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A B S T R A C T   

Carpomya pardalina is known for its potential invasiveness, which poses a significant and 
alarming threat to Cucurbitaceae crops. It is considered a highly perilous pest species that re-
quires immediate attention for quarantine and prevention. Due to the challenges in distinguishing 
pests of the Tephritidae family based on morphological characteristics, it is imperative to eluci-
date the mitochondrial genomic information of C. pardalina. In this study, the mitochondrial 
genome sequence of C. pardalina was determined and analyzed using next-generation sequencing. 
The results revealed that the mitogenome sequence had a total length of 16,257 bp, representing a 
typical circular molecule. It consisted of 13 PCGs, two rRNA genes, 22 tRNA genes and a non- 
coding region. The structure and organization of the mitochondrial genome of C. pardalina 
were found to be typical and similar to the published homologous sequences of other fruit flies in 
the Tephritidae family. Phylogenetic analysis confirmed that C. pardalina belongs to the Carpomya 
genus, which is consistent with traditional morphological taxonomy. Additionally, Carpomya and 
Rhagoletis were identified as sister groups. This study presents the first report of the complete 
mitochondrial genome of C. pardalina, which can serve as a valuable resource for future in-
vestigations in species diagnosis, evolutionary biology, prevention and control measures.   

1. Introduction 

Carpomya pardalina (Bigot) (Diptera: Tephritidae), commonly referred to as Myiopardalis pardalina, primarily inflicts damage on 
plants of Cucurbitaceae family, including melon, watermelon, and cucumber [1,2]. The adult flies deposit their eggs beneath the skin 
of fresh melons. Upon hatching, the larvae penetrate the fruit and feed on the flesh, causing substantial decay and rotting of the 
affected melons. The tissue of the melon that is destroyed by the larvae undergoes browning, resulting in the loss of flavor and aroma. 
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As the larvae reach maturity, they burrow out of the melon’s outer skin of the melon and proceed to pupate in the soil. Furthermore, the 
damaged fruits are highly susceptible to bacterial and fungal infections [3]. The original range of the C. pardalina was the Middle East, 
the Caucasus and West Asia, where it has been present for at least 100 years. Subsequently, it started to invade Central Asian countries 
such as Kazakhstan, Afghanistan, Turkmenistan, Uzbekistan, and Tajikistan [3]. In 1980, the invasion of C. pardalina was detected in 
Afghanistan, and in 2004, it was also detected in Kazakhstan [4]. Since 2011, the yield of Cucumis melo has suffered damage ranging 
from 10% to 25%, and even complete loss in some areas [5]. C. pardalina is a serious pest that spreads quickly, and its host plants are 
widely distributed in China. Xinjiang, an important commercial hub in Eurasia, engages in frequent trade of agricultural products both 
domestically and internationally. There is a high risk of C. pardalina being introduced into the highly fertile areas of China’s interior 
through the transportation of agricultural products. Once introduced, this pest will have a devastating impact on the relevant in-
dustries [3–5]. Traditionally, the identification of Tephritidae pests has relied mainly on morphological methods [6,7]. However, 
during the quarantine of fruits and vegetables, larvae and eggs of Tephritidae pests are frequently intercepted. It is challenging to 
identify the larvae and pupae of Tephritidae pests to the species level based solely on morphology. In contrast, the identification of 
C. pardalina can be rapidly identified using molecular marker technology. However, only a partial sequence of the COX1 gene of 
C. pardalina is available in the GeneBank database, while the complete mitochondrial genome sequences of C. incompleta and 
C. vesuviana have been reported [8]. Furthermore, there is a lack of studies on the relationship between C. pardalina and other species 
within the Tephritidae family. 

Insect mitochondrial genomes are the most extensively studied group in the Arthropoda, comprising 80% of the total [9]. Mito-
chondrial genomes have been obtained for every major suborder, with a focus on Lepidoptera, Hemiptera, Hymenoptera, Coleoptera, 
Orthoptera, and Diptera [10–15]. The mitochondrial genome is a valuable resource with easily amplified sequences, a stable gene 
number, a rapid evolutionary rate, a low recombination frequency, and strict matrilineal inheritance [16–18]. These characteristics 
have contributed to its extensive use in phylogenetic analyses at both the intraspecific and interspecific levels [18]. The insect 
mitochondrial genome typically exhibits a closed circular double-stranded molecular structure, which comprises two genes encoding 
ribosomal RNAs (rRNAs), 22 genes encoding transfer RNAs (tRNAs), 13 protein-coding genes (PCGs) and a non-coding region (also 
called the control region) arranged in a compact sequence [19,20]. 

In this study, the mitochondrial genome of C. pardalina was sequenced and analyzed using high-throughput sequencing technology. 
Additionally, the study explored the taxonomic position of C. pardalina within the Tephritidae family and its genetic relationship with 
other species in the same family. The results of this study have significant implications for future research on molecular character-
ization, population genetics research of C. pardalina, and phylogenetic studies of the Tephritidae family. The findings also provide offer 
valuable sequencing information that can contribute to the development of efficient methods for quick detection and quarantine of this 
pest. Thus, a comprehensive understanding of the genetic characteristics and evolution of C. pardalina is crucial for mitigating potential 
risks, and offers important insights for designing effective control and prevention measures. 

2. Materials and methods 

2.1. DNA extraction 

The insect sample were collected in July 2021 at Chabuchaer, Xinjiang, China (43.76936737◦N, 81.03400926◦E). Shortly there-
after, the pest was completely eradicated. The larvae and pupae of C. pardalina were immersed in anhydrous alcohol and stored at a 
temperature of − 20 ◦C. The DNA of C. pardalina was extract using the Rapid Animal Genomic DNA Isolation Kit (Shanghai Sangon 
Biotech, China) according to the instructions. Then, PCR amplification was performed using universal primers for COI, and the 
resulting PCR products were sent to Shanghai Sangon Biotech for sequencing and subsequent comparison in the NCBI database. The 
results indicate a 100% sequence similarity between the COI gene segment of the samples in this study and the sequences of 
C. pardalina in the database. The extracted DNA was then assessed for integrity using a 1% agarose gel (voltage: 200 V, time: 30 min), 
and the concentration of the DNA samples was quantified using the Qubit™ dsDNA HS Assay Kit (ThermoFisher, USA). 

2.2. Mitochondrial genome sequencing and assembly 

The DNA of C. pardalina larvae were sent to Shanghai Biotechnology Company in China for library construction using the Whole 
Genome Shotgun (WGS) strategy. A library was prepared with an insert fragment length of approximately 500 bp. DNA fragmentation 
was conducted using a Covaris ultrasonic DNA fragmentation instrument (USA), following the operating parameters of model S220. 
The Hieff NGS® MaxUp II DNA Library Prep Kit for Illumina (Shanghai Yisheng Biotechnology, China) was employed for DNA 
fragment end repair, ligation junctions, magnetic bead sorting and purification of ligation products, library amplification and puri-
fication, and the concentration of the library was determined using a Thermo Qubit 4.0 fluorescence quantification instrument 
(Thermo Fisher, USA). The constructed library was subjected to paired-end sequencing using next-generation sequencing technology, 
resulting in the generation of 50,851,778 sequences. We extracted the raw sequences in FASTA format. The raw sequencing data were 
then processed for quality assessment, data filtering, and counting of valid reads using Fastp 0.36 [21]. Reads with an average quality 
value lower than Q20 were filtered out before assembly. The percentage of base quality above Q20 was 97.73%. The percentage of 
clean reads was 99.52% with a total of 50,608,016 reads. The second-generation sequencing data was assembled using SPAdes 3.15 
[22]. Using Carpomya incompleta as the reference genome, the mitochondrial genome sequence was obtained, with an identical portion 
of 14,654 bp in length and an average depth of 1148.89-fold. The contig obtained from splicing was patched for gaps using GapFil-
ler1.11 [23]. Sequence corrections were performed using PrInSeS-G to correct base errors and insertion loss of small fragments during 
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Table 1 
The complete mitogenomes used in this study.  

No. Family Genus Species GeneBank No. Length/bp 

1 Tephritidae Acidiella Acidiella didymera MT682536.1 16298 
2 Acidiella Acidiella diversa NC_053982.1 15531 
3 Acrotaeniostola Acrotaeniostola dissimilis MH900079.1 15384 
4 Anastrepha Anastrepha fraterculus NC_034912.1 16739 
5 Anastrepha Anastrepha distincta NC_071713.1 16977 
6 Anastrepha Anastrepha ludens* NC_071714.1 16955 
7 Anastrepha Anastrepha obliqua NC_071715.1 16862 
8 Anastrepha Anastrepha ornata NC_071716.1 16654 
9 Anastrepha Anastrepha serpentina* NC_071717.1 16847 
10 Anastrepha Anastrepha striata NC_071718.1 16962 
11 Anastrepha Anastrepha suspensa NC_071719.1 16773 
12 Bactrocera Bactrocera albistrigata MH374118.1 15933 
13 Bactrocera Bactrocera frauenfeldi MT121261.1 15934 
14 Bactrocera Bactrocera rubigina MT121270.1 15955 
15 Bactrocera Bactrocera oleae NC_005333.1 15815 
16 Bactrocera Bactrocera dorsalis* NC_008748.1 15915 
17 Bactrocera Bactrocera carambolae NC_009772.1 15915 
18 Bactrocera Bactrocera minax NC_014402.1 16043 
19 Bactrocera Bactrocera tryoni* NC_014611.1 15925 
20 Bactrocera Bactrocera correcta NC_018787.1 15936 
21 Bactrocera Bactrocera zonata NC_027725.1 15935 
22 Bactrocera Bactrocera arecae NC_028327.1 15900 
23 Bactrocera Bactrocera latifrons NC_029466.1 15977 
24 Bactrocera Bactrocera melastomatos NC_029467.1 15954 
25 Bactrocera Bactrocera umbrosa NC_029468.1 15898 
26 Bactrocera Bactrocera limbifera NC_037722.1 15860 
27 Bactrocera Bactrocera ritsemai NC_037723.1 15927 
28 Bactrocera Bactrocera tsuneonis NC_038164.1 15865 
29 Bactrocera Bactrocera biguttula NC_042712.1 15829 
30 Bactrocera Bactrocera ruiliensis NC_046952.1 15870 
31 Bactrocera Bactrocera thailandica NC_053983.1 15915 
32 Bactrocera Bactrocera curvifera NC_071737.1 16152 
33 Bactrocera Bactrocera fulvicauda NC_071738.1 15935 
34 Bactrocera Bactrocera moluccensis NC_071739.1 16331 
35 Bactrocera Bactrocera musae NC_071740.1 16552 
36 Bactrocera Bactrocera nigrotibialis NC_071741.1 15972 
37 Bactrocera Bactrocera occipitalis NC_071742.1 15911 
38 Bactrocera Bactrocera tuberculata NC_071743.1 15937 
39 Bactrocera Bactrocera wuzhishana NC_071744.1 15942 
40 Bactrocera Bactrocera bryoniae NC_071745.1 15960 
41 Carpomya Carpomya incompleta NC_071720.1 16132 
42 Carpomya Carpomya vesuviana* NC_071721.1 16083 
43 Ceratitis Ceratitis capitata NC_000857.1 15980 
44 Ceratitis Ceratitis cosyra* NC_071251.1 15954 
45 Ceratitis Ceratitis quilicii ON861820.1 16028 
46 Ceratitis Ceratitis rosa* ON861821.1 15998 
47 Dacus Dacus ciliatus* MG962405.1 15808 
48 Dacus Dacus longicornis NC_032690.1 16253 
49 Dacus Dacus conopsoides NC_043843.1 15852 
50 Dacus Dacus bivittatus* NC_046468.1 15833 
51 Dacus Dacus trimacula NC_053984.1 15847 
52 Dacus Dacus vijaysegarani NC_061932.1 15886 
53 Dacus Dacus armatus NC_071725.1 15464 
54 Dacus Dacus axanus NC_071726.1 17494 
55 Dacus Dacus durbanensis NC_071727.1 16197 
56 Dacus Dacus eclipsis NC_071728.1 16033 
57 Dacus Dacus humeralis NC_071729.1 16018 
58 Dacus Dacus venetatus NC_071730.1 16167 
59 Felderimyia Felderimyia fuscipennis NC_052851.1 16536 
60 Neoceratitis Neoceratitis asiatica MF434829.1 15481 
61 Philophylla Philophylla fossata NC_067084.1 19253 
62 Procecidochares Procecidochares utilis NC_020463.1 15922 
63 Rhagoletis Rhagoletis cornivora MN443930.1 14931 
64 Rhagoletis Rhagoletis mendax MN443939.1 14928 
65 Rhagoletis Rhagoletis zephyria MN443945.1 14927 
66 Rhagoletis Rhagoletis cerasi MT121235.1 16428 
67 Rhagoletis Rhagoletis batava NC_071722.1 16459 
68 Rhagoletis Rhagoletis completa* NC_071723.1 16406 

(continued on next page) 
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splicing. 

2.3. Sequence annotation and analysis 

The base content and AT/GC skew of each section of the mitochondrial genomes of C. pardalina as well as of 13 other species of the 
Tephritidae family (Table 1), were counted using the software PhyloSuite_v1.2.3. Additionally, the relative synonymous codon usage 
(RSCU) was analyzed, and RSCU histograms were generated. CDS gene boundaries were obtained using tblastn with genewise for 
reverse blast with the reference genome. MiTFi was used for tRNA sequence annotation, and cmsearchrfam was used for identifying 
noncoding rRNAs [24]. The online software tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE) was utilized for secondary structure 
prediction of tRNAs. Any unsuccessfully predicted secondary structure structures were manually mapped [25]. 

Table 1 (continued ) 

No. Family Genus Species GeneBank No. Length/bp 

69 Rhagoletis Rhagoletis pomonella* NC_071724.1 16679 
70 Tephritis Tephritis femoralis NC_047184.1 15117 
71 Zeugodacus Zeugodacus cucurbitae MH900082.1 15685 
72 Zeugodacus Zeugodacus scutellatus* NC_027254.1 15915 
73 Zeugodacus Zeugodacus tau* NC_027290.1 15687 
74 Zeugodacus Zeugodacus diaphorus NC_028347.1 15890 
75 Zeugodacus Zeugodacus proprediaphora NC_049063.1 15829 
76 Zeugodacus Zeugodacus cilifer NC_052852.1 15843 
77 Zeugodacus Zeugodacus caudatus NC_062801.1 15311 
78 Zeugodacus Zeugodacus mukiae NC_067083.1 15816 
79 Zeugodacus Zeugodacus atrifacies NC_071731.1 15876 
80 Zeugodacus Zeugodacus depressus NC_071732.1 15835 
81 Zeugodacus Zeugodacus diversus NC_071733.1 15871 
82 Zeugodacus Zeugodacus hochii NC_071734.1 15850 
83 Zeugodacus Zeugodacus rubellus NC_071735.1 16332 
84 Zeugodacus Zeugodacus triangularis NC_071736.1 15859 
85 Drosophilidae Drosophila Drosophila melanogaster NC_024511.2 19524 
86 Drosophila Drosophila suzukii NC_060762.1 16392 

Note: (*) designate the 13 Tephritidae species used in the AT base content and AT/GC skew analyses. 

Fig. 1. Mitochondrial genome structure of Carpomya pardalina. 
Note:The inner circle data indicates the GC% of the corresponding position. 
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2.4. Phylogenetic analysis 

The mitochondrial genome sequences of 84 species, belonging to 14 genera including Anastrepha, Bactrocera, Carpomya, Ceratitis, 
Dacus, and Rhagoletis, were downloaded from the GeneBank of the National Center for Biotechnology Information (NCBI). The species 
used in this study are listed in Table 1, along with their respective details. 

The Extract function in Phylosuite v1.2.3 [26] was utilized to extract 13 PCGs and 2 rRNAs. The multiple sequence alignment of the 
13 PCGs was performed using the G-INS-i strategy in MAFFT [27], and the sequence alignment results were then optimized using 
MACSE [28]. Gblocks was utilized for sequence pruning of the PCGs sequences [29]. The RNA sequences were trimmed using trimAl 
[30]. The corresponding sequences were concatenated to generate two datasets using the Concatenate Sequences function: 1) 13 PCGs; 
2) 13 PCGs + 2rRNA. 

PartitionFinder 2 was utilized to predict the optimal model for each dataset. The “greedy” algorithm and AICc standard were used 
to determine the optimal partitioning strategy and the best alternative model for each partition [31]. For this study, maximum 
likelihood (ML) and Bayesian inference (BI) were employed to construct phylogenetic trees using the two datasets. ML trees were 
constructed using IQ-Tree [32], and the support values of each node were estimated using the rapid bootstrap algorithm with 10,000 
replicates [33]. BI trees were constructed using MrBayes, running 4 Markov chains (MCMC) for a total of 2 × 107 generations, sampled 
every 1000 generations [34]. Default settings were used for the remaining parameters. Burnin is used to discard the first 25% of the 
trees, and the remaining trees were used to calculate the consensus tree and evaluate the posterior probability of branches. The ML and 
BI trees generated from the two datasets were visualized and edited using the iTOL online website (https://itol.embl.de/). 

3. Result and discussion 

3.1. Mitochondrial genome structure and base composition 

The mitochondrial genome of C. pardalina has a length of 16,257 bp (Accession number: OR387322). It possesses a closed circular 

Table 2 
Gene organization of the mitochondrial genome of Carpomya pardalina.  

Genes Coding strand Position(bp) Gene length(bp) Start codon Stop codon Anticodon Intergenic length(bp) 

tRNAIle(I) J 1–65 65   GAT − 3 
tRNAGln(Q) N 63–131 69   TTG 1 
tRNAMet(M) J 133–201 69   CAT 0 
ND2 J 202–1224 1023 ATT TAA  35 
tRNATrp(W) J 1260–1327 68   TCA − 8 
tRNACys(C) N 1320–1381 62   GCA 4 
tRNATyr(Y) N 1386–1452 67   GTA − 2 
COX1 J 1451–2984 1534 TCG T  0 
tRNALeu(L) J 2985–3050 66   TAA 4 
COX2 J 3055–3742 688 ATG T  3 
tRNALys(K) J 3746–3816 71   CTT 3 
tRNAAsp(D) J 3820–3887 68   GTC 0 
ATP8 J 3888–4049 162 ATT TAA  − 7 
ATP6 J 4043–4720 678 ATG TAA  − 1 
COX3 J 4720–5508 789 ATG TAA  9 
tRNAGly(G) J 5518–5583 66   TCC 0 
ND3 J 5584–5937 354 ATT TAG  − 2 
tRNAAla(A) J 5936–6000 65   TGC 10 
tRNAArg(R) J 6011–6073 63   TCG 46 
tRNAAsn(N) J 6120–6185 66   GTT 0 
tRNASer(S) J 6186–6254 69   GCT 0 
tRNAGlu(E) J 6255–6321 67   TTC 18 
tRNAPhe(F) N 6340–6405 66   GAA 0 
ND5 N 6406–8122 1717 ATT T  18 
tRNAHis(H) N 8141–8205 65   GTG 3 
ND4 N 8209–9549 1341 ATG TAG  − 7 
ND4L N 9543–9839 297 ATG TAG  2 
tRNAThr(T) J 9842–9906 65   TGT 0 
tRNAPro(P) N 9907–9972 66   TGG 2 
ND6 J 9975–10499 525 ATT TAA  − 1 
CYTB J 10499–11635 1137 ATG TAG  − 2 
tRNASer(S) J 11634–11700 67   TGA 18 
ND1 N 11719–12655 937 ATA T  10 
tRNALeu(L) N 12666–12730 65   TAG 23 
16S rRNA N 12754–14023 1270    38 
tRNAVal(V) N 14062–14133 72   TAC − 1 
12S rRNA N 14133–14926 794    0 
Control region  14927–16257 1331    0  
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double-stranded molecular structure, containing two genes encoding ribosomal RNAs (rRNAs), 22 genes encoding transfer RNAs 
(tRNAs), 13 protein-coding genes (PCGs), and a control region (Fig. 1). The order of the 37 genes in the mitochondrial genome of 
C. pardalina is provided in Table 2. Among the 13 PCGs, COX1, COX2, COX3, ATP6, ATP8, NAD2, NAD3, NAD6, and CYTB were located 
in the J strand, while the remaining four were located on the N strand. Among the 22 tRNA genes, tRNAIle(I), tRNAMet(M), tRNATrp(W), 
tRNALeu(L), tRNALys(K), tRNAAsp(D), tRNAGly(G), tRNAAla(A), tRNAArg(R), tRNAAsn(N), tRNASer(S), tRNAGlu(E), tRNAThr(T), and tRNASer(S) 

were located on the J strand, while the remaining eight were located on the N strand. The two rRNA genes were located on the N 
strand. The AT control region, which was 1,331bp long, was positioned between 12S rRNA and tRNAIle(I) genes. It exhibited a high AT 
content of 85.05%. 

The mitochondrial genome of C. pardalina exhibited a total of ten gene overlaps, spanning 34 bp. The longest overlap was observed 
between tRNATrp(W) and tRNACys(C), with a sequence overlap of 8 bp. Additionally, 18 spacer regions were identified in the mito-
chondrial genome, comprising a total of 247 bp. The longest spacer, measuring 46 bp in length, was located between tRNAArg(R) and 
tRNAAsn(N). Furthermore, there were ten regions without any overlap or spacer (Table 2). These findings are consistent with the 
published mitochondrial genomes of other Tephritidae species [35–38]. 

The compositions of A, T, G and C in the mitochondrial genome of C. pardalina were 40.36%, 36.32%, 9.61%, and 13.70%, 
respectively, with the highest content of A and the lowest content of G (Table 3). The overall mitochondrial genome, including the two 
rRNAs, 22 tRNAs, 13 PCGs, and control region of C. pardalina, displayed a high A + T content ranging from 74.91% to 85.05%. This 
indicates a significant bias towards A and T bases. This observation is consistent with the published mitochondrial genome data of 
other Tephritidae species (Fig. 2). The A + T content bias in the insect mitochondrial genome is a well-known characteristic, with an 
AT skew of 0.053 and a GC skew of − 0.175. These values suggest a genome-wide preference for A and C bases [39–41]. In a study 
conducted by Wei et al., in 2010, the base preferences of 120 insect mitochondrial genomes, and the results showed that the relative 
content of base G + C was related to the replication direction of the mitochondrial genome, rather than the gene direction. On the other 
hand, the relative content of base A + T was related to gene direction, replication and codon positions. These findings highlight the 
complex relationship between base composition and various factors influencing the organization and function of insect mitochondrial 
genomes. 

Therefore, the investigation of base composition preference holds great significance in understanding gene replication and tran-
scription mechanism [42]. Among the thirteen PCGs, the COX1 and COX3 genes exhibited the lowest AT content, while the ATP8 and 
NAD6 genes had the highest AT content. The COX1 gene is known to be a highly conserved mitochondrial gene in animals and can 
serve as a barcode for species identification, determining inter- and intra-species differences, and other applications in insect iden-
tification [43–45]. The relatively higher GC content in these genes helps reduce the mutation rate and maintain genetic stability [46, 
47]. The AT skew was found to be negative for all 13 PCGs. Nine PCGs located on the J strand exhibited negative GC skews, while the 
four PCGs on the N strand had positive GC skew. The two rRNA genes displayed positive GC skew as well. These observations are 
consistent with the AT/GC skew patterns observed in the majority of Tephritidae mitochondrial genomes (Fig. 3) [35–37]. 

3.2. Protein-coding genes 

The arrangement of PCGs in the mitochondria of C. pardalina is consistent with that observed in other Tephritidae insect [35–37]. 
The combined length of the 13 PCGs in C. pardalina is 11,182 bp, which accounts for 68.78% of the total length of the mitochondrial 
genome. The longest gene is ND5 on the N strand with a sequence length of 1717 bp, while the shortest gene is ATP8 on the J strand 
with a length of 162 bp. The start codon for the COX1 gene is TCG, while the remaining 12 PCGs have ATN as the start codon. ND1 has 

Table 3 
Nucleotide composition of the mitochondrial genome of Carpomya pardalina.  

Gene A/% T/% G/% C/% A + T/% G + C/% AT-skew GC-skew 

Whole genome 40.36 36.32 9.61 13.70 76.69 23.31 0.053 − 0.175 
13PCGs 31.60 43.30 12.93 12.16 74.91 25.09 − 0.156 0.031 
22tRNAs 37.63 39.20 13.29 9.88 76.82 23.18 − 0.020 0.147 
2rRNAs 36.82 42.54 13.03 7.61 79.36 20.64 − 0.072 0.263 
Control region 45.15 39.89 5.33 9.62 85.05 14.95 0.062 − 0.286 
16S rRNA 37.01 43.62 12.52 6.85 80.63 19.37 − 0.082 0.293 
12S rRNA 36.52 40.81 13.85 8.82 77.33 22.67 − 0.055 0.222 
ND2 34.70 44.18 8.70 12.41 78.89 21.11 − 0.120 − 0.176 
COX1 31.16 38.14 15.06 15.65 69.30 30.70 − 0.101 − 0.019 
COX2 35.90 36.63 12.35 15.12 72.53 27.47 − 0.010 − 0.101 
ATP8 40.74 41.98 6.17 11.11 82.72 17.28 − 0.015 − 0.286 
ATP6 32.15 41.45 10.62 15.78 73.60 26.40 − 0.126 − 0.196 
COX3 30.80 38.78 14.96 15.46 69.58 30.42 − 0.115 − 0.017 
ND3 33.62 44.63 9.60 12.15 78.25 21.75 − 0.141 − 0.117 
ND5 29.70 47.76 14.33 8.21 77.46 22.54 − 0.233 0.271 
ND4 28.93 48.02 14.17 8.87 76.96 23.04 − 0.248 0.230 
ND4L 27.61 51.52 14.14 6.73 79.12 20.88 − 0.302 0.355 
ND6 40.19 42.10 6.86 10.86 82.29 17.71 − 0.023 − 0.226 
CYTB 32.98 38.43 12.75 15.83 71.42 28.58 − 0.076 − 0.108 
ND1 25.83 49.63 15.80 8.75 75.45 24.55 − 0.315 0.287  
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ATA as the start codon, ND2, ND3, ND5, ND6, and ATP8 have ATT as the start codon, and COX2, COX3, ATP6, ND4, ND4L, and CYTB 
have ATG as the start codon. The termination codon for ND3, ND4, and CYTB is TAG. ND2, ND4L, ND6, ATP8, ATP6, and COX3 have 
TAA as the termination codon, while COX1, COX2, ND5, and ND1 terminate with an incomplete termination codon T. This is similar to 
other Tephritidae mitochondrial genomes [35–37], where the full termination codon TAA is completed by post-transcriptional pol-
yadenylation, which adds extra A to the incomplete termination codon [48]. Additionally, there are overlapping regions between 
certain PCGs, with a 7 bp overlap between ATP6 and ATP8 genes, a 1 bp overlap between ATP6 and COX3 genes, a 7 bp overlap 
between ND4L and ND4 genes, and a 1 bp overlap between CYTB and ND6 genes (Table 2). 

The relative synonymous codon usage (RSCU) of the mitochondrial PCGs in C. pardalina and 13 other Tephritidae species is shown 
in Fig. 4. Among all 14 species, the most abundant codon families were Leu2, Ile, and Phe, which exhibited a strong preference for AT- 
rich codons (as shown in Fig. 4). This pattern is similar to what has been observed in Lepidoptera, Tetraonchoididae and Nemertea 
[49–51]. 

In the PCGs of C. pardalina, the codon with the highest RSCU value was UUA, with an RSCU value of 4.44. Conversely, the codon 
with the lowest frequency was CUC, with an RSCU value of only 0.04. The RSCU values of various codons exhibited considerable 
variation, indicating a significant bias in codon frequency within the mitochondrial genome of C. pardalina. The codons with the 
highest frequency predominantly consisted of A and T base, which could be attributed to the higher abundance of AT bases compared 
to GC bases in the PCGs sequences of C. pardalina. The third codon position of PCGs generally contains more AT bases than the first and 
second codon positions (as shown in Fig. 2), resulting in a higher usage of codons ending in A or U. This phenomenon is a common 
feature observed in Metazoa [51–53]. 

3.3. Transfer RNAs and ribosomal RNAs 

Similar to other Tephritidae insects, C. pardalina possesses a set of 22 tRNAs. Among these 22 RNAs, the longest is 72 bp, while the 
shortest one is 62 bp in length. Predicted secondary structures of all 22 tRNAs in C. pardalina exhibit the typical cloverleaf structures (as 
shown in Fig. 5). In the secondary structures of tRNAs from Tephritidae insects, base pair mismatches are commonly observed [35–37]. 
For instance, Bactrocera biguttula has 32 base pair mismatches [36], Bactrocera tsuneonis has 30 base pair mismatches [37], and 
C. pardalina has 21 G-U mismatches in the predicted structures of its 22 tRNAs. 

These mismatched bases can be corrected through post-transcriptional editing and do not affect the function of tRNA genes [54,55]. 
Among the mismatches, there are 10 pairs on the DHU arm, 1 pair on the anticodon arm, 8 pairs on the amino acid acceptor arm, and 2 
pairs on TΨC. A slight preference for T nucleotides was observed in the tRNA ligation of the C. pardalina mitochondrial genome (AT 
skew, − 0.02), which is consistent with the preference for T nucleotides observed in other analyzed Tephritidae species (as shown in 
Fig. 3). 

Both of the rRNAs in the mitochondrial genome of C. pardalina are located on the N strand. The 16S rRNA is positioned between 
tRNALeu(L) and tRNAVal(V), while the 12S rRNA is located between tRNAVal(V) and the control region. The length of the 16S rRNA is 1270 
bp, which is longer than the 12S rRNA that spans 794 bp. The A + T content of the 16S rRNA is 80.63%, while the 12S rRNA has a 

Fig. 2. A + T content of individual elements and the complete genome in 14 species of Tephritidae.  
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slightly lower A + T content of 70.33%. The AT skew of the 16S rRNA is − 0.082, indicating a preference for T bases among the AT 
bases. Similarly, the AT skew of the 12S rRNA is − 0.055 suggesting a preference for T bases as well (as shown in Tables 2 and 3). 

3.4. Phylogenetic analysis 

For phylogenetic analysis, Drosophila melanogaster and Drosophila suzukii were selected as outgroup species, while Neoceratitis, 
Dacus, Bactrocera, Acrotaeniostola, Rhagoletis, Acidiella, Ceratitis, Procecidochares, Drosophila, and Zeugodacus, Anastrepha, Tephritis, 
Felderimyia, Philophylla, and Carpomya, comprising a total of 85 species from 15 families, were used as ingroup species. The two 
datasets used for phylogenetic analysis are as follows:1) 13 PCGs and 2 rRNAs: 13,204 nucleotides; 2) 13 PCGs: 11,115 nucleotides. 
The molecular phylogeny of C. pardalina in relation to other Tephritidae species was constructed using the two datasets mentioned 
above. The resulting phylogenetic tree is presented in Fig. 6. Both Bayesian inference (BI) and maximum likelihood (ML) analyses 
generated two trees with similar topologies. However, the node support values varied slightly between the two methods, with the BI 
tree generally exhibiting higher node support than the ML tree. This difference in node support values is commonly observed in 
phylogenetic studies [56,57]. 

All four trees generated from the two datasets showed that C. pardalina clustered in the genus Carpomya, which aligns with 
traditional morphological taxonomic findings [5]. C. pardalina was found to be closely related to Carpomya incompleta and Carpomya 
vesuviana, forming a sister group with them. Additionally, the Carpomya genus and the Rhagoletis genus were identified as sister groups 
in the phylogenetic analysis. This finding is consistent with a previous study conducted by Zhang et al. [8]. In that study, four 
phylogenetic trees were constructed using two datasets, and the results also supported that Ceratitis, Anastrepha, Carpomya, Rhagoletis, 

Fig. 3. (a) AT skew and (b) GC skew of individual elements and the complete genome in 14 species of Tephritidae.  
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Dacus and Bactrocera were monophyletic groups. Zeugodacus is the monophyletic group in Fig. 6-A. Zeugodacus cilifer is sister to other 
species of Zeugodacus and Dacus, and Zeugodacus is not monophyletic in Fig. 6-B, C, and D. In other studies, the genus Zeugodacus was 
shown to be a monophyletic group, sister to Dacus, and clustered with Bactrocera [35–37,58]. It is worth noting that these results may 
vary due to different datasets, tree-building methods, and evolutionary models employed. Therefore, further support from additional 
data is needed to confirm these relationships. 

In addition, there are differences in the evolutionary rates of the first, second and third codon position due to codon degeneracy, 
and the combined analysis of these differences may have implications for the stability of inferred phylogenetic relationships.The effect 
of the third codon on inferring phylogenetic relationships was not assessed in this study, which is a shortcoming of this study.However, 
this study focuses on the phylogenetic relationships of the Carpomya genus within the family Tephritidae, and all four phylogenetic 
trees produced the same results for the Carpomya genus.In the future, when studying the phylogenetic relationship of the entire 
Tephritidae family, more mitochondrial genome data can be added and more datasets can be selected for analysis. 

4. Conclusions 

In summary, we conducted high-throughput sequencing to sequence and analyze the mitochondrial genome of C. pardalina. Our 
analysis shed light on the taxonomic position of C. pardalina within the Tephritidae family. The phylogenetic trees constructed using 

Fig. 4. Relative synonymous codon usage in the mitogenome of Carpomya pardalina (e) and 13 other Tephritidae species. (a)Anastrepha ludens; (b) 
Anastrepha serpentina; (c)Bactrocera dorsalis; (d)Bactrocera tryoni; (f)Carpomya pardalina; (g)Ceratitis cosyra; (h)Ceratitis rosa; (i)Dacus ciliatus; (j) 
Dacus bivittatus; (k)Rhagoletis completa; (l)Rhagoletis pomonella; (m)Zeugodacus scutellatus; (n)Zeugodacus tau 
Note: Codon families were indicated below the X-axis. Values on the top of the bars denote amino acid usage. 
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the two datasets consistently placed C. pardalina in the genus Carpomya, supporting the findings of traditional morphological tax-
onomy. Additionally, C. pardalina was found to have a sister relationship with the evolutionary branch comprising C. incompleta and 
C. vesuviana. The availability of the complete mitochondrial genome of C. pardalina is valuable for future studies on molecular 
characterization, population genetics, and molecular phylogenetics of the Tephritidae family. 
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values or Bayesian posterior probabilities. 
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