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Abstract

:

This study presents the complete mitochondrial genome (mitogenome) of Litostrophus scaber, which is the first mitogenome of the genus Litostrophus. The mitogenome is a circular molecule with a length of 15,081 bp. The proportion of adenine and thymine (A + T) was 69.25%. The gene ND4L used TGA as the initiation codon, while the other PCGs utilized ATN (A, T, G, C) as the initiation codons. More than half of the PCGs used T as an incomplete termination codon. The transcription direction of the L. scaber mitogenome matched Spirobolus bungii, in contrast to most millipedes. Novel rearrangements were found in the L. scaber mitogenome: trnQ -trnC and trnL1- trnP underwent short-distance translocations and the gene block rrnS-rrnL-ND1 moved to a position between ND4 and ND5, resulting in the formation of a novel gene order. The phylogenetic analysis showed that L. scaber is most closely related to S. bungii, followed by Narceus magnum. These findings enhance our understanding of the rearrangement and evolution of Diplopoda mitogenomes.
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1. Introduction


With more than 12,000 nominal species and almost 80,000 predicted species [1], the Diplopoda are a diverse group of arthropods. They are widely distributed [2]. Diplopoda are often colloquially called millipedes, but the majority possess only a few hundred pairs of legs or fewer [1]. As soil-based animals, millipedes are highly important components of terrestrial ecosystems [3], playing ecological roles in developed humus [3,4,5] and contributing to the decomposition of plant litter by breaking down fallen leaves and maintaining soil fertility [6]. Millipedes are usually used as bioindicators for soil quality. Due to their small size, as well as the diversity and abundance of arthropod groups, as bioindicators, they may more accurately reflect trends in species richness and community composition compared to vertebrates [1,2]. Therefore, many studies of the ecological functions of millipedes have been conducted [7,8,9]. Despite millipedes’ ubiquity, little research has been conducted regarding their evolutionary relationships. The classical taxonomy of millipedes is based on morphology and has defects; meanwhile, there is limited research on the population-level genetics of millipedes, leading to problems in the classification of this group [10,11]. Our understanding of millipedes’ higher-level relationships, ecology, behavior, physiology, and genomic composition is also limited.



The mitochondria are the basic organelle of eukaryotic cells, and they present independent and conserved genetic characteristic [12]. A typical animal mitochondria genome (mitogenome) is a circular structure with a length of 13–17 kbp. Mitogenomes usually comprise 37 coding genes, including 13 protein-coding genes (PCGs), 22 transfer RNA genes (tRNAs), 2 ribosomal RNA genes (rRNAs), and a D-loop region [13]. In arthropods, the mitogenome is more structurally diverse, and there are atypical mitogenomes. For example, the mitogenomes of certain species in the order Coleoptera are significantly larger than those of other studied arthropods [14]. Additionally, the mitogenomes of some species in the order Anoplura have been observed to split into minicircular chromosomes [15]. In recent years, mitogenomes have been widely used in studies of molecular systematics [16,17], population genetics [18,19], and molecular evolution [20,21]. In comparison with individual mitochondrial genes, which are susceptible to loss [22,23], mitogenomes provide greater accuracy when inferring phylogenetic relationships [24]. For example, there is evidence indicating that the mitochondrial cox1 gene is not suitable for making inferences about the phylogeny of many metazoans due to its low levels of polymorphism [25]. Among the characteristics of mitogenomes, gene rearrangements also provide insights into phylogenetic relationships [26]. The comparison of these gene arrangements has significant potential to help resolve some of the most fundamental branches of multicellular animal phylogeny [27]. Only recently have molecular phylogenetic techniques been used to reconstruct millipedes’ phylogenetic relationships. Myriapoda species are model organisms for studying the relationship between gene rearrangements and phylogenetic analysis due to their high rates of rearrangement [28]. Despite this potential, research on millipede mitogenomes remained limited [29,30]. At the time this paper was written, limited millipede mitogenomes have been uploaded to the NCBI website. However, some of these sequences may have annotation issues. To conduct a comprehensive and systematic phylogenetic analysis of the class Diplopoda, a large number of complete mitogenomes of its subordinate species are needed [31,32]. The lack of mitogenome data has led to insufficient research being conducted on the evolutionary significance of Diplopoda gene rearrangements and their phylogenetic relationships.



Litostrophus scaber, a common millipede species in China, belongs to the family Pachybolidae and the order Spirobolida. In this study, the mitogenome of L. scaber was assembled and characterized. We describe the genome size, nucleotide composition, codon usage, and gene rearrangements. To further investigate the use of complete or near-complete mitogenomes to enhance the effectiveness of phylogenetic analyses, we conducted phylogenetic analyses based on 13 PCGs to investigate the phylogenetic position of L. scaber. Our study aims to shed light on the diversity, evolution, gene rearrangement, and phylogenetic relationships of Diplopoda species.




2. Materials and Methods


2.1. Specimen Collection and DNA Extraction


The specimen used in this study was collected from the Seven Star Park (110.31° N, 25.27° E) in Guilin, Guangxi, China. After species diagnosis was performed based on morphological features given in previous research [2] and the distribution area provided by the Global Biodiversity Information Facility website (GBIF, available at https://www.gbif.org, accessed on 28 May 2023), the specimen was stored in a −80 °C refrigerator at Nanjing Forestry University Animal Molecular Evolution Laboratory. The collection of the specimen was reviewed and approved by Nanjing Forestry University. The specimen used in this study was collected and studied in accordance with Chinese laws. Total genomic DNA was extracted using a FastPure Cell/Tissue DNA Isolation Mini Kit (Vazyme, Nanjing, China), and it was then stored at −20 °C for the follow-up investigation.




2.2. Sequence Analysis


The complete genomic library of L. scaber was established using the Illumina platform (Personal, Shanghai, China), while the sequencing was performed using next-generation sequencing with an insert size of 300 bp (about 2 Gb of raw data). To generate clean data, low-quality sequences were removed. Then, 22,035,594 reads with a GC content of 31.69% were assembled to obtain a complete mitogenome using Geneious Prime v2023.1.2 software The mitogenome of Spirobolus bungii (Accession number: MT767838.1) was used as a template for the assembly. The medium sensitivity/speed option was used for the assembling. A consensus sequence was constructed using a 99% base call threshold.



The initial analysis of the mitogenome was based on DNASTAR Lasergene 7.1 and the MITOS Web Server (available at https://usegalaxy.eu/root?tool_id=toolshed.g2.bx.psu.edu%2Frepos%2Fiuc%2Fmitos%2Fmitos%2F1.1.1%20galaxy0, accessed on 6 June 2023) [33]. Lasergene 7.1 was used for the sequence alignment and gene recognition. The MITOS Web Server was utilized to locate RNA genes. The PCGs were predicted using both MITOS and the CD-search tool on the NCBI website (available at https://www.ncbi.nlm.nih.gov/, accessed on 9 June 2023). The correct mitogenome of L. scaber was submitted to GenBank (accession number: OR139892.1). The gene map was generated using the CG View Server (available at https://cgview.ca/, accessed on 17 June 2023). BLASTN was used for a mitogenomic comparison of 17 species and BRIG was used to acquire a graphical map of the BLASTN results [34]. The composition skew was calculated according to the following formula: AT-skew = (A − T)/(A + T) and GC-skew = (G − C)/(G + C) [35]. DNAsp was used to analyze nucleotide diversity (Pi) [36]. MEGA X was used to calculate the relative synonymous codon usage (RSCU) and non-synonymous (Ka) and synonymous substitutions (Ks). The ggplot2 and aplot packages, executed in R v.4.3.1, were utilized to generate these images. The secondary structures of 22 tRNA genes were predicted using ViennaRNA Web Services (available at http://rna.tbi.univie.ac.at/forna/, accessed on 23 June 2023) to generate colorful secondary structures [37].




2.3. Phylogenetic Analysis


A total of 23 mitogenomes with credible annotations were selected for phylogenetic analysis, representing 17 genera, 12 families, and 6 orders: the accession numbers and taxonomic information are presented in Table 1. A centipede species, Cermatobius longicornis, was used as the out-group. All operations were completed using the PhyloSuite v1.2.3 software package [38]. Sequences of 13 PCGs were extracted using the PhyloSuite v1.2.3 software package and were then used for the phylogenetic analyses. The ‘Normal’ or ‘Codon’ alignment and ‘auto’ strategy of MAFFT v7.313 were used for multiple gene alignment [39]. MACSE was used to optimize alignments using the classic “Needleman–Wunsch” algorithm [40]. Sequence pruning in the form of triplet codons was performed using the “Codon” pattern in Gblocks [41]. RNA sequences were aligned using the “automated1” mode in trimAI [42]. The constructed PCGs and RNA sequences generated concatenate sequences in PhyloSuite. With BIC as the standard criterion, partition analysis was performed for IQ-TREE and Mrbayes using ModelFinder’s Edge- unlinked mode. Each PCG was divided into three codon partitions using Codon Mode (3 sites) [43]. The best-fit models obtained using ModelFinder for both software packages are presented in Table S1. IQ-TREE was used to reconstruct the ML tree with 1000 bootstraps [44]. The BI tree was reconstructed using MrBayes 3.2.6 with four Markov chains (three hot chains and one cold chain). Two independent runs of 1000,000 generations were conducted, with sampling carried out every 1000 generations. The first 25% of samples were deleted to reduce the number of simulation errors [45]. Phylogenetic trees were visualized and edited using the Interactive Tree of Life Web Server (iTOL, available at https://itol.embl.de, accessed on 10 July 2023).





3. Results and Discussion


3.1. Mitogenomic Structure and Comparison


The mitogenome was a typical circular, double-stranded molecule; it was 15,081 bp in length, slightly longer than other species in the order Spirobolida. The mitogenome included 13 PCGs, 22 tRNAs, 2 rRNAs, and one D-loop region. Four PCGs (ND4L, ND4, ND1, and ND5), nine tRNAs (L1, P, Q, C, V, L2, H, F, and Y), and two rRNAs were translated on the majority stand (J-stand), which is similar to S. bungii in the same family [30] (Table 2, Figure 1). The base composition of the mitogenome was as follows: A 34.09%, T 35.16%, G 21.74%, and C 9.01%. An analysis of the base composition suggested that the whole mitogenome was biased toward A and T because of the high A + T content (69.25%). In addition, the AT skew was negative (−0.016) and the GC skew was positive (0.41). Two gene overlaps were identified, one between ND4L and ND4 (six bp in length) and the other between ATP6 and ATP8 (six bp in length).



The A + T content, AT skew, and GC skew within Spirobolida exhibit significant variations (Figure 2). The A + T content ranges from 56.7% (S. bungii) to 68.04% (L. scaber). The AT skew ranges from −0.155 (L. scaber) to −0.131 (N. annularus), and the GC skew ranges from −0.060 (N. annularus) to −0.016 (L. scaber). The between-order analysis showed that the order Julida [46] and the order Polydesmida had T skews and G skews, while the other orders had the same skew as the order Spirobolida [47].



The BLAST results revealed that L. scaber exhibited a high level of similarity to other millipedes at the protein level (Figure 3). The protein-level similarity ranged from 73.58% (Appalachioria falcifera) to 79.77% (N. annularus). Specifically, L. scaber exhibited the highest similarity with N. annularus, followed by Chaleponcus netus and Prionopetalum kraepelini. It is noteworthy that these similarities do not align consistently with the established phylogenetic relationships. This discrepancy might be attributed to the gene rearrangement, which appears to have a significant impact on the process of systematic evolution [48,49]. The charts generated from the BLAST results using BRIG indicated that the COX1 gene in millipedes was the most highly conserved, displaying the highest consistency. Moreover, the consistency of ATP8, ND6, ND2, and ND4L was lower, a result that aligns with findings from previous studies [30,31].




3.2. PCGs


The total PCG length of the L. scaber mitogenome was 10,905 bp, accounting for 72.31% of the entire mitogenome, similar to other millipede species. Specifically, 12 PCGs used ATN (A, T, G, C) as the initiation codon, and the nonstandard initiation codon TGA was observed in ND4L. Unusual initiation codons have previously been reported, including ND1 of Antrokoreana gracilipes, which starts with GTG, and ATP8 of Anaulaciulus koreanus, which starts with TTA [46,47]. Seven PCGs, COX2, COX1, ND5, ND6, CYTB, COX3, and ATP6, used T as the termination codon. ND1 used TA as an incomplete termination codon. These special termination codons are also found in other arthropods [46,47], and these codons might be transformed into TAA or TAG for formal functions [50]. The remaining PCGs used TAA/TAG as the termination codons. The RSCU values of 13 millipede species from 12 families of 6 orders are summarized in Figure 4. Overall, the five amino acids with high usage levels were Leu, Gly, Val, Phe, and Ile. The four most common codons were UUU (Phe), AUU (Ile), UUA (Leu), and AUA (Met). The codons translated by these species ranged in quantity from 3628 to 3684. The usage of codons ending in A/U was significantly higher than that of codons ending in C/G, reflecting the strong AT bias of the third codon, a finding consistent with previous studies on the class Myriapoda [51,52]. Analogously, the biased use of A + T nucleotides was reflected in the codon frequencies.



Pi and P-distance analyses were performed to elucidate the variation and evolution of the PCGs (Figure 5). Within the order Spirobolida, sliding window analysis revealed variation in Pi among the PCGs. The average Pi of each gene ranged from 0.201 (COX1) to 0.422 (ATP8), with ATP8, ND6, and ND2 having the highest Pi values of 0.422, 0.422, and 0.374, respectively. Conversely, COX3, COX2, and COX1 had the lowest Pi values of 0.271, 0.252, and 0.201, respectively, in line with the genetic distance between the PCGs. This implies that ATP8, ND6, and ND2 are fast-evolving genes, while COX3, COX2, and COX1 are slow-evolving genes within the order Spirobolida. However, the analysis across different orders yielded different results. Specifically, within orders, ND3, ND6, and ATP8 were identified as fast-evolving genes, whereas COX3, COX2, and COX1 were determined to be slow-evolving genes in general. Overall, the results of our analysis were similar to those of previous studies [28,52].



To analyze the evolution rate of the PCGs, we assessed the average Ka/Ks values (Figure 5). Under the assumption of neutral protein-level evolution, the ratio of Ka to Ks should be equal, resulting in a Ka/Ks ratio of 1. A Ka/Ks ratio below 1 indicates the presence of purifying or stabilizing selection, which suggests a resistance to change. On the other hand, a ratio above 1 implies positive or Darwinian selection, which drives evolutionary change. Within the order Spirobolida, all PCGs had an average Ka/Ks value of less than 1, ranging from 0.038 (COX1) to 0.423 (ND4L), which indicated the presence of purifying selection. Moreover, among the orders, the average Ka/Ks values ranged from 0.206 (CYTB) to 6.695 (COX2), which suggested that ND4, ND5, ATP6, and COX2 had experienced positive selection. Specifically, COX2 exhibited a Ka/Ks value much higher than 1, this high value may be attributed to the limited number of species used for analysis. Different candidate markers can be selected based on different taxonomic categories. An analysis of the average Ka/Ks value between orders could potentially be used to select candidate markers for molecular biological identification across different orders.




3.3. RNA Genes and Non-Coding Regions


The length of the tRNA genes ranged from 54 to 69 bp, and most tRNA’s arms formed classic Watson–Crick pairs. Moreover, 23 U-G wobble pairs that have specific functions were found in the tRNA [53], which is common in invertebrates [54] (Figure 6). The rrnS gene was located between trnV and trnC, with a length of 757 bp and a C + G content of 28.79%. The rrnL gene (length: 1031 bp) was located between trnV and trnL, with a C + G content of 28.42%. The rRNA region of the new mitogenomes was 1788 bp in length, accounting for 11.86% of the whole mitogenome.



The longest non-coding region (length: 459 bp) was flanked by trnI and trnL. This region is responsible for regulating transcription and replication. As the D-loop region of arthropods always has high A + T content [55], this area could be identified as the putative D-loop region based on its high A + T content (71.46%) compared to other mitochondrial genes of L. scber. There were also 17 intergenic regions in the mitogenome, which ranged in length from −6 to 169 bp, and the longest interval was found between rrnL and trnL. Specific spacers within these spacers may serve as binding sites for transcription termination factors [56].




3.4. Gene Rearrangement


Comparisons of gene arrangements are an important tool for resolving deep phylogenetic relationships [57]. In millipedes, gene rearrangements occurred within and between orders (Figure 7). PCGs in L. scaber shared a similar transcription direction with S. bungii, in contrast to most millipedes [58]. Mitogenome arrangements vary significantly across the class Diplopoda. Gene rearrangements are observed, including both the RNA and PCGs. In terms of minor rearrangements, trnQ–trnC and trnL1–trnP underwent short-distance movements, resulting in the formation of trnQ–trnC–trnL1–trnP gene clusters. Rearrangements at the RNA level are common in arthropods [13,59], but these clusters are novel in millipedes. In terms of major rearrangements, the arrangement in L. scaber can be explained by a single rearranged gene block (rrnS–rrnL–ND1) moving to a position between ND4 and ND5 relative to S. bungii and Narceus annulans. The duplication–random loss (TDRL) model might be used to explain this arrangement [60]. According to this model, during replication, specific DNA segments are replicated at homologous sites and subsequently removed, resulting in the restoration of the original genomic organization or rearrangement [61]. To gain a deeper understanding of the evolutionary implications of gene arrangements in Diplopoda, it is necessary to conduct further research on mitochondrial genomes involving a wider range of taxa.




3.5. Phylogenetic Analysis


Because of the limited mitogenome sequences available for the class Diplopoda, we included only 22 millipede species in addition to the newly sequenced species from 17 genera of Diplopoda in the phylogenetic analyses; we selected C. longicornis as the out-group in the phylogenetic analysis of the class Diplopoda (Figure 8). The results from BI and ML exhibited striking similarities.



According to the current taxonomy, it is hypothesized that the orders Julida, Spirostreptida, and Spirobolida belong to the superorder Juliformia [62], but the specific relationships between these three orders remain controversial. A study based on mitogenomic analysis suggests that Julida and Spirostreptida have a sister-group relationship [63], while the morphological study suggested that Spirobolida and Julida have a sister-group relationship [60]. Studies based on mitochondrial genes, such as COX1 and rrnS, yield divergent perspectives [64,65]. The result obtained here were similar to those of previous phylogenetic studies based on the mitogenome. More mitogenomes will contribute to our understanding of the phylogenetic relationships between millipedes. Furthermore, our results showed a sister-group relationship between N. annularus and S. bungii, which did not agree with the result of Zuo Q. [28]. This might be due to the high levels of variation in the species selected for the two analyses.





4. Conclusions


In this study, we presented the newly sequenced mitogenome of L. scaber. This is the first representative mitogenome from the genus Litostrophus. The total length of the L. scaber mitogenome was 15,081 bp, with 69.25% A + T content. The mitogenome arrangement varies significantly in the class Diplopoda. Novel arrangements are found in the L. scaber mitogenome with the formation of trnQ–trnC and trnL–trnP gene clusters. The phylogenetic analysis indicated that L. scaber was a sister to S. bungii. The results obtained here were similar to those reported in previous phylogenetic studies based on the mitogenome. More mitogenomes will contribute to our understanding of the phylogenetic relationships between millipedes. Our study offers new insights into the evolution and phylogenetic relationships of Diplopoda.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/genes15020254/s1, Table S1: The best-fit models obtained using ModelFinder for ML and BI trees.





Author Contributions


H.L. conceived the study. G.Z. acquired the funds. G.Z. and M.G. conducted the experiments. T.G. conducted the sampling. G.Z., M.G., Y.W. and Y.C. carried out the bioinformatics analysis. G.Z. drafted the manuscript. H.L. and F.Z. reviewed and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Innovation and Entrepreneurship Training Program for College Students of China (202310298062Z).




Institutional Review Board Statement


This study was approved by the Ethics Committee of Nanjing Forestry University (ID: 2023020). All methods were in accordance with the relevant guidelines and regulations.




Informed Consent Statement


Not applicable.




Data Availability Statement


DNA sequences: GenBank accession number OR139892.1 for Litostrophus scaber.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Sierwald, P.; Bond, J.E. Current status of the myriapod class diplopoda (millipedes): Taxonomic diversity and phylogeny. Annu. Rev. Entomol. 2007, 52, 401–420. [Google Scholar] [CrossRef]

	



Pimvichai, P.; Enghoff, H.; Panha, S.; Backeljau, T. Morphological and mitochondrial DNA data reshuffle the taxonomy of the genera Atopochetus Attems, Litostrophus Chamberlin and Tonkinbolus Verhoeff (Diplopoda: Spirobolida: Pachybolidae), with descriptions of nine new species. Invertebr. Syst. 2018, 32, 159–195. [Google Scholar] [CrossRef]

	



Snyder, B.A.; Hendrix, P. Current and potential roles of soil macroinvertebrates (earthworms, millipedes, and isopods) in ecological restoration. Restor. Ecol. 2008, 16, 629–636. [Google Scholar] [CrossRef]

	



Li, Y.Y.; Liao, J.H.; Chen, H.Y.H.; Zou, X.M.; Delgado-Baquerizo, M.; Ni, J.P.; Ren, T.T.; Xu, H.M.; Ruan, H.H. Soil fauna alter the responses of greenhouse gas emissions to changes in water and nitrogen availability. Soil Biol. Biochem. 2023, 179, 108990. [Google Scholar] [CrossRef]

	



Sustr, V.; Simek, M.; Faktorova, L.; Mackova, J.; Tajovsky, K. Release of greenhouse gases from millipedes as related to food, body size, and other factors. Soil Biol. Biochem. 2020, 144, 107765. [Google Scholar] [CrossRef]

	



David, J.F.; Handa, I.T. The ecology of saprophagous macroarthropods (millipedes, woodlice) in the context of global change. Biol. Rev. 2010, 85, 881–895. [Google Scholar] [CrossRef]

	



Braschler, B.; Gilgado, J.D.; Zwahlen, V.; Rusterholz, H.P.; Buchholz, S.; Baur, B. Ground-dwelling invertebrate diversity in domestic gardens along a rural-urban gradient: Landscape characteristics are more important than garden characteristics. PLoS ONE 2020, 15, e0240061. [Google Scholar] [CrossRef]

	



Brewer, M.S.; Sierwald, P.; Bond, J.E. Millipede taxonomy after 250 years: Classification and taxonomic practices in a mega-diverse yet understudied arthropod group. PLoS ONE 2012, 7, e37240. [Google Scholar] [CrossRef]

	



Garcia, A.; Krummel, G.; Priya, S. Fundamental understanding of millipede morphology and locomotion dynamics. Bioinspiration Biomim. 2020, 16, 026003. [Google Scholar] [CrossRef]

	



Gerlach, J.; Samways, M.; Pryke, J. Terrestrial invertebrates as bioindicators: An overview of available taxonomic groups. J. Insect Conserv. 2013, 17, 831–850. [Google Scholar] [CrossRef]

	



Reip, H.S.; Wesener, T. Intraspecific variation and phylogeography of the millipede model organism, the black pill millipede Glomeris marginata (Villers, 1789) (Diplopoda, Glomerida, Glomeridae). Zookyes 2018, 741, 93–131. [Google Scholar] [CrossRef] [PubMed]

	



McBride, H.M.; Neuspiel, M.; Wasiak, S. Mitochondria: More than just a powerhouse. Curr. Biol. 2006, 16, R551–R560. [Google Scholar] [CrossRef] [PubMed]

	



Cameron, L.S. Insect mitochondrial genomics: Implications for evolution and phylogeny. Annu. Rev. Entomol. 2014, 59, 95–117. [Google Scholar] [CrossRef]

	



Boyce, T.M.; Zwick, M.E.; Aquadro, C.F. Mitochondrial DNA in the bark weevils: Size, structure and heteroplasmy. Genetics 1989, 123, 825–836. [Google Scholar] [CrossRef] [PubMed]

	



Shao, R.F.; Kirkness, E.F.; Barker, S.C. The single mitochondrial chromosome typical of animals has evolved into 18 minichromosomes in the human body louse, Pediculus humanus. Genome Res. 2009, 19, 904–912. [Google Scholar] [CrossRef]

	



Liu, H.R.; Li, H.; Song, F.; Gu, W.Y.; Feng, J.N.; Cai, W.Z.; Shao, R.F. Novel insights into mitochondrial gene rearrangement in thrips (Insecta: Thysanoptera) from the grass thrips, Anaphothrips obscurus. Sci. Rep. 2017, 7, 4284. [Google Scholar] [CrossRef]

	



Ma, C.; Yang, P.C.; Jiang, F.; Chapuis, M.P.; Shali, Y.; Sword, G.A.; Kang, L. Mitochondrial genomes reveal the global phylogeography and dispersal routes of the migratory locust. Mol. Ecol. 2012, 21, 4344–4358. [Google Scholar] [CrossRef]

	



Xu, R.F.; Chen, J.; Pan, Y.; Wang, J.C.; Chen, L.; Ruan, H.H.; Wu, Y.B.; Xu, H.M.; Wang, G.B.; Liu, H.Y. Genetic diversity and population structure of Spirobolus bungii as revealed by mitochondrial DNA sequences. Insects 2022, 13, 729. [Google Scholar] [CrossRef]

	



Nelson, L.A.; Lambkin, C.L.; Batterham, P.; Wallman, J.F.; Dowton, M.; Whiting, M.F.; Yeates, D.K.; Cameron, S.L. Beyond barcoding: A mitochondrial genomics approach to molecular phylogenetics and diagnostics of blowflies (Diptera: Calliphoridae). Gene 2012, 511, 131–142. [Google Scholar] [CrossRef]

	



Lavrov, D.V.; Boore, J.L.; Brown, W.M. Complete mtDNA sequences of two millipedes suggest a new model for mitochondrial gene rearrangements: Duplication and nonrandom loss. Mol. Biol. Evol. 2002, 19, 163–169. [Google Scholar] [CrossRef]

	



Salvato, P.; Simonato, M.; Battisti, A.; Negrisolo, E. The complete mitochondrial genome of the bag-shelter moth Ochrogaster lunifer (Lepidoptera, Notodontidae). BMC Genom. 2008, 9, 331. [Google Scholar] [CrossRef] [PubMed]

	



Tyagi, K.; Chakraborty, R.; Cameron, S.L.; Sweet, A.D.; Chandra, K.; Kumar, V. Rearrangement and evolution of mitochondrial genomes in Thysanoptera (Insecta). Sci. Rep. 2020, 10, 695. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Lei, Z.M.; Li, W.J.; Zhang, W.; Zhou, C.F. Comparative mitogenomic analysis of Heptageniid Mayflies (Insecta: Ephemeroptera): Conserved intergenic spacer and tRNA gene duplication. Insects 2021, 12, 170. [Google Scholar] [CrossRef] [PubMed]

	



Boore, J.L. Animal mitochondrial genomes. Nucleic Acids Res. 1999, 27, 1767–1780. [Google Scholar] [CrossRef]

	



Havird, J.C.; Santos, S.R. Performance of single and concatenated sets of mitochondrial genes at inferring metazoan relationships relative to full mitogenome data. PLoS ONE 2014, 9, e84080. [Google Scholar] [CrossRef]

	



Feng, J.T.; Guo, Y.H.; Yan, C.R.; Ye, Y.Y.; Yan, X.J.; Li, J.J.; Xu, K.D.; Guo, B.Y.; Lü, Z.M. Novel gene rearrangement in the mitochondrial genome of Siliqua minima (Bivalvia, Adapedonta) and phylogenetic implications for Imparidentia. PLoS ONE 2021, 16, e0249446. [Google Scholar] [CrossRef]

	



Boore, J.L.; Collins, T.M.; Stanton, D.; Daehler, L.L.; Brown, W.M. Deducing the pattern of arthropod phylogeny from mitochondrial DNA rearrangements. Nature 1995, 376, 163–165. [Google Scholar] [CrossRef]

	



Zuo, Q.; Zhang, Z.S.; Shen, Y.J. Novel mitochondrial gene rearrangements pattern in the millipede Polydesmus sp. GZCS-2019 and phylogenetic analysis of the Myriapoda. Ecol. Evol. 2022, 12, e8764. [Google Scholar] [CrossRef]

	



Brewer, M.S.; Swafford, L.; Spruill, C.L.; Bond, J.E. Arthropod phylogenetics in light of three novel millipede (Myriapoda: Diplopoda) mitochondrial genomes with comments on the appropriateness of mitochondrial genome sequence data for inferring deep level relationships. PLoS ONE 2013, 8, e68005. [Google Scholar] [CrossRef]

	



Xu, H.M.; Fang, Y.; Cao, G.H.; Shen, C.Q.; Liu, H.Y.; Ruan, H.H. The complete mitochondrial genome of Spirobolus bungii (Diplopoda, Spirobolidae): The first sequence for the genus Spirobolus. Genes 2022, 13, 1587. [Google Scholar] [CrossRef]

	



Qu, Z.; Nong, W.Y.; So, W.L.; Barton-Owen, T.; Li, Y.Q.; Leung, T.C.N.; Li, C.D.; Baril, T.; Wong, A.Y.P.; Swale, T.; et al. Millipede genomes reveal unique adaptations during myriapod evolution. PLoS Biol. 2020, 18, e3000636. [Google Scholar] [CrossRef] [PubMed]

	



Caravas, J.; Friedrich, M. Of mites and millipedes: Recent progress in resolving the base of the arthropod tree. Bioessays 2010, 32, 488–495. [Google Scholar] [CrossRef]

	



Bernt, M.; Donath, A.; Juhling, F.; Externbrink, F.; Florentz, C.; Fritzsch, G.; Putz, J.; Middendorf, M.; Stadler, P.F. MITOS: Improved de novo metazoan mitochondrial genome annotation. Mol. Phylogenetics Evol. 2013, 69, 313–319. [Google Scholar] [CrossRef]

	



Alikhan, N.F.; Petty, N.K.; Ben Zakour, N.L.; Beatson, S.A. BLAST ring image generator (BRIG): Simple prokaryote genome comparisons. BMC Genom. 2011, 12, 402. [Google Scholar] [CrossRef]

	



Perna, N.T.; Kocher, T.D. Patterns of nucleotide composition at fourfold degenerate sites of animal mitochondrial genomes. J. Mol. Evol. 1995, 41, 353–358. [Google Scholar] [CrossRef]

	



Rozas, J.; Ferrer-Mata, A.; Sanchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sanchez-Gracia, A. DnaSP 6: DNA sequence polymorphism analysis of large data sets. Mol. Biol. Evol. 2017, 34, 3299–3302. [Google Scholar] [CrossRef] [PubMed]

	



Kerpedjiev, P.; Hammer, S.; Hofacker, I.L. Forna (force-directed RNA): Simple and effective online RNA secondary structure diagrams. Bioinformatics 2015, 31, 3374–3376. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Gao, F.L.; Jakovlic, I.; Zou, H.; Zhang, J.; Li, W.X.; Wang, G.T. PhyloSuite: An integrated and scalable desktop platform for streamlined molecular sequence data management and evolutionary phylogenetics studies. Mol. Ecol. Resour. 2020, 20, 348–355. [Google Scholar] [CrossRef]

	



Rozewicki, J.; Li, S.L.; Amada, K.M.; Standley, D.M.; Katoh, K. MAFFT-DASH: Integrated protein sequence and structural alignment. Nucleic Acids Res. 2019, 47, W5–W10. [Google Scholar] [CrossRef]

	



Ranwez, V.; Douzery, E.J.P.; Cambon, C.; Chantret, N.; Delsuc, F. MACSE v2: Toolkit for the alignment of coding sequences accounting for frameshifts and stop codons. Mol. Biol. Evol. 2018, 35, 2582–2584. [Google Scholar] [CrossRef]

	



Talavera, G.; Castresana, J. Improvement of phylogenies after removing divergent and ambiguously aligned blocks from protein sequence alignments. Syst. Biol. 2007, 56, 564–577. [Google Scholar] [CrossRef]

	



Capella-Gutiérrez, S.; Silla-Martínez, J.M.; Gabaldón, T. trimAl: A tool for automated alignment trimming in large-scale phylogenetic analyses. Bioinformatics 2009, 25, 1972–1973. [Google Scholar] [CrossRef]

	



Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [Google Scholar] [CrossRef]

	



Trifinopoulos, J.; Nguyen, L.T.; von Haeseler, A.; Minh, B.Q. W-IQ-TREE: A fast online phylogenetic tool for maximum likelihood analysis. Nucleic Acids Res. 2016, 44, W232–W235. [Google Scholar] [CrossRef]

	



Huelsenbeck, J.P.; Ronquist, F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 2001, 17, 754–755. [Google Scholar] [CrossRef] [PubMed]

	



Woo, H.J.; Lee, Y.S.; Park, S.J.; Lim, J.T.; Jang, K.H.; Choi, E.H.; Choi, Y.G.; Hwang, U.W. Complete mitochondrial genome of a troglobite millipede Antrokoreana gracilipes (Diplopoda, Juliformia, Julida), and juliformian phylogeny. Mol. Cells 2007, 23, 182–191. [Google Scholar] [CrossRef] [PubMed]

	



Woo, H.J.; Nguyen, A.D.; Jang, K.H.; Choi, E.H.; Ryu, S.H.; Hwang, U.W. The complete mitochondrial genome of the Korean endemic millipede Anaulaciulus koreanus (Verhoeff, 1937), with notes on the gene arrangement of millipede orders. Zootaxa 2017, 4329, 574–583. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.J.; Bai, Y.; Dong, Y. A rearrangement of the mitochondrial genes of Centipedes (Arthropoda, Myriapoda) with a phylogenetic analysis. Genes 2022, 13, 1787. [Google Scholar] [CrossRef] [PubMed]

	



Roehrdanz, R.L.; Degrugillier, M.E.; Black, W.C. Novel rearrangements of arthropod mitochondrial DNA detected with Long-PCR: Applications to arthropod phylogeny and evolution. Mol. Biol. Evol. 2002, 19, 841–849. [Google Scholar] [CrossRef] [PubMed]

	



Ojala, D.; Montoya, J.; Attardi, G. tRNA punctuation model of RNA processing in human mitochondria. Nature 1981, 290, 470–474. [Google Scholar] [CrossRef]

	



Ding, J.Y.; Lan, H.; Xu, W.; Chen, Y.N.; Wu, H.; Jiang, H.M.; Wang, J.C.; Wu, Y.B.; Liu, H.Y. Two complete mitochondrial genomes in Scolopendra and a comparative analysis of tRNA rearrangements in centipedes. Mol. Biol. Rep. 2022, 49, 6173–6180. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, G.L.; Oliveira, R.R.M.; Pires, E.S.; Pietrobon, T.; Prous, X.; Oliveira, G.; Vasconcelos, S. Complete mitochondrial genome of Glomeridesmus spelaeus (Diplopoda, Glomeridesmida), a troglobitic species from iron-ore caves in Eastern Amazon. Mitochondrial DNA Part B 2020, 5, 3290–3291. [Google Scholar] [CrossRef]

	



van Knippenberg, P.H.; Formenoy, L.J.; Heus, H.A. Is there a special function for U.G basepairs in ribosomal RNA? Biochim. Biophys. Acta 1990, 1050, 14–17. [Google Scholar] [CrossRef]

	



Yuan, M.L.; Zhang, Q.L.; Guo, Z.L.; Wang, J.; Shen, Y.Y. The complete mitochondrial genome of Corizus tetraspilus (Hemiptera: Rhopalidae) and phylogenetic analysis of Pentatomomorpha. PLoS ONE 2017, 10, e0129003. [Google Scholar] [CrossRef]

	



Cook, C.E. The complete mitochondrial genome of the stomatopod crustacean Squilla mantis. BMC Genom. 2005, 6, 105. [Google Scholar] [CrossRef]

	



Roberti, M.; Polosa, P.L.; Bruni, F.; Musicco, C.; Gadaleta, M.N.; Cantatore, P. DmTTF, a novel mitochondrial transcription termination factor that recognises two sequences of Drosophila melanogaster mitochondrial DNA. Nucleic Acids Res. 2003, 31, 1597–1604. [Google Scholar] [CrossRef]

	



Boore, J.L.; Brown, W.M. Big trees from little genomes: Mitochondrial gene order as a phylogenetic tool. Curr. Opin. Genet. Dev. 1998, 8, 668–674. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Y.; Zhu, L.X.; Bai, Y.; Ou, Y.Y.; Wang, C.B. Complete mitochondrial genomes of two flat-backed millipedes by next-generation sequencing (Diplopoda, Polydesmida). Zookeys 2016, 637, 1–20. [Google Scholar] [CrossRef]

	



Feng, Z.B.; Wu, Y.F.; Yang, C.; Gu, X.H.; Wilson, J.J.; Li, H.; Cai, W.Z.; Yang, H.L.; Song, F. Evolution of tRNA gene rearrangement in the mitochondrial genome of ichneumonoid wasps (Hymenoptera: Ichneumonoidea). Int. J. Biol. Macromol. 2020, 164, 540–547. [Google Scholar] [CrossRef]

	



Blanke, A.; Wesener, T. Revival of forgotten characters and modern imaging techniques help to produce a robust phylogeny of the Diplopoda (Arthropoda, Myriapoda). Arthropod Struct. Dev. 2014, 43, 63–75. [Google Scholar] [CrossRef] [PubMed]

	



Dowton, M.; Castro, R.L.; Austin, D.A. Mitochondrial gene rearrangements as phylogenetic characters in the invertebrates: The examination of genome ‘morphology’. Invertebr. Syst. 2002, 16, 345–356. [Google Scholar] [CrossRef]

	



Enghoff, H.; Dohle, W.; Blower, J.G. Anamorphosis in millipedes (Diplopoda)—The present state of knowledge with some developmental and phylogenetic considerations. Zool. J. Linn. Soc. 1993, 109, 103–234. [Google Scholar] [CrossRef]

	



Joo, S.; Lee, J.; Lee, D.Y.; Xi, H.; Park, J. The complete mitochondrial genome of the millipede Epanerchodus koreanus Verhoeff, 1937 collected in limestone cave of Korea (Polydesmidae: Polydesmida). Mitochondrial DNA Part B 2020, 5, 3845–3847. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, X.K.; Shear, W.A.; Ye, L.P.; Chen, H.M.; Xie, Z.C. Recovery of the family status of Pericambalidae silvestri, 1909, stat. nov. (Diplopoda: Spirostreptida: Cambalidea), with a revision of the genera and species from China. Invertebr. Syst. 2023, 37, 78–100. [Google Scholar] [CrossRef]

	



Mwabvu, T.; Lamb, J.; Slotow, R.; Hamer, M.; Barraclough, D. Is millipede taxonomy based on gonopod morphology too inclusive? Observations on genetic variation and cryptic speciation in Bicoxidens flavicollis (Diplopoda: Spirostreptida: Spirostreptidae). Afr. Invertebr. 2013, 54, 349–356. [Google Scholar] [CrossRef]








[image: Genes 15 00254 g001] 





Figure 1. Circular map of the mitogenome of Litostrophus scaber. The outer ring represents genes encoded on the main stand (J-stand), and the inner ring represents genes encoded on the minor stand (N-stand). Genes are shown in different colors. 
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Figure 2. Three-dimensional scatter plots of the AT skew, GC skew, and A + T content of 16 Diplopod mitochondrial genomes. Balls of different colors correspond to different orders. 
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Figure 3. Graphical map of the BLAST results showing the nucleotide identity between the Litostrophus scaber mitochondrial genome and that of 16 other Diplopod species. Different colors correspond to different species. 
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Figure 4. RSCU results of 13 species of Diplopoda, including the order Glomeridesmida, the order Julida, the order Spirobolida, the order Spirostreptida, the order Playtdesmida, and the order Polydesmida. Different colors correspond to a different third codon. 
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Figure 5. Variation in mitochondrial genes and the evolutionary characteristics of Diplopoda. (A) Sliding window analysis within the order Spirobolide, revealing the nucleotide diversity (Pi). (B) P-distance and Ka/Ks values of mitochondrial gene sequences within the order Spirobolide, revealing its evolutionary characteristics. (C) Sliding window analysis among Diplopoda, revealing Pi values. (D) P-distance and Ka/Ks values of mitochondrial gene sequences among Diplopoda, revealing their evolutionary characteristics. 
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Figure 6. Secondary structure of 22 tRNA genes from the Litostrophus scaber mitochondrial genome. 
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Figure 7. Comparison of mitogenome arrangements between different Diplopoda species. (A) Gene orders of the different types of mitogenome arrangement for the species used in this study. Gene segments are not drawn to scale. (B) The hypothetical process of the transposition of the gene block rrnS–rrnL–ND1 in the TDRL model. “X” indicates the partially random loss of the duplicated genes. 
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Figure 8. ML (A) and BI (B) trees based on the nucleotide datasets for 13 PCGs from the mitogenomes of 23 species. All the bootstrap values of the branches are indicated. 
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Table 1. List of complete mitogenomes used in this study.
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	Class
	Order
	Family
	Genus
	Species
	Accession
	Length (bp)





	Diplopoda
	Callipodida
	Callipodidae
	Abacion
	Abacion magnum
	JX437062.1
	15,160



	
	Glomeridesmida
	Glomeridesmidae
	Glomeridesmus
	Glomeridesmus spelaeus
	MH590615.1
	14,863



	
	Julida
	Julidae
	Anaulaciulus
	Anaulaciulus koreanus
	KX096886.1
	14,916



	
	
	Nemasomatidae
	Antrokoreana
	Antrokoreana gracilipes
	DQ344025.1
	14,747



	
	Playtdesmida
	Andrognathidae
	Brachycybe
	Brachycybe lecontii
	JX437064.1
	15,644



	
	Polydesmida
	Paradoxosomatidae
	Asiomorpha
	Asiomorpha coarctata
	KU721885.1
	15,644



	
	
	Polydesmidae
	Epanerchodus
	Epanerchodus koreanus
	MT898420.1
	15,581



	
	
	Xystodesmidae
	Appalachioria
	Appalachioria falcifera
	JX437063.1
	15,828



	
	Spirobolida
	Spirobolidae
	Narceus
	Narceus annularus
	AY055727.1
	14,868



	
	
	
	Spirobolus
	Spirobolus bungii
	MT767838.1
	14,879



	
	
	Pachybolidae
	Litostrophus
	Litostrophus scaber
	OR139892.1
	15,081



	
	Spirostreptida
	Odontopygidae
	Chaleponcus
	Chaleponcus netus
	MT394513.1
	15,093



	
	
	Spirostreptidae
	Archispirostreptus
	Archispirostreptus gigas
	MT394525.1
	15,117



	
	
	
	Macrolenostreptus
	Macrolenostreptus orestes
	MT394512.1
	15,367



	
	
	
	Pseudotibiozus
	Pseudotibiozus cerasopus
	MT394506.1
	15,121



	
	
	
	Prionopetalum
	Prionopetalum kraepelini
	MT394524.1
	15,114



	
	
	
	Tropostreptus
	Tropostreptus austerus
	MT394523.1
	15,261



	
	
	
	
	Tropostreptus droides
	MT394522.1
	15,172



	
	
	
	
	Tropostreptus hamatus
	MT394521.1
	15,156



	
	
	
	
	Tropostreptus kipunji
	MT394511.1
	15,170



	
	
	
	
	Tropostreptus microcephalus
	MT394516.1
	15,169



	
	
	
	
	Tropostreptus severus
	MT394517.1
	15,209



	
	
	
	
	Tropostreptus sigmatospinus
	MT394526.1
	15,176



	Chilopoda
	Lithobiomorpha
	Henicopidae
	Cermatobius
	Cermatobius longicornis
	KC155628.1
	16,833










 





Table 2. Gene annotations of the complete mitogenomes of L. scaber.
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Gene Name

	
Location

	
Length (bp)

	
Intergenic

	
Codon

	
Stand




	
From

	
To

	
Start

	
Stop






	
trnK

	
1

	
56

	
56

	

	

	

	
J




	
COX2

	
66

	
744

	
679

	
9

	
ATG

	
T

	
J




	
COX1

	
745

	
2269

	
1525

	

	
ATA

	
T

	
J




	
trnW

	
2287

	
2347

	
61

	
17

	

	

	
J




	
ND2

	
2348

	
3340

	
993

	

	
ATC

	
TAA

	
J




	
trnM

	
3341

	
3406

	
66

	

	

	

	
J




	
trnI

	
3407

	
3474

	
68

	

	

	

	
J




	
D-loop

	
3475

	
3933

	
459

	

	

	

	
/




	
trnL1

	
3934

	
3995

	
62

	

	

	

	
N




	
trnP

	
4007

	
4067

	
61

	
11

	

	

	
N




	
ND4L

	
4068

	
4352

	
285

	

	
TGA

	
TAG

	
N




	
ND4

	
4346

	
5683

	
1338

	
−6

	
ATG

	
TAA

	
N




	
trnQ

	
5686

	
5751

	
66

	
2

	

	

	
N




	
trnC

	
5834

	
5902

	
69

	
82

	

	

	
N




	
rrnS

	
6020

	
6776

	
757

	
117

	

	

	
N




	
trnV

	
6777

	
6830

	
54

	

	

	

	
N




	
rrnL

	
7000

	
8030

	
1031

	
169

	

	

	
N




	
trnL2

	
8097

	
8161

	
65

	
66

	

	

	
N




	
ND1

	
8162

	
9087

	
926

	

	
ATT

	
TA

	
N




	
trnH

	
9088

	
9152

	
65

	

	

	

	
N




	
ND5

	
9192

	
10,854

	
1663

	
39

	
ATA

	
T

	
N




	
trnF

	
10,855

	
10,912

	
58

	

	

	

	
N




	
trnY

	
10,913

	
10,974

	
62

	

	

	

	
N




	
trnT

	
10,983

	
11,045

	
63

	
8

	

	

	
J




	
trnS2

	
11,048

	
11,114

	
67

	
2

	

	

	
J




	
CYTB

	
11,118

	
12,219

	
1102

	
3

	
ATT

	
T

	
J




	
ND6

	
12,238

	
12,676

	
439

	
18

	
ATA

	
T

	
J




	
trnE

	
12,695

	
12,757

	
63

	
18

	

	

	
J




	
trnS1

	
12,758

	
12,817

	
60

	

	

	

	
J




	
trnN

	
12,818

	
12,884

	
67

	

	

	

	
J




	
trnR

	
12,886

	
12,948

	
63

	
1

	

	

	
J




	
trnA

	
12,949

	
13,007

	
59

	

	

	

	
J




	
ND3

	
13,008

	
13,355

	
348

	

	
ATT

	
TAG

	
J




	
trnG

	
13,356

	
13,417

	
62

	

	

	

	
J




	
COX3

	
13,418

	
14,198

	
781

	

	
ATG

	
T

	
J




	
ATP6

	
14,199

	
14,871

	
673

	

	
ATG

	
T

	
J




	
ATP8

	
14,865

	
15,020

	
156

	
−6

	
ATT

	
TAA

	
J




	
trnD

	
15,021

	
15,081

	
61

	

	

	

	
J
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