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A B S T R A C T   

The Giant Nuthatch Sitta magna (family Sittidae) is a passerine bird, the quantification of the 
number of habitats and species on a global scale remains low. Most species are restricted to low 
elevations in southwest China, eastern Myanmar, and northern Thailand. To characterize the 
mitochondrial genome sequence of S. magna and its phylogenetic relationships with other 
members within the genus Sitta, the mitochondrial genome of S. magna was sequenced using the 
whole genome shotgun method. The sequencing results showed that the mitochondrial genome 
was 16,829 bp long and consisted of 13 protein-coding genes (PCGs), 22 transfer RNA genes 
(tRNAs), 2 ribosomal RNA genes (rRNAs), and one control region (D-loop). All tRNAs were 
predicted to form a typical clover secondary structure. Among the 13 PCGs, only the start codon 
in COI was ATC, the start codon by the remaining 12 PCGs was ATG, and the stop codons were 
TAG, TAA, AGG, AGA, and TA. Bayesian inference and maximum likelihood phylogenetic analysis 
of the sequences of 17 species generated consistent well-supported phylogenies. The family 
Polioptilidae and the family Troglodytidae were closely related, and the family Sittidae was 
confined to a single branch. The genus Sitta in the family Sittidae was mainly clustered into three 
branches. Our findings provide new mitochondrial genomic data that could be used for phylo
genetic and taxonomic studies; our results also certificate into the phylogenetic relationships 
within the genus Sitta ((S. himalayensi+(S. nagaensis + S. europaea))+(S. villosa +

S. yunnanensis))+(S. carolinensis + S. magna).   

1. Introduction 

The mitochondrial genome is relatively small and maternally inherited, it is also characterized by a rapid evolutionary rate and a 
low or non-existent recombination rate, this, coupled with the high conservation in gene number among mitochondrial genomes, has 
made mitochondrial data useful for phylogenetic and population studies of bird taxa [1,2]. In addition, mitochondrial genes are more 
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conserved than nuclear genes, especially in birds [3]. The mitochondrial genome has become one of the most widely used sources of 
molecular data in taxonomic, population genetic, evolutionary, and phylogenetic studies [4]. 

The mitochondrial genome of birds is a closed circular structure ranging in length from 16,003 bp – 23,500 bp [5]. In most ver
tebrates, it comprises a heavy stand (H strand) and a light strand (L strand) that together to form double-stranded circular DNA, with a 
total of 37 genes, including 13 PCGs, 22 tRNAs, 2 rRNAs, and one or two non-coding control regions (D-loops) [6,7]. Of the 37 genes, 
the genes encoded on the L strand are NAD6 and 8 tRNA genes (tRNAAla, tRNACys, tRNAGlu, tRNAAsn, tRNAPro, tRNAGln, tRNASer2(UCN), 
and tRNATyr), the rest of the genes (14 tRNAs, 13 PCGs, 2 rRNAs, and control region) are located in the H strand [8,9]. 

Nuthatches (Sitta) are the most speciose genus in the family Sittidae. There are 29 species of birds in Sitta, including 11 in China, 
according to HBW-Birdlife [10]. Nuthatches in the genus Sitta are forest-dwelling passerines, with the exception of the rock nuthatches 
(S. neumayer and S. tephronota); their diversity hotspots are located in the southwestern China-Himalayas and the adjacent Indo-Burma 
Mountains, which features many endemic species with narrow distributions [11]. Due to limited sampling, most studies of Sittidae 
birds have focused on the phylogeography of individual Asian species. However, the phylogenetic relationships among Sittidae species 
remain unclear. For example, Sitta has been suggested to be a member of Sylvioidea [12]. However, Sitta has also been suggested to be 
classified in Certhioidea [13]. Ericson et al. found that Polioptilidae and Troglodytidae are closely related and that Sitta is the closest 
relative of the clade containing Polioptilidae and Troglodytidae [14]. Treplin et al. suggested that Certhiidae and Troglodytidae are 
sister groups, and Sitta is the closest relative to the clade containing these two groups [15]. Sitta is closely related to the genus 
Campylorhynchus [16]. Sittidae has also been suggested to be sister to the family Certhiidae [17]. 

The Giant Nuthatch (S. magna) belongs to the order Passeriformes and the family Sittidae. The S. magna is a large-sized Sitta with 
grey, black, and white colors. Its rump is chestnut-colored, and its tail is relatively long. Its body markings resemble those of the S. 
nagaensis, but its body is slightly larger. The black eyestripe is much wider on both sides of the head, and the crown is lighter compared 
to the grey color on the back. In males, there are fine black streaks on the crown. It is mainly distributed in eastern Myanmar and 
northwest Thailand. Within China, S. magna is mainly distributed in Yunnan; they have also been documented in a few locations in 
Guangxi, Sichuan, and Guizhou, which are adjacent to Yunnan [18]. Their populations are declining due to their narrow distribution 
and the continuous loss of habitat, the species is thus listed as endangered (EN) on the IUCN Red List [10,19]. 

Little is known about the complete mitochondrial genome of Sittidae. Here, we present the mitochondrial genome of S. magna to aid 
phylogenetic studies of Sittidae, we also analyzed the nucleotide composition, codon usage, and secondary structure of tRNAs in the 
S. magna mitochondrial genome. The phylogenetic relationships of Sitta species were inferred using 13 PCGs. 

2. Materials and methods 

2.1. Samples and DNA extraction 

In this study, blood samples collected from Zixi Mountain Provincial Nature Reserve, Yunnan Province, China, were preserved 
using absolute ethanol and stored in a deep freezer at − 20 ◦C at the College of Biodiversity Conservation, Southwest Forestry Uni
versity, Kunming. The TIANamp Genomic DNA Kit (Tiangen, Beijing, China) was used to extract total genomic DNA from blood 
samples according to the manufacturer’s protocol. The DNA purity was checked using a NanoDrop 2000 spectrophotometer (Nano
Drop Technologies, Wilmington, DE, USA), while DNA integrity was measured using 1 % agarose gel electrophoresis. 

2.2. Genome sequencing, assembly and annotation 

The DNA library of S. magna was constructed by Nanjing Paisenno Gene Technology Co., Ltd. (Nanjing, China) using the WGS 
strategy to build the library and next-generation sequencing technology with the Illumina NovaSeq sequencing platform; these li
braries were sequenced using double-terminal paired-end sequencing. After quality control, we obtained a total of 20,169,748 high- 
quality reads, accounting for 80.94 % of the raw reads. A5-miseqv20150522 [20] and SPAdesv3.9.0 [21] were used for assembly, and 
sequences were extracted according to the sequencing depth of the spliced sequence; sequences with high sequencing depth were 
compared with the nt library on NCBI via BLASTN searches (BLAST v2.2.31+), and the mitochondrial sequences of each splicing result 
were retained. The collinearity of the mitochondrial splicing results was analyzed using mummer v3.1 [22] software to determine the 
relative positions of the contigs and fill the gaps between contigs. The final mitochondrial genome sequence was obtained after 
applying corrections using Pilon v1.18 [23], and the mitogenome or mitochondrial genome sequence of S. magna was submitted in the 
GenBank (Accession number: MZ888773). The mitochondrial genome sequence was annotated using MITOS webserver (http://mitos. 
bioinf.uni-leipzig.de/) for prediction of the putative secondary structure tRNA genes [24]. Mitochondrial whole genome circle 
mapping was conducted using cgview visualization software [25]. Base composition, codon usage, and relative synonymous codon 
usage (RSCU) were calculated using MEGA [7], and the base bias of mitochondrial genes was calculated using the following formulas: 
AT-skew = (A − T)/(A + T) and GC-skew = (G − C)/(G + C) [26]. 

2.3. Phylogenetic analyses 

Currently, only a small number of complete mitochondrial genomes for Sittidae species are available from the NCBI database. To 
determine the phylogenetic relationships of S. magna with other Sitta species, we downloaded 16 mitochondrial genome sequences 
from NCBI, including 16 species in six orders. A total of 13 PCGs identified in S. magna were analyzed using the PCGs of passerine birds 
obtained from the NCBI database, and Aethopyga gouldiaein in the Aectariniidae family was used as an outgroup. Table 1 shows the 
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sequence information. 
The nucleotide sequences of 13 PCGs in the 17 mitochondrial genomes were aligned using Clustal X in MEGA v. 7.0; tandem and 

multiple seuqence alignment was performed using default parameters [34].The sequence alignment was performed in MEGA v.7.0, 
and saved in both Fasta and Mega formats. Sequence saturation analysis was conducted using DAMBE 5.2.63 software [35]. If Iss < Iss. 
c and the relationship between the two significantly differed, the nucleotide sequences were not saturated, which indicates that these 
sequences be used to construct a phylogenetic tree is meaningful; nucleotide sequences were unsaturated. Phylogenetic analysis was 
performed using Bayesian inference (BI) and maximum likelihood (ML) [36]. According to the Akaike Information Criterion [37], we 
used jModelTest 0.1.1 to calculate parameters such as the number of nucleotide surrogate types (nst) and the rate distribution between 
sites (rates); the GTR + I + G model was the optimal model. ML analysis was performed using RaxML GUI 1.3.1, and BI was conducted 
using MrBayes 3.2.1 with four independent chains running for two million generations. Trees were sampled every 100 generations; the 
first 2500 trees were removed as burn-in, and the remaining trees were used to calculate Bayesian posterior probabilities. Phylogenetic 
trees were viewed and edited in Figtree 1.4.0 [38]. 

3. Results 

3.1. Genome organization and nucleotide composition 

The mitochondrial genome of S. magna is a double-stranded closed circular molecule with a length of 16,829 bp consisting of 37 
coding genes and 1 non-coding control region. The 37 coding genes were 13 PCGs, 2 rRNAs, and 22 tRNAs, and the structure of the 
mitochondrial genome is shown in Fig. 1. Of the 37 genes, 28 were located in the H stand (14 tRNAs, 2 rRNAs, and 12 PCGs), and the 
remaining 9 genes were located in the L stand (8 tRNAs and 1 PCG) (Table 2). The mitochondrial genome of the S. magna contains 19 
intergenic spacers, ranging from 1 to 12 bp in length, with a total length of 110 bp. Among them, two intergenic spacers exceed 10 bp, 
located between atp6 and cox3 (12 bp), and between nad5 and cob (11 bp). There are a total of 10 gene overlaps, ranging from 1 to 10 
bp in length, with a total length of 44 bp. Among them, the relatively longer overlaps occur between atp8 and atp6 (10 bp), between 
trnY and cox1 (8 bp), and between cox1 and trnS2 (9 bp). The remaining 8 gene pairs have no intergenic spacers or overlaps (Table 2). 

The nucleotide composition of the complete mitochondrial genome is shown in Table 3: A = 5384 (30.29 %), T = 4109 (23.12 %), 
G = 2595 (14.60 %), and C = 5684 (31.98 %). The complete mitochondrial DNA sequence of the S. magna is similar to those in other 
Sitta mitochondrial genomes. In the mitochondrial genome of the S. magna, the A + T content is 54.11 %, showing a pronounced A + T 
bias. The A-T skew values for the complete mitochondrial sequence, PCGs, tRNAs, and rRNAs are positive (0.06–0.24), indicating that 
A is more common than T. The G-C skew values are negative (− 0.38 to − 0.01), indicating that C is more common than G. In the control 
region, not only is the G-C skew value negative (− 0.24), but the A-T skew value is also negative (− 0.16), indicating that in the control 
region, C is more common than G, and T is more common than A. 

3.2. Protein-coding genes and codon usage 

The total length of the 13 PCGs of S. magna was 11,411 bp, accounting for 67.81 % of the entire mitochondrial genome of S. magna. 
The longest PCG was ND5 (1818 bp), and the shortest was ATP8 (168 bp). Of the 13 PCGs, only the start codon usaged by COI was ATC, 
and the start codon by the remaining 12 was ATG. The stop codons were TAA, TAG, AGG, and AGA, and TAA was the most common. 
The stop codon in ND2, COII, ATP8, ATP6, ND3, ND4L, and Cytb was TAA, the stop codon in ND1 and ND6 was TAG, the stop codon in 
COI and ND4 was AGG, the stop codon in ND5 was AGA, and the incomplete termination (TA-) codon was present in COIII. In addition, 
there was gene overlap or spacing in 13 PCGs; specifically, ATP8 and ATP6 shared 10 nucleotides, ND4L and ND4 shared 7 nucleotides, 

Table 1 
List of 17 species used for phylogenetic analyses in this study.  

Family Species GenBank No. References 

Sittidae Sitta magna MZ888773 This study 
Sitta nagaensis MK343427 Unpublished 
Sitta europaea MN356255 Unpublished 
Sitta himalayensis MK343426 Unpublished 
Sitta villosa MT444149 [27] 
Sitta yunnanensis MN052793 Unpublished 
Sitta carolinensis NC_024870 [28] 

Troglodytidae Campylorhynchus brunneicapillus NC_029482 Unpublished 
Campylorhynchus zonatus NC_022840 [29] 
Henicorhina leucosticta NC_024673 [30] 

Polioptilidae Polioptila caerulea NC_051031 Unpublished 
Sturnidae Acridotheres cristatellus NC_015613 Unpublished 

Sturnus sericeus NC_014455 [31] 
Gracupica nigricollis NC_020423 Unpublished 
Sturnus vulgaris NC_029360 [32] 

Mimidae Toxostoma redivivum MN356247 Unpublished 
Nectariniidae Aethopyga gouldiae NC_027241 [33]  
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ATP6 and COIII shared 1 nucleotide, and ND5 and Cytb shared 11 nucleotides. 
RSCU values for the S. magna mitochondrial genome for the third position are shown in Table 4. CUA had a maximum RSCU value 

of 2.83, and AGG had a minimum RSCU value of 0.13. The total number of codons for the 13 PCGs was 3798 the codon encoding Trp 
was the rarest, and the codon encoding Leu1, Ile, and Thr was the most common (Fig. 2). In the ND6 gene, A was more common than T 
(− 0.51) and C was more common than G (0.56); in the remaining 12 PCGs, T was slightly more common than A (AT-skew = 0.06 to 
0.18) and G was more common than C (GC-skew = − 0.28 to − 0.66) (Table 5). 

3.3. Ribosomal and transfer RNA genes 

The two rRNA genes were 12S rRNA and 16S rRNA. The 12S rRNA and 16S rRNA were 978 bp and 1591 bp in length, respectively. 
As in most vertebrates, two rRNAs were isolated by the tRNAVal between tRNAPhe and tRNALeu2 (UUR), with A + T levels of 50.82 % and 
56.13 %, respectively, and A + T levels were significantly higher than G + C levels (Table 3). 

The total length of the 22 tRNAs in the mitochondrial genome of S. magna was 1544 bp, and the gene length of a single tRNA ranged 
from 66 bp (tRNASer1 (AGN))) to 75 bp (tRNALeu2 (UUR) and tRNASer2(UCN)). The A + T content of the 22 tRNAs was 58.03 %, which was 
between 46.38 % (tRNAMet) and 68.12 % (tRNAThr). All tRNAs formed a typical clover structure. Among the 22 tRNAs, only 6 tRNAs 
did not have base mismatches, and the remaining 16 tRNAs had a total of 30 pairs of base mismatches, including G-U, A-A, A-C, U–U, 
and C–C mismatches, and the most frequent mismatches were G-U mismatches (22 pairs) (Fig. 3). 

3.4. Non-coding regions 

A putative control region (CR) with a length of 966 bp was observed in the mitochondrial genome of S. magna; it was located 
between tRNAPhe and tRNAGlu and encoded by the H stand. The base composition of CR was as follows: A, 22.88 %; T, 31.78 %; G, 
17.18 %; and C, 28.16 %. The content of A + T (54.66 %) was significantly higher than that of G + C, and both AT-skew and GC-skew 
were observed; specifically, A was more common than T (AT-skew = − 0.16), and G was more common than C (GC-skew = − 0.24). 

Fig. 1. The circular map of the S. magna mitochondrial genome.  
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3.5. Phylogenetic analyses 

To clarify the phylogenetic relationship of S. magna with other passerines, the PCGs of 17 species of passerine birds were aligned. BI 
and ML analysis were carried out; the topologies were all highly supported and consistent (Fig. 4). The 17 species belonged to six 
families: Trotteridae, Troglodytidae, Polioptilidae, Sturnidae, Mimidae, and Nectariniidae. Aethopyga gouldiae was in the Nectariniidae 
family and was used as an outgroup [39]. 

Phylogenetic analysis suggested that Sittidae is sister to Troglodytidae and Polioptilidae (posterior probability: 1.00; bootstrap 
support: 100 %), indicating that Sturnidae and Mimidae are sister groups (posterior probability: 1.00; bootstrap support: 100 %). 
Seven species of birds in the genus Sitta formed a monophyletic clade with high support (posterior probability: 1.00; bootstrap support: 
100 %), and the target species S. magna and S. carolinensis formed a sister group. S. nagaensis and S. europae were sister to 
S. himalayensis, and S. villosa and S. yunnanensis comprised a sister group (posterior probability: 1.00; bootstrap support: 100 %). 

Table 2 
The Details of the genetic organization of the newly sequenced S. magna mitochondrial genome.  

Genes Position Length (bp) Start codon Stop codon Anticodon Intergenic nucleotide (bp) strand 

trnF 1–68 68   GAA − 1 H 
rrnS 68–1045 978    − 1 H 
trnV 1045–1113 69   TAC 7 H 
rrnL 1121–2711 1591    0 H 
trnL2 2712–2786 75   TAA 10 H 
nad1 2797–3774 978 ATG TAG  7 H 
trnI 3782–3853 72   GAT 6 H 
trnQ 3860–3930 71   TTG 3 L 
trnM 3934–4002 69   CAT 0 H 
nad2 4003–5043 1041 ATG TAA  0 H 
trnW 5044–5113 70   TCA 1 H 
trnA 5115–5183 69   TGC 10 L 
trnN 5194–5266 73   GTT 2 L 
trnC 5269–5335 67   GCA − 1 L 
trnY 5335–5405 71   GTA − 8 L 
cox1 5398–6957 1560 ATC AGG  − 9 H 
trnS2 6949–7023 75   TGA 5 L 
trnD 7029–7097 69   GTC 10 H 
cox2 7108–7791 684 ATG TAA  1 H 
trnK 7793–7860 68   TTT 1 H 
atp8 7865–8032 168 ATG TAA  − 10 H 
atp6 8020–8703 684 ATG TAA  12 H 
cox3 8716–9500 785 ATG TA(A)  − 1 H 
trnG 9500–9568 69   TCC 0 H 
nad3 9569–9919 351 ATG TAA  0 H 
trnR 9920–9989 70   TCG 1 H 
nad4l 9991–10287 297 ATG TAA  − 7 H 
nad4 10281–11663 1383 ATG AGG  − 5 H 
trnH 11659–11728 70   GTG 0 H 
trnS1 11729–11794 66   GCT − 1 H 
trnL1 11794–11864 71   TAG 0 H 
nad5 11865–13682 1818 ATG AGA  11 H 
cob 13694–14836 1143 ATG TAA  3 H 
trnT 14840–14908 69   TGT 7 H 
trnP 14916–14985 70   TGG 10 L 
nad6 14996–15514 519 ATG TAG  0 L 
trnE 15515–15587 73   TTC 3 L 
CR 15591–16556 966    272 H  

Table 3 
Composition and skewness values of S. magna.  

S. magna Size (bp) A% T% G% C% A + T% G + C% AT skew GC skew 

mDNA 16829 30.41 23.70 14.49 31.40 54.11 45.89 0.12 − 0.37 
PCGs 11411 28.26 24.95 14.56 32.23 53.21 46.79 0.06 − 0.38 
tRNA 1544 30.76 27.27 20.73 21.24 58.03 41.97 0.06 − 0.01 
12s rRNA 978 30.06 20.76 21.47 27.71 50.82 49.18 0.18 − 0.13 
16s RNA 1591 34.82 21.31 19.67 24.20 56.13 43.87 0.24 − 0.10 
CR 966 22.88 31.78 17.18 28.16 54.66 45.34 − 0.16 − 0.24  
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Table 4 
Codon number and relative synonymous codon usage (RSCU) of S. magna mitochondrial protein-coding genes (PCGs).  

Codon Count RSCU Codon Count RSCU Codon Count RSCU Codon Count RSCU 

UUU(F) 43 0.47 UCU(S) 50 0.89 UAU(Y) 39 0.64 UGU(C) 8 0.48 
UUC(F) 141 1.53 UCC(S) 119 2.13 UAC(Y) 83 1.36 UGC(C) 25 1.52 
UUA(L) 51 0.53 UCA(S) 97 1.73 UAA(*) 30 0.61 UGA(*) 86 1.76 
UUG(L) 22 0.23 UCG(S) 14 0.25 UAG(*) 31 0.63 UGG(W) 6 1 
CUU(L) 62 0.65 CCU(P) 68 0.96 CAU(H) 40 0.66 CGU(R) 8 0.52 
CUC(L) 131 1.37 CCC(P) 81 1.14 CAC(H) 82 1.34 CGC(R) 16 1.03 
CUA(L) 270 2.83 CCA(P) 119 1.68 CAA(Q) 84 1.46 CGA(R) 45 2.9 
CUG(L) 37 0.39 CCG(P) 16 0.23 CAG(Q) 31 0.54 CGG(R) 5 0.32 
AUU(I) 74 0.59 ACU(T) 53 0.68 AAU(N) 36 0.5 AGU(S) 11 0.2 
AUC(I) 189 1.51 ACC(T) 135 1.73 AAC(N) 109 1.5 AGC(S) 45 0.8 
AUA(I) 112 0.9 ACA(T) 114 1.46 AAA(K) 83 1.55 AGA(R) 8 0.52 
AUG(M) 38 1 ACG(T) 10 0.13 AAG(K) 24 0.45 AGG(R) 11 0.71 
GUU(V) 31 0.73 GCU(A) 49 0.69 GAU(D) 19 0.52 GGU(G) 21 0.43 
GUC(V) 48 1.13 GCC(A) 141 1.98 GAC(D) 54 1.48 GGC(G) 55 1.12 
GUA(V) 70 1.65 GCA(A) 88 1.24 GAA(E) 53 1.29 GGA(G) 78 1.59 
GUG(V) 21 0.49 GCG(A) 7 0.1 GAG(E) 29 0.71 GGG(G) 42 0.86  

Fig. 2. Relative synonymous Codon Usage (RSCU) in S. magna.  

Table 5 
Base composition for protein-coding genes in the mitochondrial genome of S. magna.  

Gene Length (bp) Proportion of nucleotides (%) AT skew GC skew 

A T G C A + T 

nad1 978 28.43 24.43 13.60 33.54 52.86 0.08 − 0.42 
nad2 1041 30.45 23.44 11.05 35.06 53.89 0.13 − 0.52 
cox1 1560 27.88 24.49 17.05 30.58 52.37 0.06 − 0.28 
cox2 684 30.85 23.24 14.77 31.14 54.09 0.14 − 0.36 
atp8 168 33.93 23.81 7.14 35.12 57.74 0.18 − 0.66 
atp6 684 31.58 25.15 10.53 32.74 56.73 0.11 − 0.51 
cox3 785 27.01 23.56 16.31 33.12 50.57 0.07 − 0.34 
nad3 351 28.49 24.22 12.82 34.47 52.71 0.08 − 0.46 
nad4l 297 26.94 22.56 11.78 38.72 49.50 0.09 − 0.53 
nad4 1383 29.14 23.72 10.99 36.15 52.86 0.10 − 0.53 
nad5 1818 31.74 23.59 11.72 32.95 55.33 0.15 − 0.48 
cob 1143 28.34 23.80 13.21 34.65 52.14 0.09 − 0.45 
nad6 519 12.53 38.34 38.34 10.79 50.87 − 0.51 0.56  
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4. Discussion 

4.1. Characteristics of the mitochondrial genome 

In this study, the complete mitochondrial genome of S. magna was reported for the first time; the complete length of the genome 
was 16,829 bp. Most bird mitochondrial genomes that have been sequenced range from 16,300 bp to 23,500 bp in length [40]. The 
mitochondria genomes of all Sitta species contained a large D-loop region and 37 coding genes (22 tRNAs, 13 PCGs, and 2 rRNAs); most 
genes were located in the H stand, and only 8 tRNAs and ND6 were located in the L stand [2,27]. The content of A + T (54.11 %) was 
significantly higher than that of G + C (45.89 %), and this is consistent with the typical base bias observed in vertebrate genomes [38]. 

A total of four complete stop codons (TAG, TAA, AGG, AGA) and one incomplete stop codon (TA) were detected in the 13 PCGs; the 

Fig. 3. Secondary structures of the 22 transfer RNA genes of S.magna.  
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incomplete stop codon was probably completed by polyadenylation and finally became the stop codon TAA [41]. Codons encoding 
Leu1 were the most common, and codons encoding Trp were the least common; this might be related to the function of mitochondria 
[38]. Some genes were separated by 1–12 bp or overlapped by 1–10 bp, whereas others were closely arranged. This stems from the 
compact nature of the mitochondrial genome [42]. Gene overlap is commonly observed in higher eukaryotes; overlapping genes have 
coding sequences and regulatory sequences, and gene overlap can conserve bases. In addition, base overlap permits more information 
to be encoded, which enhances the utilization of the genetic information in DNA and might play a role in the regulation of gene 
expression [43]. 

4.2. Phylogenetic analyses 

In vertebrates, mitochondrial genomes evolve faster than nuclear genes; gene structure and the recombination rate are also more 
stable in mitochondrial genomes than in the nuclear genome. Therefore, mitochondrial genome sequences are widely used to infer 
phylogenetic relationships [1,4]. In this study, the phylogenetic relationships of S. magna with 17 other passerine bird species were 
investigated. The well-supported phylogenetic trees generated by BI and ML were consistent (Fig. 4). 

The taxonomic status of the Sittidae family remains unclear. The results provide strong support for the close relationship between 
the taxa comprising Troglodytidae and Polioptilidae (posterior probability: 1.00; bootstrap support: 100 %) and confirmed that Sit
tidae was sister to the clade containing Troglodytidae and Polioptilidae (Sittidae + (Troglodytidae + Polioptilidae)). This is consistent 
with the findings of Ericson et al. [14]. S. magna is a globally endangered species. Few studies of S. magna have been conducted due to 
limitations in sampling. The phylogenetic analysis in this study showed that S. magna is closely related to S. carolinensis. This is 
consistent with the findings of Pasquet et al. [44] and Päckert et al. [11]. These findings indicate that Sturnidae and Mimidae comprise 
a highly supported clade, which is consistent with the results of Tobias et al. [39]. 

Sitta is the most speciose genus in the passerine family Sittidae; according to current systematics studies, this family comprises two 
additional genera in the subfamily rank: the monotypic wallcreeper (Tichodroma muraria; Tichodrominae) and spotted creepers 
(Salpornis, Salpornithinae) [11]. However, there remains much uncertainty regarding the phylogenetic relationships of the Sittidae 
based on mitochondrial genomes in recent years, and this might stem from limitations in mitochondrial genome data; more mito
chondrial genomes need to be sequenced to resolve this uncertainty. 

5. Conclusions 

We sequenced the whole mitochondrial genome of S. magna. The mitochondrial genome of S. magna was similar to that of other 
Sitta species. It was a double-stranded closed-ring molecule with a length of 16,829 bp. It comprised 37 coding genes and 1 non-coding 

Fig. 4. The phylogenetic tree of S. magna based on 13 protein-coding genes; the topology was generated using BI (Numbers on each branch refer to 
the BI/ML support values) 
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control region. The 37 coding genes included 13 PCGs, 2 rRNAs, and 22 tRNAs. Phylogenetic analysis indicated that S. magna is a sister 
group of S. carolinensis, which is consistent with the results of previous studies. 
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