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Abstract

:

Simple Summary


The family Scarabaeidae is one of the largest families in the insect order Coleoptera and is comprised of two quasi-systematics groups, Pleurosticti and Laparosticti. Pleurosticti is an economically important scarab group comprising about 20,000 species, the majority of which are phytophagous. Despite the innumerable studies based on ecological, molecular, and morphological characteristics, their taxonomy is still unclear and subject to many scientific hypotheses. The mitochondrial (mt) genome can provide tangible information to resolve the phylogenetic relationships within the family Scarabaeidae. However, the available mt genomes of Scarabaeidae in GenBank are underrepresented. Thus, we sequenced and analyzed 18 new phytophagous Scarabaeidae mitochondrial genomes from two subfamilies, Cetoniinae and Dynastinae, to conduct phylogenetic analyses within Scarabaeidae. This study contributes to increasing our knowledge about phytophagous Scarabaeidae.




Abstract


The availability of next-generation sequencing (NGS) in recent years has facilitated a revolution in the availability of mitochondrial (mt) genome sequences. The mt genome is a powerful tool for comparative studies and resolving the phylogenetic relationships among insect lineages. The mt genomes of phytophagous scarabs of the subfamilies Cetoniinae and Dynastinae were under-represented in GenBank. Previous research found that the subfamily Rutelinae was recovered as a paraphyletic group because the few representatives of the subfamily Dynastinae clustered into Rutelinae, but the subfamily position of Dynastinae was still unclear. In the present study, we sequenced 18 mt genomes from Dynastinae and Cetoniinae using next-generation sequencing (NGS) to re-assess the phylogenetic relationships within Scarabaeidae. All sequenced mt genomes contained 37 sets of genes (13 protein-coding genes, 22 tRNAs, and two ribosomal RNAs), with one long control region, but the gene order was not the same between Cetoniinae and Dynastinae species. All mt genomes of Dynastinae species showed the same gene rearrangement of trnQ-NCR-trnI-trnM, whereas all mt genomes of Cetoniinae species showed the ancestral insect gene order of trnI-trnQ-trnM. Phylogenetic analyses (IQ-tree and MrBayes) were conducted using 13 protein-coding genes based on nucleotide and amino acid datasets. In the ML and BI trees, we recovered the monophyly of Rutelinae, Cetoniinae, Dynastinae, and Sericinae, and the non-monophyly of Melolonthinae. Cetoniinae was shown to be a sister clade to (Dynastinae + Rutelinae).
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1. Introduction


The insect order Coleoptera (>400,000 species), also known as the most largest and diverse group of beetles on Earth [1,2], represents one-quarter of all known animal species [3]. The Suborder Polyphaga with approximately 300,000 species is the largest group within the four Coleoptera suborders, including Archostemata, Adephaga, Myxophaga, and Polyphaga. Polyphaga beetles are distributed worldwide and include the groups with the largest length bodies (>19 cm, e.g., Dynastes hercules) and the heaviest (>200 g, e.g., Megosoma actaeon) beetles that belong to the Family Scarabaeidae [4,5].



The family Scarabaeidae, with over 30,000 large and diversified species distributed worldwide, was divided into coprophagous and phytophagous groups according to their feeding habits [6,7]. The coprophagous species of Scarabaeidae are economically and ecologically important and include the two subfamilies (Scarabaeinae and Aphodiinae) [8,9]. Also called dung beetles, the coprophagous beetles mostly use dung as food, and the subfamily Scarabaeinae were qualified as the true dung beetles among this group [10]. The phytophagous species of Scarabaeidae, commonly known as Pleurosticti [11], comprise about 20,000 species and represent approximately 70% of scarab beetles [7,12]; most of these species feed on vegetation [13]. This group is represented by the subfamily Dynastinae (1500 species), Cetoniinae (3300 species), Rutelinae (4000 species), Melolonthinae (11,000 species) [12], and Sericinae [14], the latter being considered in some taxonomies as the tribe Sericini of the subfamily Melolonthinae [15,16,17]. Hence, Pleurosticti scarabs are shown as a group of four major subfamilies in some studies.



For this reason, the taxonomy and phylogeny of Sericinae and Melolonthinae have been the subject of scientific debate during past years [6,18,19,20,21]. Recent research papers propose to elevate the tribe Sericini to a subfamily rank [6,14], and at the same time it was recommended to collect new data on Dynastinae to resolve its phylogenetic relationship with Rutelinae. In addition, the monophyly of Cetoniinae, Dynastinae, and Rutelinae and their phylogenetic relationships need to be clarified due to their rich diversity. Many types of research based on feeding habits, morphology, sex pheromones (chemical ecology), and genomes [6,7,12,22,23,24,25] have been conducted in attempts to resolve the phylogenetic relationships but have still not been conclusive. Moreover, some subfamilies (Ex: Dynastinae-Cetoniinae, Rutelinae-Melolonthinae) share the same characteristics (feeding, morphology, habitat). The species of Dynastinae and Cetoniinae have great economic importance due to their activity in different ecosystems. Dynastinae species, also called rhinoceros beetles because of the spectacular horns of the males, share some characteristics with the subfamily Cetoniinae species, such as rotting wood [22] and the presence of a setal field on the external basal surface of the first lamella [7]. In addition, some Dynastinae and Cetoniinae grubs feed in soil humus or litter [24].



The mitochondrial (mt) genome is an ideal molecular marker that provides comprehensive genetic information to study population origin, evolution and phylogeny relationships [26,27]. The mt genome in insects is small with a circular DNA structure and comprising an total 22 tRNAs, 13 protein-coding genes (PCGs), two ribosomal RNAs, and a single major non-coding region (called as D-loop region or control region or A + T rich region) [28]. According to the size of the control region and different gene lengths, the insect mitochondrial genomes are generally 14–20 kb in length [27]. Mitochondrial genomes with characteristics such as rare sequence recombination, maternal inheritance, gene conservation, and high evolution rate represent an essential tool for comparative studies [29,30]. A comparative study based on gene arrangement, length variation, atypical start codon, and base composition bias permits analysis of the molecular differences among species to reconstruct taxonomy [31]. Mitochondrial genome sequencing is facilitated by the progress of next-generation sequencing (NGS). However, to date, the number of mt genomes among phytophagous scarab beetles is underrepresented in GenBank (accessed on 4 September 2021), especially for the subfamily Dynastinae (only three complete mt genome sequences: one of Eophileurus chinensis and two of Oryctes rhinoceros) and Cetoniinae (five mt genomes: two of Osmoderma opicum and three of Protaetia brevitarsis) compared with the rest of the subfamilies of the family Scarabaeidae. However, these two groups show some differences in mt gene arrangement, in particular, the gene rearrangement of trnQ-trnI-trnM in Dynastinae [18,19]. We reanalyzed all species of Rutelinae and Melolonthinae, Scarabaeinae and Aphodiinae in NCBI to determine if mt gene rearrangements were present in other groups of the family Scarabaeidae, but no gene rearrangement in these subfamilies were found.



In this study, we sequenced, annotated, and analyzed 18 new mt genomes of Dynastinae and Cetoniinae (nine species or sub-species from each subfamily) to improve the representation of these species in GenBank and allow a comparative mitogenomic study based on genome size, nucleotide composition, gene rearrangement, and start codon between the two subfamilies. Furthermore, with the aim to describe the mitochondrial genome structure in these species and establish their phylogenetic relationships within the family Scarabaeidae, we additionally added mt genomes of 34 beetles downloaded from NCBI GenBank that belong to all the subfamilies of Scarabaeidae (Dynastinae, Cetoniinae, Rutelinae, Melolonthinae, Sericinae, Aphodiinae, and Scarabaeinae).




2. Materials and Methods


2.1. Taxon Sampling and Mitogenome DNA Sequencing


All specimens of nine species from subfamily Cetoniinae, and nine species or subspecies from subfamily Dynastinae used in this study were identified based on external morphology features by Dr. J.Y Zhang and COX1 gene DNA barcoding was blasted in NCBI and BOLD. All specimens are preserved in the Museum of Zoology, Zhejiang Normal University, China. Total genomic DNA of each species was extracted from thoracic muscle using Ezup Column Animal Genomic DNA Purification Kit (Sangon Biotech Company, Shanghai, China). The DNA of all specimens was sent to BGI Tech. Inc. (Shenzhen, China) for Next Generation Sequencing on the Illumina MiSeq Platform using the shotgun method. Raw paired reads (Original data) were subjected to fastQC [32,33] for quality control check and trim. The clean data were used for assembling the mitochondrial genome of each species through NOVOPlasty [34], with Oryctes rhinoceros (Dynastinae: MT457815) and Protaetia brevitarsis (Cetoniinae: KC775706) as each group (subfamilies Cetoniinae and Dynastinae species) references sequences (seed sequences).




2.2. Gene Annotation and Sequence Analyses


The eighteen assembled mitochondrial genomes were annotated using the Mitos2 web server [35] with the parameter 5 settings for invertebrate Genetic Code. The position and secondary structure of tRNAs were confirmed by the tRNAScan-SE online search Server [36]. The 12S and 16S rRNAs were further determined by comparing homologous genes from other Cetoniinae and Dynastinae species mentioned previously using MEGA 7.0 [37]. The thirteen PCGs of all species were identified as open reading frames based on the invertebrate mitochondrial genetic code. PCGs without canonical start and stop codons were further adjusted after translation using MEGA 7.0. The tandem repeats in the control region were predicted using Tandem Repeats Finder online web server program (https://tandem.bu.edu/trf/trf.basic.submit.html, accessed on 9 November 2021) [38].



The circular mitochondrial maps of Cetoniinae and Dynastinae species were draw using CG View online Server [39]. Nucleotide composition and composition skewness were determined by Mega 7.0 and the formulae AT skew = (A − T)/(A + T) and GC skew = (G − C)/(G + C), respectively. Codon usage and relative synonymous codon usage (RSCU) were analyzed using PhyloSuite V.1.2.2 [40] and graphically drawn by ggplot2 packaging in R [41].




2.3. Phylogenetic Analyses


For phylogenetic analyses, we combined 18 mt genomes in this study with 34 mt genomes downloaded from NCBI, including sequences from Cetoniinae (2), Dynastinae (2), Rutelinae (4), Melolonthinae (7), Sericinae (2), Aphodiinae (1), and Scarabaeinae (12) of Scarabaeidae, and four outgroups species belonging to Lucanidae (2), Trogidae (1), and Glaresidae (1) (Table 1).



Phylogenetic analyses were conducted by MrBayes and IQ-tree using all the nucleotide and amino acids extracted with PhyloSuite V1.2.2. To prepare the multiple sequence alignment for our analyses, we first translated the nucleotide sequences of 13 PCGs into amino acids (AA) in Mega 7.0 software under the invertebrate mitochondrial genetic code after checking the order generated by PhyloSuite V.1.2.2 software and then aligned with muscle implemented in Mega 7.0. After removing the stop codons and gaps manually, we saved the data to construct the dataset of amino acids. Finally, each amino acid was back-translated into nucleotide sequences to construct the nucleotide dataset of PCGs. All the aligned nucleotide datasets and amino acid datasets were concatenated using Mesquite software [51]. PartitionFinder version 2.2.1 was used to select the best partitioning scheme and substitution model for Bayesian inference (BI) and maximum likelihood (ML) analysis. The best-fit substitution results of nucleotide and amino acid datasets are shown in Supplementary Table S1. The heterogeneity of sequence divergence among taxa using the nucleotides and amino acids datasets were tested using AliGROOVE [52] with the default sliding window size.



BI and ML analyses were performed to construct Phylogenetic trees using MrBayes [53] and IQ-tree [54], respectively. For BI analysis with MrBayes, GTR + I + G and MTART + I + G were the best-fit partition models for the nucleotides and amino acids datasets, respectively. MrBayes, under default settings and 5 × 106 Markov Chain Monte Carlo (MCMC) generations with sampling every 1000 generations, was used for phylogenetic tree construction. The first 25% of sampled data were discarded as burn-in, and the average standard deviation of split frequencies below 0.01 was considered to reach convergence. The best-fit partition model for ML analysis using IQ-tree was also GTR + I + G and MTART + I + G for the nucleotides and amino acids datasets, respectively. ML phylogenetic analysis was performed with the evaluation of branch support for each node under 1000 ultrafast replication.





3. Results


3.1. General Features of mt Genomes


Nine newly sequenced mt genomes of Cetoniinae species were used for our comparative study: Protaetia speciosa jousselini, Cyprolais quadrimaculata, Dicronorhina derbyana, Eudicella euthalia oweni, E. smithi, Goliathus goliatus, Jumnos ruckeri, Mecynorhina polyphemus, M. torquata ugandensis. All nine species showed the typical circular double-stranded molecules (Figure 1A) with lengths ranging from 16,422 bp (M. polyphemus) to 19,468 bp (Jumnos ruckeri) (Figure S1). Each mt genome contained a putative non-coding region and the complete set of 37 genes comprised of two ribosomal RNA genes (rRNAs), 22 transfer RNAs (tRNAs), and 13 protein-coding genes (PCGs) (Table S2). Among the 37 genes, nine PCGs and 14 tRNAs were encoded in the majority strand (J-strand), whereas the other four PCGs, eight tRNAs, and two rRNAs were located on the minority strand (N-strand). The tRNAs of Cetoniinae species presented the classical cloverleaf secondary structure. The A-T content of the whole mitogenome and PCGs were calculated, and the results ranged from 71.8% (J. ruckeri) to 75.6% (M. torquata ugandensis), and from 71.2% (Jumnos ruckeri) to 73.6% (M. torquata ugandensis, G. goliatus), respectively. The A-T skew and G-C skew of the whole mt genome were positive and negative, respectively (Supplementary Table S3). At the same time, A-T and G-C skew values were both negative in PCGs (−), but negative and positive in PCGs (+), respectively (Supplementary Table S4). The numbers of overlapping regions present in the mt genome vary from one species to another, and their numbers range from 10 to 14, with sizes comprising between 1 bp and 8 bp. Except Eudicella euthalia oweni and E. smithi, the most extended overlapping region of 8 bp was located in all species between trnW and trnC.



The second group in our comparative analysis was constituted of nine newly sequenced Dynastinae species and sub-species that were: Chalcosoma caucasus caucasus, Dynastes hercules hercules, Megasoma elephas elephas, M. mars, O. nasicornis, Xylotrupes beckeri intermedius, X. gideon beckeri, X. g. siamensis, X. g. sumatrensis. The length of their whole mt genome ranged from 16,785 bp (M. e. elephas) to 20,396 bp (O. nasicornis) with A-T content ranging from 67.1% (D. h. hercules) to 77.1% (X. g. siamensis) (Supplementary Table S3). The mt genomes of Dynastinae species were also composed of 37 genes described previously, and these genes shared the same features (strand location and structure) as Cetoniinae species (Figure 1B and Figure S1, Tables S2 and S3). The A-T content of PCGs ranged from 66.3% (D. h. hercules) to 75.5% (X. g. siamensis) (Supplementary Table S4). The mt genomes of all Dynastinae species used in this study generally showed 10 overlapping regions, except M. e. elephas and M. mars that contained 11 overlapping regions. Overlapping regions ranged from 1 bp to 8 bp with the most extensive overlap region of 8 bp being situated in all species and sub-species between trnW and trnC.




3.2. Gene Arrangement and Non-Coding Region


The gene order in the 18 new species and sub-species of subfamilies Cetoniinae and Dynastinae was different. We found that the 37 sets of genes in Cetoniinae species respected the ancestral insect gene order pattern. By contrast, all Dynastinae species showed a minor gene order rearrangement between tRNA I and Q, including the insertion of a non-coding region resulting in a trnQ-NCR-trnI-trnM gene cluster that was markedly different from the ancestral trnI-trnQ-trnM gene cluster. The length of NCR in C. c. caucasus, D. h. hercules, O. nasicornis, X. b. intermedius, X. g. beckeri, X. g. siamensis, and X. g. sumatrensis ranged from 56 bp to 71 bp, whereas the length of NCR in M. e. elephas and M. mars was 412 bp (Supplementary Table S5). According to the classification of gene movements, this novel gene order in the subfamily Dynastinae qualifies as a gene translocation event between trnI and trnQ where these two genes swapped positions [26,27,55,56]. The NCR between trnQ and trnI generated by the gene rearrangement can be divided into two types of NCR1 (<100 bp) and NCR2 (>400 bp).



The non-coding region in phytophagous Scarabaeidae was relatively conserved. Six intergenic spaces (IGS) were conserved among the Cetoniinae species except for Jumnos ruckeri that showed five intergenic spaces and M. torquata ugandensis and Goliathus goliatus with seven IGS. The longest IGS (16–21 bp) in Cetoniinae was located between trnS2 and ND1, and all contained the motif of hexanucleotides TACTAA (Supplementary Figure S2A). The mt genomes of Dynastinae species also generally showed six IGS except Chalcosoma caucasus caucasus, D. h. hercules, M. e. elephas, M. mars that contained seven, eight, eight, and eight IGS, respectively. Unexpectedly, we found that D. h. hercules, M. e. elephas, and M. mars showed a particularly long IGS of 20 bp, 23 bp, and 23 bp, respectively, between trnK and trnD, and all of these contained homopolymeric stretches of cytosine (C-stretches of 11 bp) (Supplementary Figure S2B), apart from the common IGS located between trnS2 and ND1 with a length that ranges from 17 bp to 24 bp in Dynastinae, highlighting the presence of the pentanucleotide motif of TACTA (Supplementary Figure S2C). Furthermore, in Cetoniinae and Dynastinae, we generally found the 5 bp (TACTA) consensus motif, which is present in most of Coleoptera and Lepidoptera [57,58,59,60,61].



Beyond the NCR or IGS spread over the mt genome, an A-T rich region (control region) occurred in all species and was located between 12S RNA and trnI in Cetoniinae and between 12S RNA and trnQ in Dynastinae. The A-T rich region can be divided into two parts, the region of tandem repeated sequences and a subregion of higher A + T content. In Cetoniinae, the size of the control region is variable, ranging from 1776 bp (M. Polyphemus) to 4828 bp (J. ruckeri) with A-T content ranging from 70.22% (J. ruckeri) to 84.74% (M. Polyphemus). Species of the subfamily Dynastinae showed a control region (CR) ranging from 1723 bp (M. e. elephas) to 5675 bp (O. nasicornis) with 66.11% (D. h. hercules) to 81.19% (X. g. siamensis) of A-T content (Supplementary Tables S6 and S7). In Dynastinae, we found some translatable nucleotide sequences in two or three copies in the repeat sequences region downstream of 12S RNA, and also in NCR2 of Megosoma species. Some of them contain open reading frames but did not have any significant or corresponding BLAST hits in NCBI [19]. In addition, we noted that the longest control region in the subfamily Cetoniinae and the Dynastinae presented an A + T content less than 75%, being 70.22% in J. ruckeri and 69.97% in O. nasicornis.




3.3. Protein-Coding Genes and Codon Usage


The total size of the 13 PCGs of Cetoniinae species was 11,136 bp for Protaetia speciosa jousselini, Goliathus goliatus, Mecynorhina polyphemus, M. t. ugandensis, and 11,139 bp for Cyprolais quadrimaculata, Dicronorhina derbyana, Eudicella euthalia oweni, E. smithi, and Jumnos ruckeri with negative AT skew and GC skew. For Dynastinae species, the overall length of the 13 PCGs was 11,133 bp in Chalcosoma caucasus caucasus, Megasoma elephas elephas, M. mars, Oryctes nasicornis, Dynastes hercules hercules, and 11,124 bp in Xylotrupes beckeri intermedius, X. g. beckeri, X. g. siamensis, and X. g. sumatrensis. The nucleotide skew was also negative for AT and GC in Dynastinae. In both Cetoniinae and Dynastinae groups, nine PCGs (ATP6, ATP8, COX1, COX2, COX3, CYTB, NAD2, ND3, and ND6) were encoded by the J-strand, and the remaining four PCGs (ND1, ND4, ND4L, ND5) were translated from the N-strand. The shortest PCG was ATP8 (156 bp) in the two subfamilies, whereas the longest was ND5 with 1714 bp or 1716 bp, in all Dynastinae and Cetoniinae species, respectively (Supplementary Table S2).



In our newly sequenced Cetoniinae mt genomes, most of the PCGs started with the conventional start codon ATN (with N representing A, C, T, or G), except for COX1, that started with AAN (AAC or AAT) in all species and ND6 that started with GTC in Cyprolais quadrimaculata. Most PCGs terminated with the typical stop codons (TAA or TAG) except COX1, COX2 and COX3, that terminated with the incomplete stop codon T. For the Dynastinae mt genome, all 13 PCGs started with the typical ATN, whereas ND2 in Dynastes hercules hercules began with GTC. The three putative stop codons (TAA, TAG, T) found in Cetoniinae were also present in Dynastinae. The incomplete stop codon T was used in COX1, COX2, COX3, and ND5, whereas TAG was used in ND3 and CYTB, and TAA occurred in the remaining PCGs (Table 2). It has been proposed that the incomplete stop codon T is completed through post-transcriptional polyadenylation during the mRNA maturation process [61,62]. In addition, the atypical start codons, AAC and AAT, were hypothesized to be a correct start codon for COX1 [29,43,63].



Supplementary Figure S3 and Table S8 show the amino acid composition and graph of relative synonymous codon usage (RSCU) of species in the subfamilies Cetoniinae and Dynastinae. Except for the stop codon, the overall number of codons was 3702–3703 in the Cetoniinae species group but ranged from 3696 to 3702 in the Dynastinae species group. The four most frequently used codons were Leu2 (UUA), Ile (AUU), Phe (UUU), and Met (AUA) in both Cetoniinae and Dynastinae. Arg (CGC) was not used in two Dynastinae species, Oryctes nasicornis and Xylotrupes beckeri intermedius, whereas in Cetoniinae it was just Eudicella smithi species that missed the codon Ala (GCG).




3.4. Heterogeneous Sequences Divergence and Phylogenetic Analyses


The obtained AliGROOVE matrixes (Figure 2) indicate positive similarity scores for the nucleotide and amino acid datasets in all taxon comparisons. The analyses revealed that the degree of heterogeneity of the concatenated nucleotide dataset was higher than the amino acid dataset. In particular, the pairwise sequence comparisons revealed high similarity among the family Scarabaeidae, as in Rutelinae, Dynastinae, Cetoniinae, and Sericinae species, whereas some Melolonthinae species showed high heterogeneity. This divergence in Melolonthinae indicated that some taxa of this group can be misplaced or cannot be robustly placed in the phylogenetic tree.



We constructed four trees using BI and ML based on the concatenated nucleotide and AA sequences obtained from the total of 52 species belonging to the subfamilies Cetoniinae, Dynastinae, Rutelinae, Melolonthinae, Sericinae, Aphodiinae, Scarabaeinae, as well as the adding four outgroups species. The topological structure shown by BI (MrBayes) and ML (IQ-tree) using the nucleotide and the amino acid (AA) data was similar for each dataset. In BI and ML analyses, the two dataset trees differed from one another in Melolonthinae relationships. The two trees with AA datasets differed from that of the nucleotide dataset, which positioned Sericinae outside of the Melolonthinae group and placed it as the sister lineage to all other phytophagous species: (((((Rutelinae + Dynastinae) + Cetoniinae) + Melolonthinae I) + Melolonthinae II) + Sericinae). The topology of our trees using IQ-tree and MrBayes clearly showed the relationship between the two principal groups that constitute the family Scarabaeidae: Coprophagous and Phytophagous scarabs. Our 18 newly sequenced Cetoniinae and Dynastinae species were successfully placed in their corresponding subfamily clades in the trees with other Cetoniinae and Dynastinae species, retrieved from NCBI. In addition, the monophyly of Cetoniinae and Dynastinae was supported and the sister group relationship between (Rutelinae + Dynastinae) and Cetoniinae was strongly supported in all the analyses (BP = 99 and PP = 1). Melolonthinae was non-monophyletic in our analyses and can be regrouped into two small clades as follows: clade I ((Polyphylla gracilicornis + Polyphylla laticollis mandshurica) + (Melolontha hippocastani + Rhopaea magnicornis)) and clade II ((Cheirotonus gestroi + Cheirotonus jansoni) + Holotrichia oblita). Clade II Melolonthinae was nested within Sericinae in both BI and ML trees using the amino acid dataset, but was placed as a separate group based on the nucleotide dataset (Figure 3). The phytophagous and coprophagous Scarabaeidae clade was clearly shown as two different groups, and their phylogenetic relationship was coprophagous (Aphodiinae and Scarabaeinae) as the sister clade to phytophagous (Rutelinae, Dynastinae, Cetoniinae, Melolonthinae and Sericinae) (Figure 3).





4. Discussion


4.1. General Features of mt Genomes in Cetoniinae and Dynastinae


In this study, we sequenced and presented 18 new scarab beetle species and sub-species belonging to the subfamilies Cetoniinae and Dynastinae to establish a comparative study and investigate the high-level relationships within Scarabaeidae based on the mitochondrial genome. Until now, there were too few papers that reported the complete mitochondrial genome of scarab beetles (especially among Pleurosticti) to be able to deeply analyze the genome structure, composition, and the phylogenetic relationships [18,19,29,43,45,64,65]. Our results show that the size of the mt genome varied widely among the examined species, ranging from 16,422 bp (Mecynorhina polyphemus) to 19,468 bp (Jumnos ruckeri) in Cetoniinae, and from 16,785 bp (Megasoma elephas elephas) to 20,396 bp (Oryctes nasicornis) in Dynastinae. These sizes are similar to others published for Scarabaeidae mitochondrial genomes. We found that the size of different PCGs, tRNAs, and rRNAs was largely conserved with just a slight variation among species, genus, and subfamily. This revealed that the size variation among species was mainly the result of significant differences in the size of the large control region (CR). The control region in Cetoniinae ranged from 1776 bp (M. polyphemus) to 4828 bp (J. ruckeri) and in Dynastinae from 1723 bp (Megasoma e. elephas) to 5675 bp (O. nasicornis). In P. brevitarsis and O. rhinoceros, previous reported Cetoniinae and Dynastinae species, the CR was 5654 bp and 6204 bp, respectively [19,42]. Tandem repeats and high AT-rich region in the control region are observed in most scarab beetles and they represented a challenge for most commonly used methods for sequencing, including standard PCR sequencing with primers, Sanger, and short-read NGS. The difficulty encountered when sequencing the CR is due to its low G-C content, homopolymers, and tandem repeat sequences [28,59]. Except for the CR, the sequencing of the coding regions was unambiguous. In our sequences, we also detected the presence of homopolymeric stretches of cytosine (C-stretches) of 11 bp situated between trnK and trnD. These C-stretches were sequenced for the first time in beetle mitochondria by this study. Previous reports of homopolymeric stretches in beetles were common T-stretches in the Control Region, whereas C-stretches were observed in infectious laryngotracheitis virus and the human mitochondrial genome, all located principally in the control region [66,67]. The homopolymeric stretches in beetles are thought to signal and recognize proteins involved in replication initiation [68].




4.2. Gene Rearrangement


Gene rearrangement in the mt genome can be used as a phylogenetic marker due to the low rates of homoplasy because of the rare genomic changes, the conservation of secondary structures, and rare reversion of genes [26]. These characteristics make gene rearrangement a unique tool of synapomorphy and for analyzing evolutionary phylogenetic relationships among species [69]. In our sequenced Dynastinae species, we found gene rearrangement of trnQ-NCR-trnI-trnM. On the contrary, we did not find any gene rearrangement, duplication, or deletions among the newly sequenced Cetoniinae genomes, even when some previous complete mt genomes from the family Scarabaeidae were added from the NCBI. We conclude that there was no significant gene rearrangement in coprophagous or phytophagous scarab beetles except in the subfamily Dynastinae. A similar gene translocation has already been reported in the first sequenced Dynastinae subfamily species, O. rhinoceros [19], and the two recently reported Taiwanese rhinoceros beetles O. rhinoceros and Eophileurus chinensis [18]. Until now, there were only these three complete mitogenome sequences from the subfamily Dynastinae available in the NCBI and, as reported here, all of them shared this gene organization with our nine new sequenced mt genomes. Hence, this gene organization can be considered as characteristic or a synapomorphy for the subfamily Dynastinae, because gene rearrangements are uncommon and selectively neutral [56]. Gene position swapping between trnI and trnQ is also found in Hymenoptera and Hemiptera species [55,70,71] and was considered as one of the characteristic elements of these groups. From our study, we propose a tandem duplicate random-loss (TDRL) model to explain the gene rearrangement and the presence of the two different long noncoding regions (NCR1 < 100 bp, NCR2 = 412 bp) in the subfamily Dynastinae. Firstly, gene duplication occurred in the cluster CR-trnI-trnQ-trnM, considered as hotspot region for gene rearrangement in insect mitochondria. This generated the gene cluster (CR-trnI-trnQ-trnM-CR-trnI-trnQ-trnM). The duplication was followed by random loss and other mutations to become CR-trnQ-NCR1 (<100 bp) -trnI-trnM or CR-trnQ-NCR2 (>400 bp) -trnI-trnM (Figure 4).



The gene rearrangement that placed the NCR between trnQ and trnI was only observed in the subfamily Dynastinae of Scarabaeidae, but was previously reported in Hemiptera: Aradidae and Reduviidae [70,71,72]. All the long NCRs showed some similarity with the control region (CR). The generated non-coding regions (NCR1 and NCR2) between trnQ and trnI ranged from 56 bp to 412 bp long. The long NCR2 of 412 bp was found only in Megosoma, especially in M. mars and M. e. elephas because the random deletion was not as extensive as in other species with NCR1. This is the first time that this kind of long non-coding region (>400 bp) was sequenced in the family Scarabaeidae. All these portions of sequences that are situated between trnQ and trnI qualified as non-coding regions because of their low similarity (<70%) with the genes present in the CR-trnI-trnQ-trnM region. For this reason, we proposed that these sequences of NCR underwent a series of mutations and evolved under relaxed selective pressure to become another degenerative control region. Unexpectedly, we found that the first 231 bp of the 412 bp long NCR in Megasoma elephas elephas and M. mars can be translated into an amino acid using the invertebrate mitochondrial genetic code, but they did not show any similarity with protein coding genes or amino acids available in the NCBI database. We speculated they could be non-coding RNAs generated from “mitochondrial dark matter” [19]. This situation was previously observed in seed beetles [73] and Dynastinae beetles [19] (O. rhinorceros control region). However, the characterization of these sequences needs further study using more transcriptomes.




4.3. Start Codons


Our analyses revealed that the start codons in protein-coding genes of Cetoniinae species differed from those of Dynastinae, especially in the COX1 gene. Four start codons, ATA, ATT, ATC, and ATG, are recognized as conventional or canonical start codons. For years, the COX1 start codon has been the subject of scientific discussion. The COX1 gene has been shown to start with some atypical start codons in many genomes. This problem was first encountered in the Drosophila mt genome [74,75], where ATAA was proposed as a start codon. AAT, AAC, TTG, CAA, CGA, AAA, and CTA have also been used as start codons in different species [31,76,77,78,79,80]. In our study, we proposed AAN (N replacing C or T) as a start codon for COX1 in all our newly sequenced Cetoniinae mitochondrial genomes, whereas in Dynastinae, we did not find any coding genes that started with AAN. In all species of the subfamily Cetoniinae, the possible canonical ATN start codon for the COX1 gene was situated at 34 bp downstream of trnT. To minimize intergenic space and avoid gene overlaps, because COX1 was demonstrated to not overlap with the upstream tRNA-Tyr [31], we used asparagine AAC in Protaetia speciosa jousselini, Cyprolais quadrimaculata, Dicronorhina derbyana, Eudicella euthalia oweni, E. smithi, Goliathus goliatus, Jumnos ruckeri, and Mecynorhina torquata ugandensis and AAT in M. polyphemus. The AAC and AAT were situated at 1 bp downstream of trnT. These two (AAC and AAT) start codons were hypothesized to be a synapomorphy for Coleoptera Polyphaga [31,42,43], and we confirmed this opinion. These two start codons have also been reported in Sericinae, Rutelinae, Melolonthinae [45], and even in Cetoniinae mt genomes [29,43]. The third atypical start codon found in our comparative study was GTC in Cetoniinae (Cyprolais quadrimaculata) and Dynastinae (Dynastes hercules hercules), respectively, and was reported once in Cheirotonus jansoni (Scarabaeidae: Melolonthinae) [45]. In C. quadrimaculata, GTC was located 1 bp downstream of trnP to start ND6, whereas in D. h. hercules, it was adjacent to and downstream of trnM to start or initiate ND2. Their positions did not differ from those occupied by conventional start codons in the same position of these two genes. All the remaining PCGs started with the typical start codon.




4.4. Phylogenetic Relationship within Scarabaeidae


In all our Bayesian and maximum likelihood trees (Figure 3), we successfully recovered the monophyly of Rutelinae, Dynastinae, and Cetoniinae. All of our new sequenced and downloaded genomes of Dynastinae species constituted a monophylic clade and were recovered as a sister clade to Rutelinae. This sister relationship between Dynastinae and Rutelinae was also supported by some previous studies [6,19,81,82]. The nine new sequenced Cetoniinae species also clustered with the previously published Cetoniinae. Cetoniinae was found to be more closely related to Dynastinae and Rutelinae and their sister group relationship was strongly supported. In all our analyses, we failed to recover the monophyly of Melolonthinae and this result concurs with the previous published data for Melolonthinae [20,21]. The positioning of the second group of Melolonthinae (Holotrichia sp.) as a sister to (C. jansoni + C. gestroi) was not stable. This group of Melolonthinae was placed outside the main clade of the Melolonthinae comprising of ((P. gracilicornis + P. l. mandshuricain) + (M. hippocastani + R. magnicornis)), making Melolonthinae a non-monophyletic group. The placement of this group as a sister clade of Sericinae in both BI and ML trees using the AA dataset was considered based on AliGROOVE analyses as result of the high heterogeneity of this group. By contrast, with the PCG dataset, the subfamily of Sericinae species (Pleophylla sp. and Serica sp.) was placed as the most basal clade in this phytophagous group and a sister clade to all the phytophagous scarab lineages. This second relationship using the nucleotide dataset was highly supported compared with the first one (AA dataset), and our result was identical to that published by Song et al. [6]. From our present work, considering Sericinae which was monophyletic in all our analysis as a simple tribe Sericini of Melolonthinae was not strongly supported, so we agree with the proposal for the elevation of the Sericini tribe to subfamily level [6,20], and we also suggest that more taxa are needed to elucidate and confirm the phylogenic relationships within Sericinae.





5. Conclusions


In this study, we sequenced 18 mitochondrial genomes from scarab beetles belonging to Cetoniinae and Dynastinae for comparative molecular study and phylogenetic analysis. We discovered and described the particularity of the subfamily Dynastinae which presented a gene rearrangement of trnQ-NCR-trnI-trnM. This rearrangement of the cluster trnQ-NCR-trnI-trnM was found to be a synapomorphy in Dynastinae phytophagous scarabs. This region (CR to ND2) was designated as a hotspot region of gene rearrangement. The TDRL model was proposed to explain the mechanism of this rearrangement. We also found that the start codon asparagine (AAC and AAT) in COX1 genes was a synapomorphy in Cetoniinae (Coleoptera). These particular different characteristics help to support the monophyly of Cetoniinae and Dynastinae. The phylogenetic analyses recovered the monophyly of Rutelinae and the non-monophyly of Melolonthinae. Furthermore, our results support an elevation of the Sericini tribe to subfamily rank (Sericinae). This study reinforces our understanding of the identification of phytophagous scarab beetles and remind us of the importance of exploring the mitochondrial genome.








Supplementary Materials


The following are available online at www.mdpi.com/2075-4450/12/11/1025/s1. Figure S1. Circular maps of mitogenomes of Cetoniinae species (A): Protaetia speciosa jousselini (1), Cyprolais quadrimaculata (2), Dicronorhina derbyana (3), Eudicella euthalia oweni (4), Eudicella smithi (5), Goliathus goliatus (6), Jumnos ruckeri (7), Mecynorhina polyphemus (8), Mecynorhina torquata ugandensis (9). Circular maps of mitogenomes of Dynastinae species (B): Chalcosoma caucasus caucasus (1), Dynastes hercules hercules (2), Oryctes nasicornis (3), Megasoma elephus elephus (4), Megasoma mars (5), Xylotrupes beckeri intermedius (6), Xylotrupes gideon beckeri (7), Xylotrupes gideon siamensis (8), Xylotrupes gideon sumatrensis (9). Figure S2. Alignment of the intergenic spacer region located between ND1 and tRNA Ser (UCN) from all sequenced Cetoniinae (A) and Dynastinae (C) insects. (A) indicates the conserved hexanucleotide region (TACTAA) and (C) the Pentanucleotide region (TACTA) detected in all sequenced Cetoniinae and Dynastinae insects, respectively. (B) indicates the C-stretches and alignment of the intergenic spacer region located between trnK and trnD from all sequenced Dynastinae insects. Figure S3. The relative synonymous codon usage (RSCU) in each Cetoniinae and Dynastinae species mitogenomes. Codon families are provided on the x-axis and the different combinations of synonymous codons that code for each amino acid is defined on the y-axis. Table S1: The partition schemes and best-fitting models selected of 13 mitochondrial PCG and AA. Table S2. Location of features in the mitochondrial genome of Cetoniinae (A) and Dynastinae species (B). Table S3. Nucleotide composition and skewness of the whole mitogenomes of Cetoniinae and Dynastinae species. Table S4. Base composition, the percent of A, C, G and T, AT skew and GC skew of nucleotide sequence of 13PCGs of Cetoniinae and Dynastinae species. Table S5: NCR1 and NCR2 sequences in Dynastinae species. NCR = Non-coding Region. Table S6. Nucleotide composition and skewness of the A-T rich region of Cetoniinae and Dynastinae species. Table S7. Characteristics of the putative tandem repeats in the control region of Cetoniinae and Dynastinae species mitogenome. Table S8. Total number of codons, codon frequency and usage for each amino acid of mitochondrial genome of Cetoniinae and Dynastinae species.





Author Contributions


Conceptualization, J.-Y.Z., D.-N.Y., S.P.G.A. and K.B.S.; methodology, S.P.G.A., J.-Y.Z., D.-N.Y. and Y.T.; statistical analysis, J.-Y.Z., D.-N.Y., S.P.G.A. and Y.T.; investigation, J.-Y.Z., D.-N.Y., S.P.G.A. and Y.T.; data curation, J.-Y.Z., D.-N.Y., S.P.G.A., Y.T. and K.B.S.; writing—original draft preparation, S.P.G.A., J.-Y.Z., D.-N.Y., Y.T. and K.B.S.; writing—review and editing, S.P.G.A., J.-Y.Z., D.-N.Y., Y.T. and K.B.S.; maps and graphics, S.P.G.A.; project administration, J.-Y.Z., D.-N.Y. and K.B.S.; funding acquisition, J.-Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Natural Science Foundation of Zhejiang Province (LY18C040004). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data supporting the findings of this study are openly available in National Center for Biotechnology Information at https://www.ncbi.nlm.nih.gov (accessed on 5 September 2021), accession numbers were: OK484299-OK484316.




Acknowledgments


We are grateful to Yue Ma for his help in the experiment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, S.-Q.; Che, L.-H.; Li, Y.; Dan, L.; Pang, H.; Ślipiński, A.; Zhang, P. Evolutionary history of Coleoptera revealed by extensive sampling of genes and species. Nat. Commun. 2018, 9, 205. [Google Scholar] [CrossRef] [PubMed]

	



McKenna, D.D.; Shin, S.; Ahrens, D.; Balke, M.; Beza-Beza, C.; Clarke, D.J.; Donath, A.; Escalona, H.E.; Friedrich, F.; Letsch, H.; et al. The evolution and genomic basis of beetle diversity. Proc. Natl. Acad. Sci. USA 2019, 116, 24729–24737. [Google Scholar] [CrossRef] [PubMed]

	



Rossa, R.; Goczał, J. Global diversity and distribution of longhorn beetles (Coleoptera: Cerambycidae). Eur. Zool. J. 2021, 88, 289–302. [Google Scholar] [CrossRef]

	



Choate, P.; Choate, P.M. Dichotomus keys to some Families of Florida Coleoptera. Introd. Identif. Beetles (Coleopt.) 1999, 23–33. Available online: https://entnemdept.ufl.edu/choate/beetles1a.pdf (accessed on 5 September 2021).

	



Williams, D.M. Book of Insect Records; University of Florida: Gainesville, FL, USA, 2001. [Google Scholar]

	



Song, N.; Zhang, H. The mitochondrial genomes of phytophagous scarab beetles and systematic implications. J. Insect Sci. 2018, 18, 11. [Google Scholar] [CrossRef]

	



Bohacz, C.; du Harrison, J.G.; Ahrens, D. Comparative morphology of antennal surface structures in pleurostict scarab beetles (Coleoptera). Zoomorphology 2020, 139, 327–346. [Google Scholar] [CrossRef]

	



Rodrigues, S.R.; de Barros, A.T.M.; Puker, A.; Taira, T.L. Diversity of coprophagous scarab beetles (Coleoptera, Scarabaeidae) collected with flight intercept trap in the Southern Pantanal, Brazil. Biota Neotrop. 2010, 10, 123–127. [Google Scholar] [CrossRef]

	



Barbero, E.; Palestrini, C.; Rolando, A. Dung beetle conservation: Effects of habitat and resource selection (Coleoptera: Scarabaeoidea). J. Insect Conserv. 1999, 3, 75–84. [Google Scholar] [CrossRef]

	



Bai, M.; Li, S.; Lu, Y.; Yang, H.; Tong, Y.; Yang, X. Mandible evolution in the Scarabaeinae (Coleoptera: Scarabaeidae) and adaptations to coprophagous habits. Front. Zool. 2015, 12, 30. [Google Scholar] [CrossRef]

	



Erichson, W.F. Naturgeschichte der Insecten Deutschlands: Erste Abtheilung. Coleoptera; Nabu Press: Charleston, SC, USA, 1847; Volume 1. [Google Scholar]

	



Gunter, N.L.; Weir, T.A.; Slipinksi, A.; Bocak, L.; Cameron, S.L. If dung beetles (Scarabaeidae: Scarabaeinae) arose in association with dinosaurs, did they also suffer a mass co-extinction at the K-Pg boundary? PLoS ONE 2016, 11, e0153570. [Google Scholar] [CrossRef]

	



Chandra, K.; Gupta, D. An inventory of scarab beetles (Coleoptera: Scarabaeidae) of Achanakmar-Amarkantak biosphere reserve, Chhattisgarh, India. Int. J. Sci. Nat. 2012, 3, 886–891. [Google Scholar]

	



Marczak, D.; Mroczynski, R. A contribution to the knowledge of the fauna of the Kampinos National Park: Scarabaeidae. Part 1. Subfamilies: Melolonthinae, Sericinae, Rutelinae, Dynastinae i Cetoninae. Entomol. News 2016, 35, 161–171. [Google Scholar]

	



Smith, A.B. A review of the family-group names for the superfamily Scarabaeoidea (Coleoptera) with corrections to nomenclature and a current classification. Coleopt. Bull. 2006, 60, 144–204. [Google Scholar] [CrossRef]

	



Eberle, J.; Myburgh, R.; Ahrens, D. The evolution of morphospace in phytophagous scarab chafers: No competition—No divergence? PLoS ONE 2014, 9, e98536. [Google Scholar] [CrossRef]

	



Ahrens, D.; Schwarzer, J.; Vogler, A.P. The evolution of scarab beetles tracks the sequential rise of angiosperms and mammals. Proc. R. Soc. B Biol. Sci. 2014, 281, 20141470. [Google Scholar] [CrossRef]

	



Cheng, C.T.; Jeng, M.L.; Tsai, J.F.; Li, C.L.; Wu, L.W. Two mitochondrial genomes of Taiwanese rhinoceros beetles, Oryctes rhinoceros and Eophileurus chinensis (Coleoptera: Scarabaeidae). Mitochondrial DNA Part B 2021, 6, 2260–2262. [Google Scholar] [CrossRef]

	



Filipovic, I.; Hereward, J.P.; Rasic, G.; Devine, G.J.; Furlong, M.J.; Etebari, K. The complete mitochondrial genome sequence of Oryctes rhinoceros (Coleoptera: Scarabaeidae) based on long-read nanopore sequencing. PeerJ 2021, 9, e10552. [Google Scholar] [CrossRef]

	



Ahrens, D. The phylogeny of Sericini and their position within the Scarabaeidae based on morphological characters (Coleoptera: Scarabaeidae). Syst. Entomol. 2006, 31, 113–144. [Google Scholar] [CrossRef]

	



Coca-Abia, M.M. Phylogenetic relationships of the subfamily Melolonthinae (Coleoptera, Scarabaeidae). Insect Syst. Evol. 2007, 38, 447–472. [Google Scholar] [CrossRef]

	



Král, D.; Batelka, J. Order Coleoptera, superfamily Scarabaeoidea. Arthropod Fauna UAE 2017, 6, 78–168. [Google Scholar]

	



Ratcliffe, B.C.; Jameson, M.L.; Smith, A.B. 34. Scarabaeidae Latreille 1802. Am. Beetles 2002, 2, 39–81. [Google Scholar]

	



Leal, W.S. Chemical ecology of phytophagous scarab beetles. Annu. Rev. Entomol. 1998, 43, 39–61. [Google Scholar] [CrossRef]

	



Yusifov, E.F.; Ahmadov, B.A.; Narimanova, V.S. Diversity study of scarab beetles belonging to the subfamily cetoniinae spread in the natural region of the greater Caucasus of Azerbaijan. J. Entomol. Zool. Stud. 2016, 4, 1118–1122. [Google Scholar]

	



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

	



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

	



Zhang, D.-X.; Hewitt, G.M. Insect mitochondrial control region: A review of its structure, evolution and usefulness in evolutionary studies. Biochem. Syst. Ecol. 1997, 25, 99–120. [Google Scholar] [CrossRef]

	



Yang, W.; Zhang, Y.; Feng, S.; Liu, L.; Li, Z. The first complete mitochondrial genome of the Japanese beetle Popillia japonica (Coleoptera: Scarabaeidae) and its phylogenetic implications for the superfamily Scarabaeoidea. Int. J. Biol. Macromol. 2018, 118, 1406–1413. [Google Scholar] [CrossRef]

	



Yang, H.; You, C.J.; Tsui, C.K.M.; Tembrock, L.R.; Wu, Z.Q.; Yang, P. Phylogeny and biogeography of the Japanese rhinoceros beetle, Trypoxylus dichotomus (Coleoptera: Scarabaeidae) based on SNP markers. Ecol. Evol. 2021, 11, 153–173. [Google Scholar] [CrossRef]

	



Sheffield, N.C.; Song, H.; Cameron, S.L.; Whiting, M.F. A comparative analysis of mitochondrial genomes in Coleoptera (Arthropoda: Insecta) and genome descriptions of six new beetles. Mol. Biol. Evol. 2008, 25, 2499–2509. [Google Scholar] [CrossRef]

	



Brown, J.; Pirrung, M.; McCue, L.A. FQC Dashboard: Integrates FastQC results into a web-based, interactive, and extensible FASTQ quality control tool. Bioinformatics 2017, 33, 3137–3139. [Google Scholar] [CrossRef]

	



De Sena Brandine, G.; Smith, A.D. Falco: High-speed FastQC emulation for quality control of sequencing data. F1000Research 2019, 8, 1874. [Google Scholar] [CrossRef]

	



Dierckxsens, N.; Mardulyn, P.; Smits, G. NOVOPlasty: De novo assembly of organelle genomes from whole genome data. Nucleic Acids Res. 2017, 45, e18. [Google Scholar] [PubMed]

	



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

	



Lowe, T.M.; Chan, P.P. tRNAscan-SE On-line: Integrating search and context for analysis of transfer RNA genes. Nucleic Acids Res. 2016, 44, W54–W57. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef]

	



Benson, G. Tandem repeats finder: A program to analyze DNA sequences. Nucleic Acids Res. 1999, 27, 573–580. [Google Scholar] [CrossRef]

	



Grant, J.R.; Stothard, P. The CGView Server: A comparative genomics tool for circular genomes. Nucleic Acids Res. 2008, 36, W181–W184. [Google Scholar] [CrossRef]

	



Zhang, D.; Gao, F.; Jakovlić, 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]

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Use R); Springer: New York, NY, USA, 2009; Volume 10, p. 978. [Google Scholar]

	



Kim, M.J.; Im, H.H.; Lee, K.Y.; Han, Y.S.; Kim, I. Complete mitochondrial genome of the whiter-spotted flower chafer, Protaetia brevitarsis (Coleoptera: Scarabaeidae). Mitochondrial DNA 2014, 25, 177–178. [Google Scholar] [CrossRef]

	



Kim, M.J.; Jeong, S.Y.; Jeong, J.C.; Kim, S.S.; Kim, I. Complete mitochondrial genome of the endangered flower chafer Osmoderma opicum (Coleoptera: Scarabaeidae). Mitochondrial DNA B Resour. 2016, 1, 148–149. [Google Scholar] [CrossRef]

	



Yang, C.; Zhu, E.-J.; He, Q.-J.; Yi, C.-H.; Hu, S.-J.; Wang, X.-B. Complete mitochondrial genome of the endangered long-armed scarab Cheirotonus gestroi (Coleoptera: Euchiridae). Mitochondrial DNA Part B Resour. 2020, 5, 869–870. [Google Scholar] [CrossRef]

	



Shao, L.L.; Huang, D.Y.; Sun, X.Y.; Hao, J.S.; Cheng, C.H.; Zhang, W.; Yang, Q. Complete mitochondrial genome sequence of Cheirotonus jansoni (Coleoptera: Scarabaeidae). Genet. Mol. Res. 2014, 13, 1047–1058. [Google Scholar] [CrossRef]

	



Cameron, S.L.; Sullivan, J.; Song, H.; Miller, K.B.; Whiting, M.F. A mitochondrial genome phylogeny of the Neuropterida (lace-wings, alderflies and snakeflies) and their relationship to the other holometabolous insect orders. Zool. Scr. 2009, 38, 575–590. [Google Scholar] [CrossRef]

	



Kim, M.J.; Kim, K.-G.; Kim, I. Description of nearly completed mitochondrial genome sequences of the garden chafer Polyphylla laticollis manchurica, endangered in Korea (Insecta: Coleoptera). Int. J. Ind. Entomol. 2013, 27, 185–202. [Google Scholar] [CrossRef]

	



Breeschoten, T.; Doorenweerd, C.; Tarasov, S.; Vogler, A.P. Phylogenetics and biogeography of the dung beetle genus Onthophagus inferred from mitochondrial genomes. Mol. Phylogenet. Evol. 2016, 105, 86–95. [Google Scholar] [CrossRef]

	



Kim, E.; Kim, P.; An, S.L. The complete mitochondrial genome of Korean indigenous stag beetle, Dorcus koreanus. Mitochondrial DNA Part B 2020, 5, 3741–3742. [Google Scholar] [CrossRef]

	



Linard, B.; Arribas, P.; Andujar, C.; Crampton-Platt, A.; Vogler, A.P. Lessons from genome skimming of arthropod-preserving ethanol. Mol. Ecol. Resour. 2016, 16, 1365–1377. [Google Scholar] [CrossRef]

	



Maddison, W.P. Mesquite: A modular system for evolutionary analysis. Evolution 2008, 62, 1103–1118. [Google Scholar]

	



Kück, P.; Meid, S.A.; Groß, C.; Wägele, J.W.; Misof, B. AliGROOVE–visualization of heterogeneous sequence divergence within multiple sequence alignments and detection of inflated branch support. BMC Bioinf. 2014, 15, 294. [Google Scholar] [CrossRef]

	



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

	



Nguyen, L.-T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef]

	



Dowton, M.; Cameron, S.L.; Dowavic, J.I.; Austin, A.D.; Whiting, M.F. Characterization of 67 Mitochondrial tRNA Gene rearrangements in the Hymenoptera suggests that mitochondrial tRNA gene position is selectively neutral. Mol. Biol. Evol. 2009, 26, 1607–1617. [Google Scholar] [CrossRef]

	



Silvestre, D.; Arias, M.C. Mitochondrial tRNA gene translocations in highly eusocial bees. Genet. Mol. Biol. 2006, 29, 572–575. [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]

	



Taanman, J.-W. The mitochondrial genome: Structure, transcription, translation and replication. Biochim. Biophys. Acta Bioenerg. 1999, 1410, 103–123. [Google Scholar] [CrossRef]

	



Cameron, S. How to sequence and annotate insect mitochondrial genomes for systematic and comparative genomics research. Syst. Entomol. 2014, 39, 400–411. [Google Scholar] [CrossRef]

	



Ramírez-Ríos, V.; Alvarez, J.C.; Villanueva-Mejia, D. Mitochondrial genomes of Lepidopteran insects considered crop pests. Lepidoptera 2017, 103. [Google Scholar] [CrossRef]

	



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

	



Donath, A.; Jühling, F.; Al-Arab, M.; Bernhart, S.H.; Reinhardt, F.; Stadler, P.F.; Middendorf, M.; Bernt, M. Improved annotation of protein-coding genes boundaries in metazoan mitochondrial genomes. Nucleic Acids Res. 2019, 47, 10543–10552. [Google Scholar] [CrossRef]

	



Jeong, J.S.; Kim, M.J.; Kim, I. The mitochondrial genome of the dung beetle, Copris tripartitus, with mitogenomic comparisons within Scarabaeidae (Coleoptera). Int. J. Biol. Macromol. 2020, 144, 874–891. [Google Scholar] [CrossRef]

	



Choi, E.H.; Mun, S.; Baek, S.Y.; Hwang, J.; Hwang, U.W. The complete mitochondrial genome of a whiter-spotted flower chafer, Protaetia brevitarsis (Coleoptera: Scarabaeidae). Mitochondrial DNA Part B 2020, 5, 3584–3586. [Google Scholar] [CrossRef]

	



Yang, X.-Z.; Zhang, L.; Feng, R.-Q.; Zhang, L.-J.; Luo, F.-Z.; Yuan, M.-L. Mitochondrial genome of Amphimallon solstitiale (Coleoptera: Scarabaeidae: Melolonthinae) and phylogenetic analysis. Mitochondrial DNA Part B 2018, 4, 110–111. [Google Scholar] [CrossRef]

	



Chang, P.-C.; Shieh, H.K.; Shien, J.-H.; Kang, S.-W. A homopolymer stretch composed of variable numbers of cytidine residues in the terminal repeats of infectious laryngotracheitis virus. Avian Dis. 2000, 44, 125–131. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, J.E.; Fisher, C.L.; Aagaard, P.J.; Wilson, M.R.; Isenberg, A.R.; Polanskey, D.; Pokorak, E.; DiZinno, J.A.; Budowle, B. Length variation in HV2 of the human mitochondrial DNA control region. J. Forensic Sci. 2001, 46, 862–870. [Google Scholar] [CrossRef] [PubMed]

	



Saito, S.; Tamura, K.; Aotsuka, T. Replication origin of mitochondrial DNA in insects. Genetics 2005, 171, 1695–1705. [Google Scholar] [CrossRef]

	



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

	



Shi, A.; Li, H.; Bai, X.; Dai, X.; Chang, J.; Guilbert, E.; Cai, W. The complete mitochondrial genome of the flat bug Aradacanthia heissi (Hemiptera: Aradidae). Zootaxa 2012, 3238, 23–38. [Google Scholar] [CrossRef]

	



Jiang, P.; Li, H.; Song, F.; Cai, Y.; Wang, J.; Liu, J.; Cai, W. Duplication and Remolding of tRNA Genes in the Mitochondrial Genome of Reduvius tenebrosus (Hemiptera: Reduviidae). Int. J. Mol. Sci. 2016, 17, 951. [Google Scholar] [CrossRef]

	



Song, F.; Li, H.; Shao, R.; Shi, A.; Bai, X.; Zheng, X.; Heiss, E.; Cai, W. Rearrangement of mitochondrial tRNA genes in flat bugs (Hemiptera: Aradidae). Sci. Rep. 2016, 6, 25725. [Google Scholar] [CrossRef]

	



Sayadi, A.; Immonen, E.; Tellgren-Roth, C.; Arnqvist, G. The evolution of dark matter in the mitogenome of seed beetles. Genome Biol. Evol. 2017, 9, 2697–2706. [Google Scholar] [CrossRef]

	



Clary, D.O.; Wolstenholme, D.R. The mitochondrial DNA molecular of Drosophila yakuba: Nucleotide sequence, gene organization, and genetic code. J. Mol. Evol. 1985, 22, 252–271. [Google Scholar] [CrossRef]

	



De Bruijn, M.H. Drosophila melanogaster mitochondrial DNA, a novel organization and genetic code. Nature 1983, 304, 234–241. [Google Scholar] [CrossRef]

	



Castro, L.R.; Ruberu, K.; Dowton, M. Mitochondrial genomes of Vanhornia eucnemidarum (Apocrita: Vanhorniidae) and Primeuchroeus spp. (Aculeata: Chrysididae): Evidence of rearranged mitochondrial genomes within the Apocrita (Insecta: Hymenoptera). Genome 2006, 49, 752–766. [Google Scholar] [CrossRef]

	



Cameron, S.L.; Whiting, M.F. The complete mitochondrial genome of the tobacco hornworm, Manduca sexta, (Insecta: Lepidoptera: Sphingidae), and an examination of mitochondrial gene variability within butterflies and moths. Gene 2008, 408, 112–123. [Google Scholar] [CrossRef]

	



De Oliveira, M.T.; de Azeredo-Espin, A.M.; Lessinger, A.C. Evolutionary and structural analysis of the cytochrome c oxidase subunit I (COI) gene from Haematobia irritans, Stomoxys calcitrans and Musca domestica (Diptera: Muscidae) mitochondrial DNA. DNA Seq. 2005, 16, 156–160. [Google Scholar] [CrossRef]

	



Fenn, J.D.; Cameron, S.L.; Whiting, M.F. The complete mitochondrial genome sequence of the Mormon cricket (Anabrus simplex: Tettigoniidae: Orthoptera) and an analysis of control region variability. Insect Mol. Biol. 2007, 16, 239–252. [Google Scholar] [CrossRef]

	



Lee, E.S.; Shin, K.S.; Kim, M.S.; Park, H.; Cho, S.; Kim, C.B. The mitochondrial genome of the smaller tea tortrix Adoxophyes honmai (Lepidoptera: Tortricidae). Gene 2006, 373, 52–57. [Google Scholar] [CrossRef]

	



Bocak, L.; Barton, C.; Crampton-Platt, A.; Chesters, D.; Ahrens, D.; Vogler, A.P. Building the Coleoptera tree-of-life for >8000 species: Composition of public DNA data and fit with Linnaean classification. Syst. Entomol. 2014, 39, 97–110. [Google Scholar] [CrossRef]

	



Hunt, T.; Bergsten, J.; Levkanicova, Z.; Papadopoulou, A.; John, O.S.; Wild, R.; Hammond, P.M.; Ahrens, D.; Balke, M.; Caterino, M.S. A comprehensive phylogeny of beetles reveals the evolutionary origins of a superradiation. Science 2007, 318, 1913–1916. [Google Scholar] [CrossRef]








[image: Insects 12 01025 g001 550] 





Figure 1. Representative mitochondrial genome maps of Cetoniinae (A) and Dynastinae (B) species. The first circle shows the gene map (PCGs, rRNAs, tRNAs and the AT-rich region) and the genes outside the map are coded on the majority strand (J-strand) whereas the genes inside the map are coded on the minority strand (N-strand). The second circle shows the GC content and the third shows the GC skew. GC content and GC skew are plotted as the deviation from the average value of the entire sequence. 
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Figure 2. Heterogeneous sequence divergence within datasets of PCGs and AAs of all Scarabaeidae and outgroup species. The mean similarity score between sequences is represented by a colored square. AliGROOVE scores ranging from −1 (indicating great difference in rates from the remainder of the dataset) to +1 (indicating rates match in all other comparisons). Red coloring shows significant heterogeneity. 
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Figure 3. Phylogenetic relationships inferred by the ML and BI methods based on nucleotide (PCG, Left) and amino acids (AA, Right) datasets. Numbers on nodes are the posterior probabilities of BI (Right) and Bootstrap values of ML (Left). Different branch colors correspond to subfamily names. 
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Figure 4. Gene rearrangement and locations of the generated non-coding regions between trnQ and trnI among Dynastinae species. The two non-coding regions (NCR) are colored in salmon (NCR1) and (NCR2). CR: control region; I, Q, M correspond to trnI, trnQ, trnM; (1) represent the gene rearrangement in: Chalcosoma caucasus caucasus, Dynastes hercules hercules, Oryctes nasicornis, Xylotrupes beckeri intermedius, X. g. beckeri, X. g. siamensis, X. g. sumatrensis species; and (2) represent: Megasoma elephas elephas, M. mars species gene rearrangement. 
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Table 1. Information of the 34 species downloaded from GenBank used in the phylogenetic analyses.
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Subfamily

	
Species

	
Accession No.

	
Size (bp)

	
Reference




	
Ingroups






	
Cetoniinae

	
Protaetia brevitarsis

	
KC775706

	
20,319

	
[42]




	

	
Osmoderma opicum

	
KU500641

	
15,341

	
[43]




	
Dynastinae

	
Eophileurus chinensis

	
MW632132

	
16,624

	
[18]




	

	
Oryctes rhinoceros

	
MT457815

	
20,898

	
[19]




	
Rutelinae

	
Popillia mutans

	
MF997049

	
16,192

	
[6]




	

	
Popillia japonica

	
NC_038115

	
16,541

	
[29]




	

	
Adoretus sp.

	
JX412788

	
12,581

	
Unpublished




	

	
Mimela splendens

	
MZ064554

	
15,148

	
Unpublished




	
Melolonthinae

	
Polyphylla gracilicornis

	
NC_054285

	
16,793

	
Unpublished




	

	
Cheirotonus gestroi

	
MN893347

	
16,899

	
[44]




	

	
Melolontha hippocastani

	
KX087316

	
15,485

	
Unpublished




	

	
Cheirotonus jansoni

	
NC_023246

	
17,249

	
[45]




	

	
Rhopaea magnicornis

	
NC_013252

	
17,522

	
[46]




	

	
Polyphylla laticollis mandshurica

	
KF544959

	
14,473

	
[47]




	

	
Holotrichia oblita

	
MF997046

	
15,968

	
[6]




	
Sericinae

	
Pleophylla sp.

	
JX412736

	
12,579

	
Unpublished




	

	
Serica sp.

	
MF997050

	
13,815

	
[6]




	
Aphodiinae

	
Aphodius foetens

	
KX087240

	
15,907

	
Unpublished




	
Scarabaeinae

	
Coprophanaeus sp.

	
KU739465

	
15,554

	
[48]




	

	
Bubas bubalus

	
KU739469

	
16,035

	
[48]




	

	
Onthophagus rhinolophus

	
KU739498

	
15,237

	
[48]




	

	
Onthophagus vulpes

	
KU739474

	
15,884

	
[48]




	

	
Scaptodera rhadamistus

	
KU739460

	
15,119

	
[48]




	

	
Cheironitis hoplosternus

	
KU739450

	
14,924

	
[48]




	

	
Euoniticellus intermedius

	
KU739490

	
15,578

	
[48]




	

	
Liatongus militaris

	
KU739488

	
15,832

	
[48]




	

	
Tiniocellus sarawacus

	
KU739486

	
15,592

	
[48]




	

	
Caccobius nigritulus

	
KU739484

	
15,039

	
[48]




	

	
Heteronitis castelnaui

	
KU739468

	
13,441

	
[48]




	

	
Scarabaeidae sp.

	
KT696268

	
18,626

	
Unpublished




	
Trogidae

	
Omorgus chinensis

	
MK937809

	
18,858

	
Unpublished




	
Glaresidae

	
Glaresis sp.

	
JX412819

	
12,663

	
Unpublished




	
Lucanidae

	
Dorcus koreanus

	
NC_054278

	
17,787

	
[49]




	

	
Lucanus sp.

	
KT876903

	
20,634

	
[50]
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Table 2. Comparative start and stop codons of Cetoniinae and Dynastinae mitochondrial genomes. Cetoniinae species designations are shaded: Protaetia speciosa jousselini (P.s.j), Cyprolais quadrimaculata (C. q), Dicronorhina derbyana (D. d), Eudicella euthalia oweni (E e. o), E. smithi (E. s), Goliathus goliatus (G. g), Jumnos ruckeri (J.r.), Mecynorhina polyphemus, M. t. ugandensis (M.t. u). Dynastinae species designations are shaded: Chalcosoma caucasus caucasus (C.c.c), Dynastes hercules hercules (D.h.h), Megasoma elephas elephas (M.e.e), M. mars (M.m), Oryctes nasicornis (O.n), Xylotrupes beckeri intermedius (X.b.i), X. g. beckeri (X.g.b), X. g. siamensis (X.g.s), X. g. sumatrensis (X.g.s).
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Species

	
Protein Coding Genes (PCGs) START-STOP CODONS




	
ND2

	
COX1

	
COX2

	
COX3

	
ATP8

	
ATP6

	
ND3

	
ND5

	
ND4

	
ND4L

	
ND6

	
CYTB

	
ND1






	
P.s.j

	
ATT/TAG

	
AAC/T

	
ATT/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAG

	
ATT/TAA

	
ATG/T

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
C.q

	
ATA/TAA

	
AAC/T

	
ATA/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATA/TAG

	
ATA/TAA

	
ATG/TAA

	
ATG/TAA

	
GTC/TAA

	
ATG/TAG

	
ATA/TAG




	
D.d

	
ATT/TAA

	
AAC/T

	
ATA/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAG

	
ATT/TAA

	
ATG/TAG

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
E.e.o

	
ATA/TAA

	
AAC/T

	
ATA/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATA/TAG

	
ATA/TAA

	
ATG/TAG

	
ATG/TAA

	
ATC/TAA

	
ATG/TAG

	
ATA/TAA




	
E.s

	
ATA/TAA

	
AAC/T

	
ATA/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATA/TAG

	
ATA/TAA

	
ATG/TAG

	
ATG/TAA

	
ATC/TAA

	
ATG/TAG

	
ATA/TAA




	
G.g

	
ATT/TAA

	
AAC/T

	
ATT/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/TAA

	
ATG/TAG

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
J.r

	
ATA/TAA

	
AAC/T

	
ATA/T

	
ATA/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAG

	
ATT/TAA

	
ATG/TAG

	
ATG/TAA

	
ATC/TAA

	
ATG/TAG

	
ATT/TAG




	
M.p

	
ATA/TAA

	
AAT/T

	
ATA/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAG

	
ATT/TAA

	
ATG/TAA

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
M.t.u

	
ATT/TAA

	
AAC/T

	
ATT/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/TAA

	
ATG/TAG

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
C.c.c

	
ATT/TAA

	
ATT/T

	
ATT/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
D.h.h

	
GTC/TAA

	
ATC/T

	
ATC/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAA

	
ATG/TAG

	
ATT/TAA




	
M.e.e

	
ATC/TAA

	
ATT/T

	
ATC/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAA

	
ATG/TAA

	
ATT/TAA




	
M.m

	
ATC/TAA

	
ATT/T

	
ATC/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAA

	
ATG/TAA

	
ATT/TAA




	
O.n

	
ATA/TAA

	
ATC/T

	
ATA/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAA

	
ATG/TAG

	
ATT/TAA




	
X.b.i

	
ATT/TAA

	
ATT/T

	
ATT/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
X.g.b

	
ATT/TAA

	
ATT/T

	
ATT/T

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
X.g.s

	
ATT/TAA

	
ATT/T

	
ATT/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA




	
X.g.s

	
ATT/TAA

	
ATT/T

	
ATT/T

	
ATC/T

	
ATG/TAA

	
ATG/TAA

	
ATC/TAG

	
ATT/T

	
ATG/TAA

	
ATG/TAA

	
ATT/TAA

	
ATG/TAG

	
ATT/TAA
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