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Simple Summary: Lonchodidae family is characterized by diverse phylogenetic uncertainties, with different paraphyletic subfamilies. This study sequenced the mitogenomes (mts) of eight species from two subfamilies of Lonchodidae. By comparing all available well-characterized mitogenomes, six types of gene rearrangements were shared by Phasmatodea. The result supported the monophyly of Heteropterygidae. Lonchodidae was polyphyletic in that it divided into three clades, but previous studies split into two parts.
Abstract: Lonchodidae has the most number of Phasmatodea and there have been many studies and revisions of this family, but the monophyly was not well recovered. To explore mitogenome features and phylogenetic position of the family, eight mitogenomes from its two subfamilies (Necrosciinae and Lonchodinae) were determined. The total mitochondrial gene length of eight species of Lonchodidae is from 15942 to 18021bp and consists of 13 protein coding genes (PCG), 22 tRNA genes, two rRNA genes and an AT rich control region as in other metazoans. The ATP8 has the highest content of Lonchodidae. Six types of gene rearrangements have emerged in all Phasmatodea, which appeared in the family Lonchodidae and Aschiphasmatidae. The most occurred rearrangements were tandem duplication random loss (TDRL), and trnI in Stheneboea repudiosa inverts into control region. The phylogenetic trees were reconstructed using BI and ML based on the selected best fitness dataset PCG123. In the phylogenetic relationships, Lonchodidae had two subfamilies: Lonchodinae and Necrosciinae. Lonchodinae was sister with Phasmatidae and the Necrosciinae was sister group with (Heteropterygidae+ Pseudophasmatidae). The cluster relationship of Heteropterygidae was (Obriminae + (Dataminae + Heteropteryginae)).
[bookmark: _GoBack]1. Introduction
Phasmatodea is large stick- and leaf-like with chewing mouthparts, incomplete metamorphosis, and some species with wings, which is the longest existing insect species. At present, there are 3500 valid species in the world, divided into 14 families and mainly distributed in the tropics [1]. In the past, the research on this order was mainly for morphological classification, and the insects of this order showed great mimicry in both eggs and adults, and the adults also had sexual dimorphism, which brought certain difficulties to morphological identification, and at the same time, the hidden taxa were neglected [2,3].
Insect mitochondria is a semi-autonomous organelle in eukaryotic cells, containing a set of mitochondrial genomes independent of nuclear genes [4]. The mitochondrial genomes of insects generally have a closed circular double-stranded structure, with a total of 37 genes, including 13 protein-coding genes (PCGs), 22 tRNA genes (tRNAs), 2 rRNA genes (rrnS and rrnL), and an A+T-rich region [5-7]. With the development of the Next-Generation Sequencing (NGS) technology, mitochondrial genome research has covered all orders of insects [7]. At present, there are a total of 43 whole mitochondrial genome data of Phasmatodea, which accounts for only 1.23% compared with the actual species. Therefore, it is necessary to sequence the mitochondrial genome of more species. In general, Genome rearrangements are considered useful markers for deep phylogenetic inferences in certain lineages [8]. Mitochondrial gene rearrangements include protein-coding gene rearrangement, rRNA gene rearrangement, tRNA gene rearrangement, protein-coding gene and rRNA gene rearrangement, protein-coding gene and tRNA gene rearrangement, and rRNA gene and tRNA gene rearrangement [9].  
Lonchodidae currently consists of two of the following subfamilies: Necrosciinae and Lonchodinae. The species of the two subfamilies are constantly being revised, and the phylogenetic positions have been controversial. Robertson et al. selected 284 Phasmatodea exemplars representing all the main lineages in the world, combined oviposition strategies and molecular data to reconstruct the phylogenetic relationship of this order, and officially recognized that the family Lonchodidae includes Necrosciinae and Lonchodinae [10]. Simon et al. proposed to include Lonchodidae in their new Oriophasmata [11]. Xu et al. supported Lonchodidae a polyphyletic group based on Twenty-seven whole mitogenome data, while the species of Lonchodinae and Necrosciinae did not form a single clade [12], as was also the case in studies [13-16]. Yuan et al. used mtPCG from 56 Phasmatodea species for phylogenetic reconstruction, supporting Lonchodinae and Necrosciinae as monophyletic, while Lonchodidae was polyphyletic [17]. In recent years, there has been a significant upward trend in the reporting of new species in Lonchodidae [18-24], and other species in the family have been continuously revised based on morphological data or morphology combined with molecular data [25-28].
To summarize what has been said, the mitochondrial genome has been shown to be a valid molecular marker that challenges many morphological classification views in terms of phylogenetic relationships, more sequencing work is necessary for Phasmatodea insects. In this paper, eight whole mitochondrial genomes were sequenced to supplement the mitochondrial genome data of Phasmatodea, and the types of gene rearrangements were summarized, and a total of 42 mitochondrial genomes were used to construct phylogenetic trees.
2. Materials and methods
2.1. Taxon sampling and sequencing
In this study, the samples of eight species were collected from Guangxi Zhuang Autonomous Region of China and stored in 100 % ethanol at −4℃ in Guangxi Normal University. Total genomic DNA was extracted from the hind leg of an adult specimen using TIANamp Genomic DNA Kit (TIANGEN, Beijing, China). The genomic DNA was sequenced using 150 bp PE on the Illumina Novaseq platform (Berrygenomics, Beijing, China).
2.2. Genome annotation and sequence analysis
The raw paired-end reads were filtered to obtain high-quality clean reads by using CLC Genomics Workbench 12 (CLC Bio, Aarhus, Denmark) with default parameters. The filtered reads were aligned to the mitochondrial genome as a reference for annotation from the basic local alignment search tool (BLAST) in the NCBI database. Then the mitochondrial genome was assembled by NOVOPlasty v.2.7.2 [29] the MITOS WebServer (http://mitos.bioinf.uni-leipzig.delindex.py) will be used for preliminary annotation [30]. In MEGA v.11, the invertebrate mitochondrial genetic code was used to translate the nucleotide sequences of PCGs, and the relative synonymous codon usage (RSCU) value was analyzed [31]. Comparative genomic circle map was drawn by The BLAST Ring Image Generator which was written by JAVA [32].
2.3. Phylogenetic analysis
To assess the presence of phylogenetic information in sequences, we performed a test for heterogeneity using four datasets: (a) the first and second codon positions of PCGs (PCG12); (b) all codon positions of the PCGs (PCG123); (c) the first and second codon positions of PCGs and 2 rRNAs (PCGs12 +2rRNAs); (d) all codon positions of the PCGs and 2 rRNAs (PCGs123 +2rRNAs). The heterogeneity of sequence divergence in both datasets was analyzed utilizing AliGROOVE with the default sliding window size [33]. Phylogenetic analysis was carried out on the newly obtained 13 PCGs of the mitochondrial genome and 50 species of Phasmatodea downloaded from the GenBank database, Homogryllacris anelytra and Phryganogryllacris xiai were selected as the outgroup. The MEGA v.11 was used to compare each protein-coding gene deduced from the amino acid comparison, and then the alignment results were connected [31]. Bayesian inference (BI) analysis was used for phylogenetic reconstruction with MrBayes 3.1.2 under the partition model selected by Partition Finder 2[32-34]. In the BI analysis, using the GTR+G+I substitution model, four independent Markov chains were running for 10,000,000 generations and stopped when the average standard difference is less than 0.01. In the ML analysis, we used best-fit model LG+F+I. The first 25% of the trees were discarded, and the remaining trees were used to construct the 50% majority-rule consensus tree [35].
3. Results and discussion
3.1. Mitochondrial genomic characterization of eight species 
The mitochondrial genomes of the eight species within the Lonchodidae are consistently circular in structure, with a size range of 15,942 to 18,021 base pairs. The genomes display an average GC content of 22.38%. These mitochondrial genomes are characterized by the presence of 37 genes, including 13 protein-coding genes, 22 transfer RNAs, 2 ribosomal RNAs, and a control region. The protein-coding genes feature stable starting codons (ATT/ATA/ATC/ATG), and the termination codons for ATP6, ATP8, COII, Cytb, ND4L, and ND6 are TAA/TAG. However, the rest of the termination codons were different from the ones mentioned above and did not have T. The variation in genome size is primarily attributed to the length of the control region.
3.2. Codon usage 
The mitochondrial genomes of the eight newly assembled species, along with the 42 mitochondrial genomes previously published in the NCBI database, were comprehensively analyzed. It was observed that the majority of protein-coding genes began with ATN as the start codon, with the exception of Asceles clavatus, where ACT was detected. Furthermore, TTG was identified as the starting codon in Orestes guangxiensis, Nanhuaphasma hamicercum, Extatosoma tiaratum, Dryococelus australis, Cryptophyllium tibetense, and Cryptophyllium westwoodii. Peruphasma schultei, Megalophasma granulatum, and Marmessoidea bispina utilized GTG as their start codon. The termination codons of most protein-coding genes (PCGs) employed TAA, though some terminated with TAG or TA, or had incomplete termination codons. The 3' of transcription of TA or T could add Poly A, possibly explaining the absence of a terminating codon [36]. The mitochondrial genome of the 50 stick insects exhibited a strong bias towards UUA as the most frequently used codon, followed by UCA. The mitochondrial genomes of the same order had similar codon biases.
3.3. AT bias
PCGs shows a high range of A + T content from 76.5% to79.3%. A+T contents in 3rd codon position (86.4 -93.9%) has much higher than the other codon positions (66.4-70.9%). In all PCGs, excluded Neohirasea hongkongensis in ATP6, the others had the highest A+T content in ATP8, while COI had the lowest A + T content on the contrary (Figure 3).B
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3.4. Gene rearrangement
According to Figure 4, the mitochondrial genomes of the eight species belonging to the family Lonchodidae exhibit the most primitive order. Currently, there are six gene rearrangement patterns observed in Phasmatodea, as also presented in Figure 4. The most primitive pattern among them is Figure 4A. In the rearrangement pattern of Figure 4B, Orthomeria smaragdinum and Nanhuaphasma hamicercum display a gene block rearrangement of trnR-trnN to trnN-trnR. Carausius sp. and Megalophasma granulate exhibit a reordering type from trnA-trnR to trnR-trnA (Figure 4C). Micadina brachyptera lacks the gene block trnN, resulting in a sequence of trnA-trnR-trnS1-trnE (Figure 4D). Phraortes sp. lacks the gene blocks trnI, trnQ, and trnM (Figure 4E). The gene block trnL is inverted and transferred to the control region in Stheneboea repudiosa as displayed in Figure 4F.
There are six rearrangements in mitochondrial genome of PCGs in Phasmatodea, which appears in the family Lonchodidae and Aschiphasmatidae. Aschiphasmatidae only involves the gene block trnR-trnN rearranges to trnN-trnR, while Lonchodidae contains the rest of the rearrangements (Figure 5). The rearrangements of O. smaragdinum and N. hamicercum was guested as a plesiomorphic character of Aschiphasmatidae, in addition to using tandem duplication random loss (TDRL) to explain this phenomenon which trnR-trnN is duplicated as trnR-trnN-trnR-trnN and then random loss as trnN-trnR [37]. The rearrangements of Carausius sp. and Megalophasma granulate can be accounted for TDRL that trnA-trnR is duplicated as trnA-trnR- trnA-trnR at first, lose the first trnA and the last trnR second and the gene block become trnR- trnA at last. However, Megalophasma granulate is also related to the transposition of ancestral insect arrangement [38]. Because of associating with the ancestral insect, Micadina brachyptera and Phraortes sp. had rearrangements [14]. In past study, there have been some explanations to account for this phenomenon [7]. trnI inverts into control region in Stheneboea repudiosa since it appears internal translocation [17]. Mapping the gene sequence to the phylogenetic tree revealed that the genome of Phasmatodea insects had missing genes and increased genes, which was also reported in Coleoptera [39].
3.5 Phylogenetic relationships 
Using the four datasets for heterogeneity testing, there was no differences between PCG12 and PCG123. Based on a heterogeneous sequence divergence analysis suggested that PCG12 and PCG123 matrices were the most suitable to rebuild phylogenetic tree (Figure 6). This study focused on the phylogenetic tree constructed for PCG123 in the main text (Figure 7, 8), and the tree constructed based on the PCG12 locus was placed in the accompanying Figures S1, S2.
ML and BI were support the following relationships: (a) Timematidae was sister group with the remaining families of Euphasmatodea, which was consistent with previous classification results of Engel et al. based on morphological features[40] ; (b) In our analysis, Aschiphasmatidae and the remaining families of Neophasmatodea was sister group that Yuan also recovered this conclusion [17]; (c) Phyllidae was supported as monophyletic; (d) Phasmatidae was ployphytelic group that divided into two part in ML tree and separated into three parts in BI tree; (e) Lonchodidae was polyphytelic group; (f) Pseudophasmatidae was an independent clade which was consisted with previous study [17]. 
In the ML phylogenetic tree, (((Lonchodidae + Phasmatidae) + Bacillidae) + Heteropterygidae) was sister with Pseudophasmatidae (Figure 7). However, in the BI tree, Phasmatidae was sister group with ((Pseudophasmatidae + Heteropterygidae) + Lonchodidae) (Figure 8). 
We didn’t recover the monophyly of Lonchodidae, which separated into two subfamilies: Necrosciinae and Lonchodinae. In the phylogenetic relationships, Necrosciinae was well clustered and monophyletic, and the Lonchodinae was ployphytelic group, which was same with Xu et al. [12]. However, Yuan et al. used a reconstructed phylogeny of Phasmatodea to support Lonchodinae and Necrosciinae as monophyletic [17]. Our molecular data supported the monophyly of the Heteropterygidae in the ML tree, which did not recover its monophyly in the BI tree. The reason for the differences were the higher number of Heteropterygidae and the different models and algorithms for ML and BI trees[14]. Heteropterygidae was divided into three subfamilies[17]. Our result was the same as Yuan and Büscher : (Obriminae + (Dataminae + Heteropteryginae)) [17,41], which was different from the others: (a) (Dataminae + (Obriminae+ Heteropteryginae))[11,12,17]; (b) ((Dataminae +Obriminae) + Heteropteryginae)[42]. 
4. Conclusions
This study is the first comprehensive study of eight mitochondrial genomes of Lonchodidae ranging from 15957-18021 bp in size. The newly obtained mitochondrial genomes containing 37 genes as other insects and specific AT skew. In the PCGs, the ATP8 often has the highest A + T content. At the same time, we compared the sequence of mitochondrial genomes of 50 stick insects, and found that there were 6 types of gene rearrangements, and extensive gene rearrangements occur in Lonchodidae and Aschiphasmatidae including invertion and transversion. Phylogenetic analysis based on 13 PCG datasets provided a well-supported phylogenetic tree for Phasmatodea. The Lonchodidae are polyphyletic group and divided into two subfamilies: the Necrosciinae and the Lonchodinae. This study provides basic phylogenetic analysis molecular information for understanding the origin, evolution and genetics of Phasmatodea species.
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