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Abstract
Background  The Wan-Xi white goose (WXG), an indigenous Chinese waterfowl (Anserini: Anserinae), is crucial 
for goose germplasm conservation. This study aimed to sequence and analyze the complete mitochondrial DNA 
(mtDNA) of WXG using the BGISEQ-500 platform. The mtDNA's structure and function were investigated to gain 
insights into its genetic diversity and population structure.

Results  The mtDNA was found to be 16,743 bp long and comprised 22 transfer RNA (tRNA) genes, 2 ribosomal RNA 
genes, a complement of 13 protein-coding genes (PCGs), as well as a single noncoding control region known as 
the D-loop. Notably, all tRNA genes, except for trnS1-tRNA which lacked the dihydrouridine stem, were predicted to 
adopt the typical cloverleaf structure. Given the genetic variability across the mtDNA of Anser spp. and the intergenic 
gaps identified by codon analysis, the codon usage patterns were comprehensively examined via comparative 
analysis of the mtDNAs of WXG and 24 other Anser spp. The relative synonymous codon usage (RSCU) values of the 13 
mitochondrial PCGs of WXG were consistent with those of the mitochondrial PCGs of the 24 other Anser spp. Analysis 
of the neutrality (GC3-GC12), the effective number of codons (ENCs)-GC3, and parity rule 2-bias plots further revealed 
that natural selection emerged as the primary factor influencing codon bias in Anser sp. High nucleotide diversity 
(Pi > 0.02) was observed in several regions, including the D-loop, ATP6, 12S rRNA, ND1, 16S rRNA_ND1, COX2, and ND5. 
Furthermore, the results of nonsynonymous (Ka)/synonymous (Ks) analysis of the 13 mitochondrial PCGs of the 25 
species under Anser revealed that the genes were subject to strong purifying selection. The findings of phylogenetic 
analysis further revealed that WXG and 10 other members of Anser cygnoides clustered into a single branch to form a 
monophyletic group.

Conclusion  This research provides valuable insights into the mtDNA of WXG, highlighting its genetic diversity and 
population structure. The identified mutation hotspots and purifying selection on mitochondrial PCGs suggest 
potential areas for future research on Anser cygnoides. The findings contribute to our understanding of this rare 
species and its conservation efforts.
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Introduction
The Wan-Xi white goose (WXG), an indigenous Chi-
nese breed with over 2,000 years of domestication his-
tory, is primarily distributed in the hill regious of western 
Anhui Province, China. Recognized as a national genetic 
resource under China's Livestock and Poultry Conserva-
tion List, this breed exhibits exceptional traits including 
robust disease resistance, environmental adaptability, 
and unique feather development patterns that contrib-
ute to its globally renowned down quality. Despite its 
economic significance—with annual production exceed-
ing 8 million birds valued for nutrient-rich meat (adult 
males averaging 6.8 kg and females 5–6 kg) and premium 
down accounting for 15% of global high-grade feather 
exports—the WXG faces population growth constraints 
due to limited reproductive efficiency, producing only 
25 eggs per 150-day laying cycle compared to 55 eggs in 
Italian breeds [1,  2]. Mitochondrial haplotype analyses 
reveal its divergence from European goose lineages [3], 
yet critical gaps persist in characterizing its complete 
mitogenome structure and codon usage patterns, which 
are essential for elucidating evolutionary adaptations and 
informing conservation strategies.

Mitochondria are semiautonomous organelles that 
serve as the primary sites of aerobic metabolism in 
eukaryotes and can generate ATP in cells via oxidative 
phosphorylation. In addition, they can simultaneously 
break down sugars, fats, and amino acids via oxygenation 
to provide energy for cellular growth and metabolism [4], 
which remains a significant area of interest in molecular 
biology. The rapid advancements in genome sequenc-
ing technologies over the past decade have facilitated 
the extensive application of mitogenomics in systematic 
studies on animals, including livestock and poultry [5–7]. 
This is primarily attributed to the numerous advantages 
of mitochondrial DNA (mtDNA), including the pres-
ence of relatively fewer genes, simple structures and 
organizations, presence of conserved gene sequences, 
high rates of evolution [8, 9], and high copy numbers per 
cell, compared to those of nuclear DNA, which facilitate 
the easy isolation, sequencing, and assembly of mtDNA 
[10]. Additionally, mtDNA exhibits maternal inheritance, 
which makes it preferable to nuclear DNA for certain 
applications aimed at elucidating the population genetic 
diversity and molecular phylogenetic relationships of 
various species [9,  11]. The identification and manage-
ment of genetic diversity in endemic species are crucial 
for implementing strategies aimed at expanding breed-
ing populations and ensuring the effective utilization of 
germplasm resources [12, 13]. Consequently, mtDNA has 
emerged as an extensively used source of molecular data 
in studies focusing on population genetics, evolutionary 
patterns, and phylogenetic analysis of livestock species 
[14, 15].

Recent studies on vertebrate mtDNAs have demon-
strated that the mtDNAs of animals are typically 15–24 
kb-long, with a closed circular double-stranded structure 
[16], and comprise a heavy strand (H-strand) and a light 
strand (L-strand) containing a total of 37 genes, including 
2 ribosomal RNA (rRNA) genes, 22 transfer RNA (tRNA) 
genes, 13 protein-coding genes (PCGs) [17, 18], and one 
or two A + T-rich noncoding control region (D-loop) 
[19]. Compared to nuclear DNA, mtDNAs are abundant 
in cells, contain a higher number of conserved genes, are 
devoid of introns, and encode more significant phyloge-
netic information [20, 21]. These advantages make mtD-
NAs highly valuable for the biological identification of 
different species, as well as for studies on their taxonomy, 
phylogeny, and genetic structures [17, 22].

According to statistics, China possesses the richest 
goose breed resources worldwide, with 30 native goose 
breeds [23]. The WXG is globally the most renowned 
goose breed for its down feathers and is one of the vari-
eties native to China. Therefore, the city of Lu’an is des-
ignated as the world’s “Down Capital” due to the origin 
of the WXG in this area. Previous studies have mainly 
focused on the reproductive physiology [1, 24, 25], nutri-
tional regulation, production performance [26,  27] and 
disease prevention [28] of the WXG. The obtained find-
ings promoted the development of the goose industry in 
China, which has led to the extensive exploitation and 
utilization of geese. However, the preservation of the 
purebred population, which is vital for the future breed-
ing of WXG, has been overlooked to date. Understand-
ing the phylogeny and evolution of WXG is essential for 
ensuring the sustainability of its breeding. Extensive phy-
logenetic studies have established that Chinese domestic 
geese predominantly originated from Anser cygnoides, 
primarily through mitochondrial DNA (mtDNA) analy-
ses [3,  29]. However, critical gaps persist in molecu-
lar investigations of the WXG—notably, its complete 
mitogenome remains absent from GenBank, and no 
studies have integrated codon usage bias with positive 
selection analysis in  Anatidae. Therefore, obtaining the 
complete sequence of the mtDNA of WXG would have 
immense scientific value. This study aimed to sequence, 
assemble, and annotate the complete mtDNA sequence 
of WXG using a high-throughput sequencing technology, 
characterizing its structural organization, base compo-
sition, and tRNA secondary structures. Through com-
parative mtDNA of 25 species geese, we systematically 
analyzed: lineage-specific codon usage patterns driven 
by mutation-selection dynamics, positively selected 
genes under adaptive evolution, and phylogenetic rela-
tionships reconstructed via maximum likelihood (ML) 
method. The resultant high-confidence phylogeny clari-
fies WXG's taxonomic position within Anser and reveals 
mitogenomic adaptations underlying its unique traits. 
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By establishing the first comprehensive mitochondrial 
profile for WXG, this work provides an essential molec-
ular foundation for conservation prioritization, breed 
improvement strategies, and future studies on waterfowl 
evolutionary genomics.

Materials and methods
Specimen collection and DNA extraction
A female WXG were purchased in April 2024 from an 
purebred conservation center of WXG in Lu’an, Anhui 
Province, China (longitude: 116° 33′ 23′′ E, and latitude: 
31° 50′ 29′′ N) (Fig. 1). The geese were euthanized under 
anesthesia (involved administering Pentobarbital Sodium 
at 120 mg/kg, once unconscious, 10% Potassium Chlo-
ride at 0.5 mL/kg, both intravenously) in the veterinary 
pathology laboratory of West Anhui University, following 
which samples of leg muscles were collected, and stored 
at −80 °C for the next stage of the experiment. The total 
DNA was extracted using a DNA Extraction Kit (Roche). 
After quantification, the genomic DNA concentration 
was determined to be 95.4 ng/μl, with a total yield of 
5.2 μg. The extracted DNA sample was fragmented by 
ultrasonication and subsequently subjected to fragment 

purification, end-repair, and 3ʹ-end adenylation, follow-
ing which the sequencing adapters were ligated. The size 
of the DNA fragments was ascertained by using agarose 
gel electrophoresis technique, and the sequence libraries 
were subsequently prepared by polymerase chain reac-
tion (PCR) amplification. The libraries thus constructed 
were initially inspected, and the validated libraries were 
sequenced using a BGISEQ-500 sequencing platform 
(Bio & Data Biotechnology Co., Ltd., China).

Sequencing, assembly, annotation, and analysis of mtDNA
The total DNA of WXG thus isolated was subjected to 
high-throughput sequencing on a BGISEQ-500 sequenc-
ing platform, which generated 12,343,778,400 bp of 
raw sequencing data (Supplementary Table S1). The 
raw sequencing data underwent filtering utilizing the 
fastp tool (−5 −3-n 0 -f 5 -F 5 -t 5 -T 5 -q 20), specifi-
cally version 0.23.2 [30], to obtain 11,234,296,800 bp of 
clean data. The clean data were subsequently aligned to 
the sequence of the vertebrate mitochondrial core gene 
that served as a reference, using Minimap2 (< target.
fa > [query.fa]), version 2.1 [31]. The coding gene with 
the highest sequence coverage was subsequently used 

Fig. 1  Physical characteristics and geographical distribution of WXG
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as the seed sequence for the de novo assembly of WXG 
mtDNA using NOVOPlasty (Type = mito, Genome range 
= 15,500–17000, K-mer = 39/49/59/69, Seed Input = seed.
fa) [32]. To assess the completeness and accuracy of the 
genome assembly, all sequence reads were remapped to 
the candidate mtDNA using Geneious Prime (version 
2024.0, with default parameters). This step confirmed 
the assembly of the complete mitochondrial genome 
sequence of WXG [9]. The circular mtDNA of WXG was 
finally obtained.

The rRNA genes, tRNA genes, PCGs, and D‑loop 
region in the mtDNA of WXG were annotated using 
the online MITOS2 tool (https://usegalaxy.org/). The 
results of sequence annotation were refined by com-
paring the sequences with those of other species under 
order Anseriformes in the NCBI database, and manually 
curated to enhance the annotation accuracy. A circular 
map of the mtDNA of WXG was finally generated using 
the online OGDRAW tool (​h​t​t​p​​s​:​/​​/​c​h​l​​o​r​​o​b​o​​x​.​m​​p​i​m​p​​-​g​​
o​l​m​​.​m​p​​g​.​d​e​​/​O​​G​D​r​a​w​.​h​t​m​l). The secondary structures 
of the tRNAs were projected‌ utilizing the tRNAscan-
SE webserver (​h​t​t​p​​s​:​/​​/​l​o​w​​e​l​​a​b​.​​u​c​s​​c​.​e​d​​u​/​​t​R​N​A​s​c​a​n​-​S​E​
/) [33]. The skew values of AT and GC in the complete 
sequence of WXG mtDNA, as well in the PCGs, tRNA 
genes, rRNA genes, and D-loop regions, were addition-
ally determined via the formulae: GC-skew = (G-C)/(G 
+ C), AT-skew = (A-T)/(A + T) [34].

Comparative analyses of mtDNAs
The mtDNAs of closely related Anser spp. were retrieved 
from the NCBI database (Supplementary Table S2). The 
length and base characteristics of the mtDNAs were sta-
tistically analyzed using the Seqkit tool, version 0.16.1 
[35]. Codon bias was determined by relative synonymous 
codon usage (RSCU) analysis of the individual codons in 
the mitogenomes of Anser spp. [36]. The ENC value and 
G + C (GC) content of the first (GC1), second (GC2), 
and third (GC3) codon positions, and the overall GC 
content of the protein-coding regions, were determined 
using EMBOSS [37, 38]. The balance between mutation 
and selection in generating codon bias can be evaluated 
by GC3-GC12 analysis, which is also known as neutral-
ity plot analysis. In this study, GC12 represented the 
average GC content in GC1 and GC2 codon positions, 
respectively. The statistical correlation between GC12 
and GC3 indicates whether natural selection or muta-
tional pressure is the primary driving force underlying 
the codon bias of a species. The base content of GC3 was 
additionally determined to analyze the effective number 
of codons (ENCs)-GC3 (ENC vs. GC3) and parity rule 
2 (PR2)-bias plots. The ENC-GC3 plot is generally used 
to analyze whether the codon usage of a specific gene is 
solely affected by mutation or other factors, such as natu-
ral selection [39]. PR2-bias plots are analyzed based on 

the A3/(A3 + U3) vs. G3/(G3 + C3) ratio, and they are 
used to determine the magnitude and direction of gene 
bias [40]. In this study, the ENC-GC3 and PR2-bias plots 
were constructed using the ggplot2 package of R, version 
4.3.2 [38].

Analyses of nucleotide variability (Pi) and selection 
pressure
The diversity of the mtDNA sequences and the selection 
pressure on the PCGs in the mtDNAs of Anser spp. was 
estimated by calculating the Pi values of 25 species under 
the Anser genus using a sliding window approach in the 
DnaSP software, version 6.12.03 [41]. The nonsynony-
mous (Ka) and synonymous (Ks) substitution rates and 
the Ka/Ks ratios of each PCG were determined with the 
KaKs_Calculator 2.0 toolkit [42]. The density distribu-
tions of Ka, Ks, and Ka/Ks were graphically represented 
using the ggplot2 package of R, version 4.3.2.

Phylogenetic analyses
Subsequently, an investigation was conducted into the 
phylogenetic relationships of WXG with other species 
within the Anatidae, for which 49 mtDNA sequences 
from Anatidae were retrieved from NCBI, including 2 
species under Phasianinae that served as the outgroup, 
19 species under Anatinae, 4 species under Cygnus, and 
25 species under Anser, and subjected to phylogenetic 
analyses. The sequence data for these 50 species are pro-
vided in Table S3. The mitogenomes were aligned using 
the MAFFT software [43], and the maximum likelihood 
(ML) tree was constructed using IQtree software [44]. 
The GTR + F + I + G4 model was selected based on the 
Bayesian Information Criterion (BIC).

Results
Composition of WXG mtDNA
The complete mtDNA of WXG (GenBank accession ID: 
PQ154620) spans a length of 16,743 bp (Fig. 2) and has 
a circular double-stranded structure typical of vertebrate 
mtDNAs. It contains 37 typical genes, including 22 tRNA 
genes, 2 rRNA genes, 13 PCGs, and one D-loop region, 
similar to the mtDNAs of most vertebrates. The H-strand 
of WXG mtDNA comprises a total of 28 genes, of which 
12 are PCGs, 2 are rRNA genes, and the remaining 14 
are involved in tRNA synthesis. On the other hand, the 
L-strand contains 9 genes, including 1 PCG and 8 tRNA 
genes. The mtDNA of WXG contains a 1,178 bp-long 
control region that is located between the trnE (UUC) 
and trnF (GAA)genes, and plays a crucial role in regulat-
ing gene transcription [45].

The molecular makeup of the mtDNA of WXG is sum-
marized in Table 1, which shows that the contents of A, T, 
C, and G were 30.204%, 22.690%, 32.031%, and 15.075%, 
respectively. The content of A + T (52.894%) in the 

https://usegalaxy.org/
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://lowelab.ucsc.edu/tRNAscan-SE/
https://lowelab.ucsc.edu/tRNAscan-SE/
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Table 1  Nucleotide composition of WXG’s mtDNA
WXG Length(bp) A(%) T(%) C(%) G(%) A + T(%) C + G(%) AT skew GC skew
mtDNA 16,743 30.204 22.690 32.031 15.075 52.894 47.106 0.142 −0.360
PCGs 11,402 29.337 22.610 34.240 13.813 51.947 48.053 0.129 −0.425
tRNAs 1,541 33.420 24.594 25.049 16.937 58.014 41.986 0.152 −0.193
rRNAs 2,601 33.218 20.338 26.375 20.069 53.556 46.444 0.240 −0.136
D-loop 1,178 28.523 25.891 31.070 14.516 54.414 45.586 0.048 −0.363

Fig. 2  Gene map of WXG mtDNA. The figure utilizes colors to denote various types of regions and genes. Detailed information is provided in the lower 
left corner of Figure. The arrows indicate the positive and negative strands, with genes encoded by the positive strand (heavy strand) located on the 
outer side of the circle, and genes encoded by the negative strand (light strand) located on the inner side. The inner gray circle represents the GC content
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complete mitogenome of WXG exceeded the C + G con-
tent (47.106%). Similarly, the content of A + T exceeded 
the content of C + G in the tRNA and rRNA genes, PCGs, 
and D-loop regions, indicating a pronounced A + T bias. 
Analysis of the nucleotide skewness in the mitogenome 
of WXG revealed that it has a positive AT skew value of 
0.142 and a negative GC skew value of −0.360.

PCGs and codon usage
The 13 PCGs in the mtDNA of WXG were found to have 
a total length of 11,402 bp, which accounts for 68.10% of 
the entire mitogenome (Table  1). Of the 13 PCGs, only 

1 gene, ND6, was located on the L-strand, whereas the 
remaining 12 genes were located on the H-strand. Fur-
ther analysis revealed that ND5 is the longest PCG with 
a length of 1818 bp, while ATP8 is the shortest PCG 
with a length of 168 bp (Fig. 2, Table 2). The A + T con-
tent (51.947%) of the PCGs was greater than the G + C 
content (48.053%), which was similar to the base makeup 
of the complete mitogenome of WXG. Analysis of the 
overall base composition of the 13 PCGs revealed that 
the contents of A, T, C, and G were 29.337%, 22.610%, 
34.240%, and 13.813%, respectively. The PCGs exhibited 
a positive AT skew value of 0.129, and a negative GC 

Table 2  Annotation of the whole mtDNA of WXG
Gene Strand Location Size (bp) Intergenic length Anticodon codon

Start End Start Stop
trnF(GAA) tRNA H 1 68 68 –1 GAA – –
12S rRNA H 68 1057 990 –1 – –
trnV(uac) tRNA H 1057 1127 71 0 TAC – –
16S rRNA H 1128 2738 1611 0 – –
TrnL2(UAA) tRNA H 2739 2812 74 6 TAA – –
ND1 CDS H 2819 3796 978 –2 ATG AGG
trnI(GAU) tRNA H 3795 3867 73 7 GAT – –
trnQ(UUG) tRNA L 3875 3945 71 –1 TTG – –
trnM(CAU) tRNA H 3945 4013 69 0 CAT – –
ND2 CDS H 4014 5054 1041 –2 ATG TAG
trnW(UCA) tRNA H 5053 5125 73 5 TCA – –
trnA(UGC) tRNA L 5131 5199 69 1 TGC – –
trnN(GUU) tRNA L 5201 5273 73 3 GTT – –
trnC(GCA) tRNA L 5277 5342 66 –1 GCA – –
trnY(GUA) tRNA L 5342 5412 71 1 GTA – –
COX1 CDS H 5414 6964 1551 –9 GTG AGG
TrnS2(UGA) tRNA L 6956 7028 73 2 TGA – –
trnD(GUC) tRNA H 7031 7099 69 1 GTC – –
COX2 CDS H 7101 7787 687 1 GTG TAA
trnK(UUU) tRNA H 7789 7857 69 1 TTT – –
ATP8 CDS H 7859 8026 168 –10 ATG TAA
ATP6 CDS H 8017 8700 684 –1 ATG TAA
COX3 CDS H 8700 9483 784 0 ATG T––
trnG(UCC) tRNA H 9484 9552 69 0 TCC – –
ND3 CDS H 9553 9904 351 1 ATG TAG
trnR(UCG) tRNA H 9906 9976 71 0 TCG – –
ND4L CDS H 9977 10,273 297 –7 ATG TAA
ND4 CDS H 10,267 11,644 1378 0 ATG T––
trnH(GUG) tRNA H 11,645 11,713 69 0 GTG – –
TrnS1(GCU) tRNA H 11,714 11,780 67 –1 GCT – –
TrnL1(UAG) tRNA H 11,780 11,850 71 0 TAG – –
ND5 CDS H 11,851 13,668 1818 7 GTG AGA
CYTB CDS H 13,676 14,818 1143 2 ATG TAA
trnT(UGU) tRNA H 14,821 14,888 68 8 TGT – –
trnP(UGG) tRNA L 14,897 14,965 69 10 TGG – –
ND6 CDS L 14,976 15,497 522 0 ATG TAG
trnE(UUC) tRNA L 15,498 15,565 68 0 TTC – –
D-loop H 15,566 16,743 1178 0 – –
T– – denotes an incomplete termination codon. Negative values indicate nucleotide overlap
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skew value of −0.425, which reflected the preference for 
A and C bases over the T and G.

Of the 13 PCGs, COX1, COX2, and ND5 utilized the 
GTG start codon, while the remaining 10 PCGs uti-
lized the ATG start codon. The PCGs utilized the AGG, 
TAG, TAA, and AGA stop codons, of which the TAA 
stop codon was the most common (Table  2). COX2, 
ATP8, ATP6, ND4L, and CYTB utilized the TAA termi-
nation codon, ND2, ND3, and ND6 employed the TAG 
stop codon, ND1, and COX1 utilized the AGG termina-
tion codon, and ND5 utilized the AGA stop codon. ND4 
and COX3 employed the incomplete “T– –” termination 
codon, where the “T– –” sequence was situated at the 5ʹ 
terminus of the adjacent gene [46]. With the exception 
of eight tRNA genes, namely,  trnQ (UUG), trnA (UGC), 
trnN (GUU), trnC (GCA), trnY (GUA), trnS (UGA), 
trnP (UGG), and trnE (UUC), and one PCG (ND6), all 
the mtDNA genes were encoded on the H-strand. Gene 
overlapping and intergenic spacing were evident in the 
mtDNA of WXG, and a total of 11 gene overlaps and 15 
intergenic spaces of length 1–10 bp were identified. Spe-
cifically, ATP8 and ATP6 shared 10 nucleotides, COX1 
and trnS (UGA) shared 9 nucleotides, ND4L and ND4 
shared 7 nucleotides, and ND2 and trnI (GAU) shared 2 
nucleotides.

Analysis of rRNA and tRNA genes and noncoding regions
The findings revealed that the mtDNA of WXG con-
tains two rRNA genes, namely, 16S rRNA and 12S rRNA 
genes, of length 1611 bp and 990 bp, respectively. These 
genes are located on the H-strand between the trnF 
(GAA) and trnL (UAA) tRNA genes, and are separated by 
the trnV (UAC) gene (Fig. 2). These findings are consis-
tent with previous observations reported in the majority 
of vertebrate species. The contents of A + T and C + G in 
the rRNA genes were 53.556% and 46.444%, respectively, 
while the AT and GC skew values of the rRNA genes 
were positive (0.240) and negative (−0.136), respectively 
(Table 1).

The mtDNA of WXG contains 22 typical tRNA genes 
(Fig.  2, Table  2), encompassing a total length of 1541 
bp, and ranging from 66 bp (trnC (GCA)) to 74 bp (trnL 
(UAA)) in length. Of these 22 tRNA genes, 8 were located 
on the L-strand, while 14 genes were situated on the 
H-strand. Similar to the rRNA genes, the A + T content 
(58.014%) of the tRNA genes was significantly higher 
than the G + C content (41.986%), and the AT and GC 
skew values of the tRNA genes were positive (0.152) and 
negative (−0.193), respectively (Table  1). The secondary 
structures of the 22 tRNA genes were further predicted, 
as illustrated in Fig.  3, which revealed that nearly all 
the tRNA genes displayed the classic cloverleaf struc-
ture. However, the trnS1-tRNA gene deviated from this 

pattern due to the absence of the dihydrouridine (DHU) 
arm, resulting from unmatched base pairs.

The noncoding regions of vertebrate mtDNAs typi-
cally comprise a D-loop region along with several 
intergenic spacers. Specifically, in the mtDNA of 
WXG, the D-loop region spans 1,178 bp and is situ-
ated between the trnE (UUC) and trnF (GAA) tRNA 
genes on the H-strand (Fig.  2, Table  2), Analysis of 
the base composition of the D-loop region revealed 
that the contents of A, T, G, and C were 28.523%, 
25.891%, 14.516%, and 31.070%, respectively. Similar 
to that of the rRNA and tRNA genes, the A + T con-
tent (54.414%) of the D-loop region was significantly 
higher than the G + C content (45.586%). The AT and 
GC skew values of the D-loop region were additionally 
calculated, which revealed that A was more predomi-
nant than T (AT skew = 0.048), while the frequency of 
G was lower than that of C (GC skew = −0.363).

Analysis of codon bias
The analysis of codon bias revealed that mtDNAs had 
the highest content of Leu, with Thr and Ala following 
closely behind (Supplementary Table S4). The utiliza-
tion of synonymous codons in the coding regions was 
further evaluated using the RSCU tool, with higher 
RSCU values indicating a stronger bias. As depicted in 
Fig. 4, all the amino acids were encoded by two or more 
synonymous codons. Specifically, Leu and Ser have six 
synonymous codons each, Ala, Arg, Gly, Pro, Ter, Thr, 
and Val have four each, Met has three, and the others 
have two. A total of 29–31 codons with RSCU values 
> 1 were classified as high-frequency codons, and the 
high RSCU values indicated a strong bias in the utiliza-
tion of these codons in the mtDNAs of the 25 Anser spp. 
selected herein. With the exception of the UAG termi-
nation codon, all codons with RSCU > 1 preferentially 
ended in A (13–14 codons) or C (16 codons). In con-
trast, the majority of codons with RSCU < 1 terminated 
with U or G, with the exception of a few codons that 
ended in A or C (Supplementary Table S4). These find-
ings are consistent with the results of previous studies 
and suggest that codons ending with A/C are prefer-
entially used in vertebrates [9]. As depicted in Supple-
mentary Table S4, the codon preferences were highly 
conserved across the different  Anser spp. The CUA 
(Leu) and GUG (Met) codons exhibited the highest and 
lowest RSCU values, respectively, which represented 
the maximal and minimal values across the 25 Anser 
spp. Although the mtDNAs of the 25 Anser spp. selected 
herein all contained 61 different codons along with 4 
termination codons, significant interspecies differences 
were observed, especially in terms of the respective 
codon usage frequencies.
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Analyses of GC3-GC12, ENC-GC3, and PR2-bias plots
The effects of natural selection and mutational pres-
sure on the codon usage bias in the mtDNAs of 25 
closely related Anser spp. were assessed by analyzing 
the correlation between GC12 and GC3 via neutrality 
plot analysis (Fig.  5A). The findings revealed that the 
content of GC3 ranged from 41.070 to 57.580%, while 
the content of GC12 varied from 44.075 to 54.050% 
(Supplementary Table S5). The slopes of the regression 
lines (regression coefficients) ranged from −0.388 for 
Anser fabalis (GenBank accession ID: HQ890328) to 0 
for Anser anser (GenBank accession ID: OQ134125), 
which suggested a slight correlation between GC3 
and GC12 in the mitochondrial codons of Anser spp. 
Additionally, the R2 value of the standard curve ranged 
from 0 to 0.290, indicating that the data points devi-
ated markedly from the trend line. Statistical analysis 
indicated no significant correlation between the GC3 

and GC12 contents (p > 0.05), suggesting that natural 
selection played a pivotal role in shaping the codon 
bias observed in the mtDNA of Anser spp.

ENC-GC3 plot analysis was utilized to evaluate the 
impacts of natural selection and mutational pressure on 
codon usage bias. As depicted in Fig. 5B, the ENC values 
of the mtDNAs of the 25 Anser spp. ranged from 28.842 
to 57.630 (Supplementary Table S6), which confirmed a 
pronounced codon usage preference in Anser spp. Analy-
sis of the ENC-GC3 plot indicated that all observed val-
ues fell below the anticipated ENC-GC3 curve, with only 
a minor portion of the values approaching the expected 
curve. These findings indicated that the codon usage 
preference in the mtDNAs of these 25 Anser spp. was pri-
marily determined by natural selection and other factors, 
while mutational pressure contributed only partially to 
the selection pressure [38].

Fig. 3  Secondary structural configuration of 22 tRNAs in WXG mtDNA
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The randomness of mutation ensures that there is an 
equal probability of GC3 being A/T or C/G when under 
the sole influence of mutation pressure. However, the fre-
quency of usage of A/T or G/C bases becomes unequal 
under natural selection pressure [47]. As depicted in 
Fig.  5C, the PR2 plot was centered at 0.5 and divided 
into 4 regions. The PCGs in the mtDNAs of the 25 Anser 
spp. selected herein were unevenly distributed in the 
4 regions, and nearly all the genes were distributed far 
from the center. This distribution pattern suggests a bias 
in the utilization of bases in the third codon, and that 
natural selection was the primary factor that influenced 
the codon bias. Furthermore, the majority of the genes 
were distributed in the lower right corner, while only a 
few genes were distributed in the upper left corner. This 
indicated that the frequency of the third base is: A > T 
and C > G, which suggests a preference for A/C bases in 
GC3.

Analysis of Pi values
The mutation hotspots in the mtDNA of the 25 Anser 
spp. were identified by calculating the values of Pi using 
the DnaSP software, version 6.12.03. The top 10 regions 
with relatively high Pi values were labeled according to 
their locations within the mitogenomes and the posi-
tions of the genes (Supplementary Table S7). As depicted 
in Fig.  6A, the Pi values ranged from 0 to 0.04603, and 
10 regions with Pi values greater than 0.017 were iden-
tified, including 12S rRNA, 16S rRNA, 16S rRNA_ND1, 
ND1, ND2, COX2, ATP6, ND5, CYTB, and D-loop. The 
results of the Pi analysis indicated that the Pi values var-
ied markedly across the different regions of the mitoge-
nomes. The D-loop region (Pi = 0.04603) exhibited the 

highest level of polymorphism, followed by ATP6 (Pi 
= 0.02668), 12S rRNA (Pi = 0.02429), ND1 (Pi = 0.02382), 
16S rRNA_ND1 (Pi = 0.02169), COX2 (Pi = 0.0206), and 
ND5 (Pi = 0.02032), while the 16S rRNA, ATP8, COX1, 
COX3, ND2, ND4, ND6, ND4L, and CYTB regions exhib-
ited low sequence variability (Pi < 0.02).

Effects of selection pressure on mitochondrial PCGs
The ratio of Ka/Ks is a reliable indicator of selection pres-
sure. To investigate the effects of selection pressure on 
the mitochondrial PCGs, a total of 13 shared PCGs were 
used to evaluate the Ka/Ks ratios of the mtDNAs of the 
25 Anser spp. selected herein. The density distribution 
diagrams of Ka, Ks, and Ka/Ks are provided in Fig.  6B. 
Analysis of the Ka, Ks, and Ka/Ks values of the homolo-
gous mitochondrial PCG pairs across the 25 Anser spp. 
revealed that the values of Ka and Ks were less than 0.35 
and 1.0, respectively, and that 96.54% of the Ka/Ks val-
ues were distributed in the Ka/Ks < 1 region (Supple-
mentary Table S8). These findings suggested that nearly 
all the PCGs underwent purifying selection during the 
evolution of the 25 Anser  spp. and within the mtDNAs 
of the respective species, while only a few genes experi-
enced neutral or positive selection, as indicated by Ka/Ks 
ratios (Ka/Ks < 1, purifying selection; Ka/Ks = 1, neutral 
evolution; Ka/Ks > 1, positive selection [48]). The findings 
further revealed that 103 of the homologous PCG pairs 
were under positive selection, and included 13 gene pairs 
with 1.5 > Ka/Ks > 1 and 90 gene pairs with 50.5 > Ka/Ks 
> 49 (Supplementary Table S8). The results of the func-
tional prediction of these genes encoded proteins were 
subjected to statistical analysis, with the most frequently 
identified genes beingND5, ND4, ND1, COX3, COX2, 

Fig. 4  RSCU analysis in mitochondrial PCGs of 25 Anser spp
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ND6, ATP6, ATP8, and ND3 (Table  3). These results 
demonstrated that these genes are pivotal in the energy 
metabolism and environmental adaptation processes of 
Anser sp..

Analysis of the phylogenetic relationships of WXG
The ML-based phylogenetic tree constructed using 
mtDNA sequences is depicted in Fig.  7. The results 
of phylogenetic analyses revealed that the 50 spe-
cies clustered into three major branches, namely, the 
Anserinae, Anatinae, and Phasianinae branches. The 
Phasianinae subfamily included 2 species that served 
as an outgroup. The results of phylogenetic analysis led 
to the identification of some close evolutionary rela-
tionships; however, 19 species under Anatinae and 29 
species from Anserinae  formed two distinct clusters, 
which indicated significant differences between their 
mtDNA sequences, and these findings were consistent 

with the reports of previous research [4, 8, 16]. The 29 
species under Anserinae could be further divided into 
two genera, namely, Anser and Cygnus, of which the 
species under Anser were found to be closely related 
to Cygnus cygnus. These taxa exhibited a sister rela-
tionship with the Cygnusspecies assemblage, and this 
finding was consistent with the results of previous 
morphology-based analyses [49]. Our target species, 
WXG, belongs to the Anser genus under the Anserinae 
subfamily, and is phylogenetically close to Anser cyg-
noides. In this study, WXG and the clade comprising 
KJ778677, KP881611, KP026178, KJ794188, KT427463, 
KY767671, KJ794189, KU211647, MK133022, and 
KP943133, all of which belong to Anser cygnoides, 
clustered into a single branch with well-supported val-
ues, suggesting that the 11 species formed a monophy-
letic group. Notably, other six Anser cygnoides formed 
a distinct branch phylogenetically distant from WXG, 

Fig. 5  A The neutrality plot analysis in mtDNA of 25 Anser spp.. B ENC-GC3 s plot analysis in mtDNA of 25 Anser spp.. The solid line depicts the expected 
curve influenced solely by mutation pressure on codon usage bias. C PR2 plot analysis of the PCGs in mtDNA of 25 Anser spp
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suggesting complex evolutionary relationships within 
the Anser genus that warrant further investigation.

Discussion
Mitochondria serve as the primary energy produc-
ers in eukaryotic cells, which enable them to perform 
essential activities. Furthermore, mtDNA sequences are 
extensively used as molecular markers for inferring the 
phylogenetic relationships among animals [50]. In our 
research, we examined and characterized the mtDNA 
composition of WXG. The findings revealed that the 
mtDNA of WXG totaled 16,743 bp in length, and the 
contents of the A, T, C, and G bases were 30.204%, 

22.690%, 32.031%, and 15.075%, respectively, which fol-
lowed the order: C > A > T > G. The mtDNA of WXG has 
a typical circular double-stranded structure and contains 
22 tRNA genes, 2 rRNA genes, 13 PCGs, and one D-loop 
region. The base composition and structural features of 
the mtDNA of WXG were found to be similar to those 
of other breeds of geese [9]. The start and termination 
codons of the 13 mitochondrial PCGs were identical to 
those of the other Anser spp. selected in this study. The 
findings revealed that the majority of the PCGs utilize 
ATG as the start codon, while only a few codons employ 
GTG as the start codon. The PCGs utilized AGG, TAA, 
TAG, AGA, and T– as the termination codons, of which 

Fig. 6  A Pi of the mtDNA of 25 Anser spp.. A sliding window test with 500-bp windows and 50-bp steps annotated 10 mutation hotspots. The X-axis 
depicts genomic regions, while the Y-axis shows Pi values. The grey bars represent the threshold lines for the top 10 regions with relatively high Pi values. 
B Analysis of selection pressure. Density distribution of Ka, Ks, and Ka/Ks for homologous PCG pairs of the mtDNA of 25 Anser spp
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TAA was the most predominant. Additionally, the 
lengths of the mtDNAs of the majority of reported Anser 
cygnoides breeds range between 16,688 and 16,743 bp, 
with D-loop lengths varying from 1,173 bp to 1,182 bp 
and GC content between 47.08% and 47.33% (Supple-
mentary Table S2). These observations demonstrate that 
there is a high degree of conservation among the mtD-
NAs of the majority of Anser cygnoides breeds.

The present study revealed that the mtDNA of WXG 
contained 22 typical tRNA genes, of which the majority 
exhibited typical cloverleaf structures, except for trnS1, 
which was devoid the DHU stem. This structural anom-
aly in trnS1 has been detected in several other members 
of the Anatidae family, including Aythya baeri   [8] and 

Chaohu duck [51], and is a common feature of vertebrate 
tRNA genes [52]. It is considered that structural abnor-
malities in the encoded tRNAs and their functions are 
typically restored during post-transcriptional RNA edit-
ing [53].

By employing comparative genomic analysis, previ-
ous studies have demonstrated that the usage of syn-
onymous codons varies across species, and that certain 
codons are more frequently utilized than others [40]. 
Additionally, analyses of the codon bias of various spe-
cies can provide key insights into their genetic structures 
and evolutionary patterns [54]. In this study, comparison 
of the mtDNAs of 25 Anser spp. revealed that the RSCU 
values exhibited similar patterns across different Anser 

Table 3  The function of the homologous gene with positive selection effect in mtDNA PGCs of 25 Anser spp
Gene Function Number gene pairs
ND5 Involved in electron transport in the cellular respiratory chain and the assembly of a  

mitochondrial respiratory chain complex
22

ND4 20
ND1 17
ND6 7
ND3 1
COX3 Involved in electron transport in the cellular respiratory chain and REDOX-driven  

transmembrane transporter activity
17

COX2 12
ATP6 Involved in the energy production of mitochondria 6
ATP8 1

Fig. 7  Phylogenetic tree based on mtDNA for 50 vertebrate spp.. Numbers beside the nodes represent bootstrap values
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spp. (Supplementary Table S4). The frequency of the Leu 
codon was highest among the mitochondrial PCGs of the 
25 Anser spp., and there was a preference for codons end-
ing with A/C bases. These findings are consistent with 
those of previous studies on several other animal species 
[16, 51, 55]. There were nearly no differences among the 
codon preferences of the 25  Anser spp., which suggests 
that these species are closely related, and further high-
lights the high degree of conservation in the mtDNA of 
Anser spp.

Mutation pressure and natural selection are two pri-
mary factors influencing codon usage bias [56]. In this 
study, analyses of the neutrality, ENC-GC3, and PR2-bias 
plots supported the role of natural selection in influ-
encing the codon bias of the PCGs in the mtDNAs of 
25 Anser spp. (Fig. 5). Altogether, these findings revealed 
that there were certain discrepancies in the codon usage 
patterns between and within Anser spp. However, a com-
mon trend observed herein was that the mitochondrial 
PCGs of all members of Anserini were subject to strong 
natural selection.

The results of Pi analysis led to the identification of ten 
highly variable regions, namely, 12S rRNA, 16S rRNA, 
16S rRNA_ND1, ND1, ND2, COX2, ATP6, ND5, CYTB, 
and D-loop, of which the Pi values of the D-loop, ATP6, 
12S rRNA, ND1, 16S rRNA_ND1, COX2, and ND5 
regions were higher than 0.02. Although the five PCGs, 
ATP6, 12S rRNA, ND1, COX2, and ND5 had relatively 
high Pi values, they also exhibited a high degree of con-
servation. Therefore, the aforementioned D-loop and 16S 
rRNA_ND1 regions are more suitable as candidate bar-
code labels than PCGs for the identification of Anser spp. 
[57].

The Ka/Ks ratio is an effective indicator of the evolu-
tionary relationships and selection pressures between 
homogenous and heterogeneous species [58]. The pres-
ent study demonstrated that 96.54% of the Ka/Ks values 
were distributed in the Ka/Ks < 1 region (Fig.  6B). This 
indicated that nearly all the PCGs underwent purify-
ing selection during the evolution of these 25 Anser spp. 
and within the mtDNA of individual species. Notably, 
a total of 103 homologous PCG pairs in the mtDNA of 
the 25 Anser  spp. selected herein had Ka/Ks values > 1 
(Supplementary Table S8). The findings indicated that 
these genes exhibited a relatively high rate of non-syn-
onymous mutations, with their dominant evolutionary 
patterns being strongly influenced by positive selection 
[59]. These genes were enumerated (Table  3), and the 
findings revealed that the majority, including ND5, ND1, 
and COX2, were located within the mutation hotspots 
identified by Pi analysis. These findings indicated that 
the results of Pi and Ka/Ks analyses were essentially con-
sistent. The observed mutation hotspots in these genes 
may be associated with environmental adaptation and 

genetic diversity in Anser  spp. [60]. The genus Anser 
demonstrates a broad geographical distribution, inhabit-
ing diverse ecological environments ranging from Arctic 
cold regions to subtropical warm zones. This wide dis-
tribution may have intensified evolutionary pressures 
on the mitochondrial genome. The mutation hotspots 
could provide these species with enhanced capacity for 
rapid environmental adaptation. For instance, certain 
mutations in cold environments may improve mitochon-
drial energy metabolism efficiency, thereby enhancing 
cold resistance [61]. Furthermore, frequent hybridiza-
tion events may occur among  Anser  spp.. These muta-
tion hotspots could facilitate genetic diversity in hybrid 
offspring, potentially conferring survival advantages in 
complex environments. For example, hybrid individuals 
inheriting mutation hotspot regions from both parents 
might acquire improved population-level disease resis-
tance and environmental adaptability [62]. The observed 
differences in this study could be attributed to adaptive 
evolution to the environment, which conferred a survival 
or reproductive advantage to Anser spp. and enabled the 
nonsynonymous substitutions to be retained and fixed in 
this group.

The present study also performed phylogenetic 
analysis based on the mtDNA sequences of Anatidae, 
which encompassed 48 species across two subfamilies, 
and an outgroup comprising 2 species from the Pha-
sianinae subfamily. The phylogenetic relationships 
among the taxa were evident from the resulting phy-
logenetic tree (Fig.  7). The clustering patterns of the 
three subfamilies were notably consistent with those 
reported in previous studies [5, 9, 17, 63], which further 
highlighted the utility of mtDNA in phylogenetic anal-
yses. Analysis of the phylogenetic tree revealed that 
WXG clustered with 10 other goose breeds belonging 
to the  Anser cygnoides clade. These 10 goose breeds 
are indigenous Chinese breeds, except for KU211647, 
which is native to South Korea (Supplementary Table 
S3). The findings strongly supported that the domes-
tic geese exhibited a sister relationship with the Cyg-
nus species assemblage. However, it remains to be 
determined whether the evolutionary differences 
among the indigenous breeds of Chinese geese are 
attributable to factors such as habitat selection and 
geographical isolation. Interestingly, we observed 
that six other  Anser cygnoides  individuals formed a 
distinct phylogenetic branch distant from WXG. We 
hypothesize that potential gene flow between  Anser 
cygnoides  and other  Anser spp. may have contributed 
to this complex phylogenetic distribution pattern. Pre-
vious studies have demonstrated significant genetic 
diversity within Anser spp., with documented cases of 
natural interspecific hybridization (both intra-genus 
and with other Anatidae  species). Such hybridization 



Page 14 of 16Xia et al. BMC Genomic Data           (2025) 26:34 

events may have influenced phylogenetic relation-
ships, resulting in anomalous clustering patterns of 
certain individuals in the evolutionary tree. Research 
suggests that reproductive isolation mechanisms in 
waterfowl evolve relatively slowly [62,  64,  65]. There-
fore, the complex phylogenetic distribution observed 
in  Anser cygnoides may represent genetic legacies of 
these historical hybridization events. Future studies 
incorporating multi-omics approaches and experimen-
tal validations are warranted to elucidate the temporal 
dynamics of these introgressive hybridization events 
and their evolutionary consequences.

Conclusions
In this study, the complete 16,743 bp-long mtDNA 
of WXG was sequenced, assembled, and annotated 
(GenBank accession number: PQ154620). The find-
ings revealed that the mtDNA of WXG has a typical 
circular, double-stranded structure, and comprises 13 
PCGs, 22 tRNA genes, 2 rRNA genes, and one D-loop 
region. Additionally, the A + T content in the PCGs, 
tRNA and rRNA genes, D-loop region, and the com-
plete mtDNA was found to be markedly higher than 
the C + G content. The codon usage bias, nucleotide 
polymorphisms, and evolutionary selection pressure of 
the PCGs in the mitogenomes of WXG and 24 other 
Anser spp. were explored by comparative genomic 
analysis. The evolutionary status of WXG was further 
verified by phylogenetic analysis based on the com-
parative assessment of the mtDNA sequences of WXG 
and 49 other species. The results of phylogenetic anal-
ysis revealed that WXG belongs to the Anser cygnoides 
clade, and formed a monophyletic group with 10 other 
members of Anser cygnoides. The findings obtained 
herein enhance our understanding of the phylogenetic 
status of WXG and provide valuable insights into the 
composition of its mtDNA. The study serves as a key 
reference for the preservation of this unique goose 
species and offers crucial insights for future studies on 
the phylogenetic relationships and evolutionary pat-
terns of the Anserinae family.
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