lunt & Hyman, 1997; Macey
et al., 1997) may have played a role. According to Gibb et al.
(2007), tandem duplication may be the mechanism responsible for
this phenomenon in birds, and the ‘‘duplicated tThr-CR’’ type
may have been derived from the avian ancestral type via tandem
duplication, while the duplicated CR type originated from the
‘‘duplicated tThr-CR’’ type through the loss of duplicated genes
in the flanking regions of duplicated CRs.

Most researchers try to connect the identical duplication
regions with concerted evolution, but its exact mechanism is

unclear. According to the existing hypotheses, we assume that
the homologous recombination is a better explanation for
duplicated CRs. And several research hold the same view
(Hoarau et al., 2002; Kurabayashi et al., 2008; Morris-Pocock
et al., 2010; Sammler et al., 2011). Together with the detection
of recombination, phylogenetic analyses among paralogous CRs
and the alignment of duplicated CRs, homologous recombin-
ation was occurred among paralogous CRs in different mtDNA
molecules, and the conserved section (including the 30 end of
domain I, the entire domain II, and the 50 end of domain III) of
duplicated CRs was replaced by its paralogous copies, while
the 50 and 30 end of the duplicated CRs, which encompass
most of the variations between paralogous copies, were
excluded from the recombinant section. Hence, we infer that
inter-molecule homologous recombination between paralogous
CRs is the main driving force for concerted evolution in
duplicated CRs.

But for the ‘‘duplicated tThr-CR’’ type, some authors have
noted that homologous recombination can not readily account for
the high variations in both the 50 and 30 ends of CRs, because
multiple breakpoints are needed to explain this phenomenon
(Morris-Pocock et al., 2010). To our point of view, the mechanism

Figure 3. Recombination detection of one CR, CR1 of A. concinnus talifuensis, predicted by RDP4. The three lines with different gray levels indicate
the pairwise relative bootstrap support between CR1 of A. concinnus concinnus, CR1 of A. concinnus talifuensis and CR2 of A. concinnus talifuensis.
Three gray levels in the background correspond to the predicted recombination section and the 99% confidence interval for each breakpoint.

Table 3. The results of recombination detection.

Major parent Minor parent Breakpoint begin Breakpoint end

A. concinnus concinnus CR1 A. concinnus talifuensis CR1 A. concinnus talifuensis CR2 133 1150
A. concinnus concinnus CR2 A. concinnus talifuensis CR2 A. concinnus talifuensis CR1 133 1150
A. concinnus talifuensis CR1 A. concinnus concinnus CR1 A. concinnus concinnus CR2 133 1150
A. concinnus talifuensis CR2 A. concinnus concinnus CR2 A. concinnus concinnus CR1 133 1150
A. caudatus vinaceus CR1 A. caudatus glaucogularis CR1 A. caudatus caudatus CR2 103 752
A. caudatus vinaceus CR2 A. caudatus caudatus CR2 A. caudatus vinaceus CR1 354 1039
A. caudatus caudatus CR1 A. caudatus glaucogularis CR1 A. caudatus caudatus CR2 112 1059
A. caudatus caudatus CR2 – – – –
A. caudatus glaucogularis CR1 A. caudatus vinaceus CR1 A. caudatus caudatus CR2 104 1059
A. caudatus glaucogularis CR2 A. caudatus caudatus CR2 A. caudatus glaucogularis CR1 103 960

Major parent usually means a sequence closely related to that from which the greater part of the recombinant’s sequence may have been derived. Minor
parent usually means a sequence closely related to that from which sequences in the proposed recombinant region may have been derived. ‘‘–’’ means
recombination could not be detected steadily. Numbers of breakpoints indicate as sites in Supplementary Appendix E.
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of concerted evolution related to the ‘‘duplicated tThr-CR’’ type
may involve several different mechanisms. For duplicated CRs,
homologous recombination is a feasible explanation, while for
coding genes, parallel selection may make sense.

CRs are widely used as genetic markers in population genetics
analyses, phylogeographic analyses, and phylogenetic analyses.
However, for taxa with duplicated CRs, the use of CRs should be
carefully examined because of concerted evolution. Due to
concerted evolution, the conversion of duplicated CRs evolves
at a faster rate than nucleotide substitution (Tatarenkov & Avise,
2007), or may even occurs in every replication cycle (Ogoh &
Ohmiya, 2007; Sammler et al., 2011). Therefore, the substitution
rate of duplicated CRs is slower than the expected rate deduced
from non-duplicated CRs. In this case, the phylogenetic estima-
tions would be severely affected, partially similar to the compli-
cations conferred on phylogenetic analyses by nuclear
mitochondrial DNA (Numt) (Parr et al., 2006; Walther et al.,
2011). The degree to which concerted evolution can affect
phylogenetic and phylogeographic studies relies on the selected
sections (Morris-Pocock et al., 2010) and the frequency of
accumulating mutations in duplicated CRs (Ogoh & Ohmiya,
2007). Two sections of duplicated CRs have evolved in a disparate
manner, with one evolving independently, while the other evolved
in concert (Abbott et al., 2005; Cho et al., 2009; Morris-Pocock
et al., 2010; Sammler et al., 2011; Verkuil et al., 2010), and the
signatures they provide may be conflicting. Therefore, the
independently evolved regions containing the 50 end of domain
I and the 30 end of domain III in duplicated CRs appear to be more
suitable markers for phylogenetic analyses compared with the
concertedly evolved duplicated sections including domain II and
the remaining parts of domain I and III. However, this section,
which ranging from �50 bp to �350 bp (Abbott et al., 2005;
Cho et al., 2009; Morris-Pocock et al., 2010; Sammler et al.,
2011; Verkuil et al., 2010), appears to be too short to
provide sufficient phylogenetic information. In addition, before
using CR as a phylogenetic marker, the mtDNA arrangement
should be examined for the presence of duplicates CRs to avoid
the negative influence of the slow mutation rate observed
in duplicated CRs.

Phylogeny of Aegithalos

After knowing characteristics of the whole mitogenome, espe-
cially the two duplicated CRs, our phylogenetic analyses of
combined coding regions (PCGs and rRNAs) and combined non-
coding regions (the two duplicated CRs) revealed that the genus
Aegithalos could be divided into three distinct groups, as
suggested by Päckert et al. (2010) and Dai et al. (2010). And
some described unusual phenomenon (Dai et al., 2010, 2011;
Päckert et al., 2010; Wang et al., 2014) were also found from the
complete mitogenomes. But unexpected conflicting conclusions
of the phylogenetic and morphological analyses for long-tailed
tits (A. caudatus) were found. According to the phylogenetic
analysis of mitochondrial genes, A. c. vinaceus and A. c.
caudatus were sister taxa, while the morphological data
suggested that the black-headed subspecies A. c. vinaceus and
A. c. glaucogularis were sister taxa, whereas the white-headed
subspecies A. c. caudatus was more distantly related. This may
indicate that (1) the contact zones between the subspecies A. c.
vinaceus and A. c. caudatus may be larger than expected (i.e.
they may be not restricted to Beijing and northern Hebei during
winter, as recorded in Li et al. (1982)), and gene flows may
occur frequently; or that (2) A. c. vinaceus may represent the
hybrid offspring of A. c. glaucogularis and A. c. caudatus. The
two hypotheses need to be examined further with more detailed
phylogeographic analyses.

Duplicated mitochondrial CRs in Passeriformes

As reported in several other passerine groups, the gene order of
bushtits had two duplicated CRs. In birds, the rearrangement site
was only observed at sections adjacent to the 50-end of CR. In
most cases, the rearranged gene order in birds presented as
duplicated or remnant CRs. These types of arrangements have
arisen independently several times in different orders (Gibb et al.,
2007; Mindell et al., 1998) and even in a single order
(Schirtzinger et al., 2012). In Passeriformes, this type of gene
order was found in several groups (suboscine (Mindell et al.,
1998; Slack et al., 2007); lyrebird (Slack et al., 2007);
Australasian robins (Cooke et al., 2012); Sylvioidea (Bensch &
Härlid, 2000; Cerasale et al., 2012; Singh et al., 2008)) and their
relationships seemed unrelated (according to Jetz et al., 2012)
which may indicate that this rearrangement type may originated
more than once in this order. However, this assumption should be
carefully further examined with more arrangement data and dense
taxa sampling, like studies in Psittaciformes (Schirtzinger et al.,
2012).
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