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Despite the critical role of mitochondrial genomes (mitogenomes) in species identification and evolutionary studies in the genus Parupeneus, current resources are inadequate, given the species richness. Although previous studies have suggested a complex evolutionary history, the detailed mitogenomic variations and their implications remain largely unexplored. Therefore, we sequenced and assembled the mitogenomes of P. barberinoides, P. barberinus, P. biaculeatus, P. crassilabris, P. cyclostomus, P. heptacanthus, P. multifasciatus, and P. chrysopleuron, to enrich the molecular data and provide novel insights into the genetic diversity, evolutionary dynamics and phylogenetics of the family Mullidae. Our analysis revealed a novel gene rearrangement in P. chrysopleuron, Cytb-T-P-CR-Q-I-F-12S-V-16S-ND1-M-ND2, which differed from the conventional sequence of Cytb-T-P-CR-F-12S-V-16S-ND1-I-Q-M-ND2 observed in other species. In the novel rearrangement, four non-coding regions are inserted between ND1 and M, Q and I, I and ψM (tRNA-Met pseudogene), ψM and F. We assume that two tandem duplication/random loss events occur in the CR and IQM, making the entire sequence longer than that in other Parupeneus species. The phylogenetic results indicated that Mullidae formed a sister group relationship with the family Dactylopteridae, contradicting previous studies that identified a sister group relationship between Mullidae and Callionymoidei. The genera Parupeneus and Mullus formed a sister group, and discrepancies were found in the topological structure of the interspecies relationships within the genus Parupeneus compared with those reported by previous studies. Through combined phylogenetic and mitochondrial structural analysis, we found that phylogenetic topology is closely related to mitochondrial structural abnormalities. This study not only expands the mitogenomic dataset available for Mullidae but also underscores the importance of mitochondrial DNA studies in resolving taxonomic ambiguities and understanding the evolutionary history of marine fishes. Our study contributes to the ongoing research on marine fish taxonomy, mitogenomics, and evolutionary biology by providing new insights into the genetic diversity of marine ecosystems.
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1 Introduction

The family Mullidae, known as goatfish, comprises six genera, including Parupeneus Bleeker, 1863, Upeneus Cuvier, 1829, Mullus Linnaeus, 1758, Upeneichthys Bleeker, 1853, Mulloidichthys Whitley, 1929, and Pseudupeneus Bleeker, 1862. Their species are prevalent in the Pacific and Indian Oceans, with only a few found in the Atlantic Ocean (Randall, 2004). A distinctive morphological feature of Parupeneus setting it apart from the other genera is its uniserial arrangement of stout, blunt-tipped and widely spaced teeth within the jaws, and the notable absence of the vomer and palatine teeth (Schultz et al., 1960). Parupeneus represents a significantly diverse group within Mullidae, comprising 35 of 100 species (Fricke et al., 2024).

Several taxonomic studies on Parupeneus have contributed greatly to the exploration of its phylogeny. For example, Kim (2002) analyzed the phylogenetic evolutionary relationships between genera of Mullidae based on osteological and myological systems; however, the relationships between species remain unclear, and the Parupeneus branch exhibits a comb-like structure, making it difficult to clearly discern interspecies relationships. As molecular biology advances and species samples accumulate, genomic datasets have the potential to significantly improve the resolution of phylogenetic trees (Dettai and Lecointre, 2005; Lim et al., 2021; Yi et al., 2021). Longo et al. (2017) were the first to employ ultra-conserved elements (UCEs) to analyze molecular phylogenetic relationships within the order Syngnathiformes, including six species from Parupeneus. Their study predominantly concentrated on the phylogenetic relationships between different families. The findings revealed that the family Callionymidae shares a close phylogenetic connection with Mullidae, which is characterized by short branches. This pattern suggests that Mullidae, particularly its genus Parupeneus, experienced rapid evolutionary diversification. Santaquiteria et al. (2021) analyzed the biogeography of Syngnathiformes and found that Mullidae diverged approximately 18.0 million years ago, and Parupeneus diverged approximately 5.0 million years ago. Similar to Longo et al. (2017), they reported that Mullidae underwent a rapid radiation event, and their phylogenetic tree showed consistent relationships among Parupeneus species. Although Longo et al. (2017) and Santaquiteria et al. (2021) did not focus directly on Mullidae, their studies provide valuable insights into the phylogeny of this group. Nash et al. (2022) enhanced the phylogenetic analysis of Mullidae by expanding on prior studies. They incorporated a wider range of species into their study and increased the representation of Parupeneus species, providing a more comprehensive understanding of the evolutionary relationships of Mullidae. However, the systematic positions of certain Parupeneus species, such as Parupeneus chrysopleuron (Temminck & Schlegel, 1843), Parupeneus cyclostomus (Lacepède, 1801) and Parupeneus chrysonemus (Jordan & Evermann, 1903), highlighting the need for further investigation.

Mitochondrial genomes (mitogenomes) are characterized by their compact structures, strict maternal inheritance, minimal or no recombination, and rapid evolutionary rates. These unique features have led to the extensive utilization of mitogenomes in a variety of molecular analyses, including species taxonomy, lineage biogeography, molecular ecology, species evolution, and population genetics (Shaffer and McKnight, 1996; Ward et al., 2005; Couvreur et al., 2010; Yi et al., 2018; Gu et al., 2022). However, studies on goatfish are scarce, particularly with respect to the mitogenome. The earliest study involving the entire goatfish mitogenome was conducted by Song et al. (2014) in which they only assembled the complete mitochondrial sequences of four goatfish species, with only one Parupeneus species. Subsequently, Song et al. (2017) published a complete mitogenome of Parupeneus barberinus (Lacepède, 1801). Sun and Xu (2020) identified an unusual mitogenomic structure in P. chrysopleuron, which differed from the typical mitochondrial gene order observed in other fish species. tRNA-Ile (I) and tRNA-Gln (Q) were mapped after tRNA-Pro (P), followed by tRNA-Met (M). However, the mechanism underlying this rearrangement remains unclear. Overall, the availability of whole mitogenomes of Parupeneus species is limited, given their high diversity. This limits our ability to fully comprehend the phylogeny of Parupeneus. According to the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/) and as of 2023, only three Parupeneus species have complete and effective whole mitogenomes, and the complete mitochondrial structures and phylogenetic status of many other Parupeneus species remain unknown.

The mitogenomes of animals are relatively conserved, and only a few species exhibit gene rearrangements (Miya and Nishida, 1999; Miya et al., 2001; Dowton et al., 2003; Miya et al., 2003; Mabuchi et al., 2004; Luo et al., 2019; Wang et al., 2020). Various forms of gene rearrangements have been observed in fish mitogenomes. These rearrangements can be categorized into three main types (Satoh et al., 2016): (1) shuffling, in which genes migrate from one side of the same coding strand to the other, often occurring within gene clusters such as IQM, WANCY, and HSL; (2) transpositions, in which single or multiple genes are relocated over significant distances along the same coding strand; (3) and inversions, in which genes shift from their original coding strands to different coding strands without undergoing transposition. With the increasing availability of mitogenomic data and the expansion of sampling areas, different types of gene rearrangement models have been found in many vertebrates, suggesting that gene rearrangement is related to phylogeny (Haring et al., 2001; Kong et al., 2009; Zhang et al., 2021), but the two aspects appear unconnected in some species (Inoue et al., 2003; Xu et al., 2012; Xia et al., 2014). Whether the genetic rearrangement of Parupeneus is linked to phylogeny remains unknown, and the mechanism of rearrangement remains unclear. The scarcity of comprehensive mitogenomic studies within the genus Parupeneus restricts our ability to advance the classification, phylogeny, molecular ecology, species evolution, and population genetics of Mullidae.

In this study, we sequenced and assembled the complete mitogenomes of eight species, including Parupeneus barberinoides (Bleeker, 1852), P. barberinus, Parupeneus biaculeatus (Richardson, 1846), Parupeneus crassilabris (Valenciennes, 1831), P. cyclostomus, Parupeneus heptacanthus (Lacepède, 1802), Parupeneus multifasciatus (Quoy & Gaimard, 1825) and P. chrysopleuron. Notably, five whole mitogenomes (P. barberinoides, P. biaculeatus, P. crassilabris, P. cyclostomus, and P. heptacanthus) have been published for the first time in NCBI. Previous studies by Longo et al. (2017) and Santaquiteria et al. (2021) have reported that Mullidae is closely related to four families: Pegasidae, Dactylopteridae, Draconettidae, and Callionymidae. Therefore, we compared the complete mitogenomes of all goatfish species from the NCBI database and the present study with those of the above four families. We proposed an explanation for the mechanism of gene rearrangement in P. chrysopleuron using the tandem duplication/random loss (TDRL) model combining intramitochondrial recombination and discussed the relationship between rearrangement and phylogeny. Our study aimed to enhance our understanding of the taxonomic status and genetics of Parupeneus and Mullidae.




2 Materials and methods



2.1 Specimen collection and DNA extraction

All specimens were morphologically identified based on Randall (2004) and deposited at the College of Fisheries, Guangdong Ocean University (Zhanjiang, China). Muscle tissues were isolated from eight specimens of Parupeneus (P. barberinoides, P. barberinus, P. biaculeatus, P. crassilabris, P. cyclostomus, P. heptacanthus, P. multifasciatus, and P. chrysopleuron) and stored in a 95% alcohol solution and in -20°C freezer for later study. Whole DNA was extracted using an E.Z.N.A® Tissue DNA kit (Omega Bio-Tek, Inc., Norcross, GA, USA). Detailed information on the specimen collection and voucher numbers of specimens is provided in Supplementary Table S1.




2.2 Mitogenome sequencing and assembly

A genomic DNA library was prepared with a 300–500 base pair (bp) insert size and sequenced using an Illumina Hiseq2500 sequencer (Illumina, San Diego, CA, USA). Low-quality reads and adapter sequences were filtered out using Cutadapt v1.16 (Martin, 2011). Sequencing-related quality assessment was performed on the raw sequencing data of each sample based on FastQC v0.11.4 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Optimal genomic de novo assemblies were generated using NOVOPlasty (https://github.com/ndierckx/NOVOPlasty).




2.3 Mitogenome annotation and analysis

Mitogenome annotation was conducted using MITOS (Donath et al., 2019), and the results were manually corrected. The secondary structures and locations of mitochondrial tRNA genes were identified using ARWEN (Laslett and Canback, 2008) and the tRNAscan-SE Search Server v2.0 (Lowe and Chan, 2016; Chan and Lowe, 2019). The mitogenomic sequences were uploaded to GenBank with the accession numbers listed in Supplementary Table S1. CGView Server v1.0 (Grant and Stothard, 2008) was used to create mitogenome circular maps. Nucleotide base composition and codon usage of the 13 protein-coding genes (PCGs) were obtained using MEGA X (Tamura et al., 2013). AT-skew ([A-T]/[A+T]) and GC-skew ([G-C]/[G+C]) were used to measure the differences in nucleotide composition between genes. The synonymous (Ks) and non-synonymous (Ka) substitution rates were determined, and the p-distance of 13 PCGs was conducted to determine the nucleotide diversity using DnaSP 6.0 (Rozas et al., 2017). The gene rearrangement in P. chrysopleuron, was considered to be a novel gene order, while mitogenomes of other species of Parupeneus were ancestral gene orders. All sequence comparison plots were generated using the ESPrint 3.0 tool (http://espript.ibcp.fr/) (Robert and Gouet, 2014) and subsequently manually edited. We then compared the mitogenomes in pairs by manual alignment and referred to examples of gene rearrangement by Gong et al. (2020) to reconstruct potential gene order rearrangement events (Dowton et al., 2003) and explain the gene rearrangement in P. chrysopleuron.




2.4 Phylogenetic analysis

Phylogenetic datasets with 13 PCGs, two rRNAs, and 22 tRNAs from 33 sequences were analyzed, including eight sequences from this study and 25 from NCBI, of which three Syngnathidae sequences were utilized as the outgroup (Miya et al., 2003; Kawahara et al., 2008; Song et al., 2012, 2014; Wang and Zhou, 2019; Sun and Xu, 2020; Liu et al., 2021; He et al., 2022; Wang et al., 2022). The accession numbers of the sequences are listed in Supplementary Table S1. The DNA sequences of the 13 PCGs, two rRNAs, and 22 tRNAs were aligned using MAFFT (Katoh and Standley, 2013) with default parameters. MACSE v.2.03 (Ranwez et al., 2018) was used to optimize the 13 PCG sequences, and Gblocks (Talavera and Castresana, 2007) was employed to clear the ambiguously aligned fragments. Phylogenetic trees were constructed based on the alignment dataset (13 PCGs+2 rRNAs+22 tRNAs) using maximum likelihood (ML) and Bayesian inference (BI) methods conducted by IQ-TREE (Nguyen et al., 2015) and MrBayes 3.2.6 (Ronquist et al., 2012) plugin integrated into PhyloSuite v1.2.2 (Zhang et al., 2020). The 13 PCGs were divided into three predefined partitions for the best partitioning scheme, and ModelFinder (Kalyaanamoorthy et al., 2017) was used to select the best-fit models using the BIC criterion for all datasets. The selections results are listed Supplementary Table S2. Maximum likelihood phylogenies were inferred using an edge-linked partition model for 10,000 ultrafast bootstraps (Minh et al., 2013), as well as the Shimodaira–Hasegawa-like approximate likelihood-ratio test (Guindon et al., 2010). Bayesian inference phylogenies were inferred using a partition model (two parallel runs, 5,000,000 generations) in which the initial 25% of the sampled data were discarded as burn-in.





3 Results



3.1 Genome organization and base composition

The complete mitogenomes of the eight species, namely, P. barberinoides, P. barberinus, P. biaculeatus, P. crassilabris, P. cyclostomus, P. heptacanthus, P. multifasciatus, and P. chrysopleuron, ranged in size from 16,570–17,402 bp and were typically composed of circular double-stranded DNA containing 37 genes. Similar to those of other teleosts (Boore, 1999; Yi et al., 2022), each mitogenome (Figure 1) contained 13 PCGs on the heavy strand (H-strand), with the except for ND6, which was located on the light strand (L-strand). In addition, there were two rRNA genes on the H-strand and 22 tRNAs, 14 on the H-strand and eight on the L-strand.




Figure 1 | Mitogenomes of P. barberinoides, P. barberinus, P. biaculeatus, P. crassilabris, P. cyclostomus, P. heptacanthus, P. multifasciatus, P. chrysopleuron (From left to right, from top to bottom).



The mitogenomic sequences of vertebrates are conserved, featuring a typical order of gene arrangement: Phe (F)-12S rRNA (12S)-Val (V)-16S rRNA (16S)-Leu2 (L2)-ND1-Ile (I)-Gln (Q)-Met (M)-ND2-Trp (W)-Ala (A)-Asn (N)-Cys (C)-Tyr (Y)-COI-Asp (D)-Ser2 (S2)-COII-Lys (K)-ATP8-ATP6-COIII-Gly (G)-ND3-Arg (R)-ND4L-ND4-His (H)-Ser1 (S1)-Leu1 (L1)-ND5-ND6-Glu (E)-Cytb-Thr (T)-Pro (P) (Anderson et al., 1981). Seven species in this study have a typical gene arrangement order, whereas P. chrysopleuron, had two rearrangements (Figure 1, Figure 2, Supplementary Tables S3 and S4). First, the I-Q gene was located behind the control region (CR) instead of between ND1 and M. Secondly, the order of those genes was altered to Q-I (Figure 1, Supplementary Table S4). The overall gene order for P. chrysopleuron is presented as Cytb-T-P-CR-Q-I-F-12S-V-16S-ND1-M-ND2, diverging from the traditional arrangement of Cytb-T-P-CR-F-12S-V-16S-ND1-I-Q-M-ND2.




Figure 2 | Phylogenetic tree of Mullidae. Numbers in node are SH-aLRT support (%) / ultrafast bootstrap support (%) / posterior probability. Without number in node means 100/100/1. The characters following the species name represents the GenBank accession number. The pattern of (*) means sequence in this study. Green area in species information: Upeneus genus. Yellow area in species information: Mulloidichthys genus. Red area in species information: Mullus genus. Blue area in species information: Parupeneus genus. Species information is followed by the COI length and its start and stop codon; then the spacing between the COII and K genes; then the gene order between Cytb and ND2. The species figures correspond to the species names.



The overall base composition results are presented in Supplementary Table S4. A slight AT bias (50.2–51.5%) was revealed in the complete mitogenomes, especially in the CR, which had the highest A+T content (56.9–62.5%). GC skews were consistently negative in the complete mitogenomes, 13 PCGs, 22 tRNAs, two rRNAs, CRs and the three codon positions of the 13 PCGs. Only the second codon position displayed negative AT skew results, whereas the others showed positive results (Supplementary Figure S1).




3.2 Protein-coding genes

The total length of the protein-coding genes (PCGs) in the eight species ranged from 11,340–11,475 bp, with the A+T content ranging from 48.8–50.7% (Supplementary Table S5). The lengths of the individual PCGs ranged from 168 (ATP8) to 1,845 bp (ND5).

The start codons in the 13 PCGs included AUG, AUC, AUA, and GUG. AUA is specifically utilized as a start codon in the ATP6 gene of P. multifasciatus. The AUC start codon, on the other hand, is exclusive to the COI and ATP6 genes of P. barberinoides. The COI gene in seven species (excluding P. barberinoides); the ND2 genes of P. multifasciatus, P. biaculeatus, P. cyclostomus, P. barberinus, and P. crassilabris; and the ATP6 gene of P. heptacanthus employed GUG as their start codon. UAN (where N=U or G), UGU, UA-, and U– were the identified stop codons, with UGU and UA- appearing least frequently.

Of the 22 amino acids, tRNA-Leu2 was most frequent and tRNA-Cys was the least (Supplementary Figure S2). Additionally, relative synonymous codon usage (RSCU) analysis indicated that tRNA-Ser2 (UCC), tRNA-Ala (GCC), and tRNA-Pro (CCC) were most frequent, whereas tRNA-Leu2 (UUG) was least frequent (Supplementary Figure S3).

In selective pressure analysis (Supplementary Figure S4), all 13 PCGs showed Ka/Ks values below 1.0, suggesting that they evolved under purifying selection in the eight species. ATP8 (0.2048) had the highest substitution rate, making it the most rapidly evolving gene, whereas COI (0.0145) evolved the slowest. Correspondingly, ATP8 exhibited the highest nucleotide diversity, while COI had the lowest.




3.3 rRNA and tRNA genes

The H-strand transcribes 12S rRNA and 16S rRNA located between tRNA-Phe and tRNA-Leu2, with tRNA-Val separating them. The length of 12S rRNA ranged from 952 (P. chrysopleuron) to 960 bp (P. barberinoides), whereas the length of 16S rRNA ranged from 1,665 (P. chrysopleuron) to 1,676 bp (P. multifasciatus). The combined length of the entire rRNA sequence ranged from 2,617 (P. chrysopleuron) to 2,632 bp (in P. barberinoides).

Each mitogenome sequence contained 22 tRNAs in scattered locations. In P. chrysopleuron, a tRNA-Met pseudogene (ψM) was identified between the tRNA genes for I and F. This pseudogene not only exhibited similarity to sequential tRNA-Met but also possessed a cloverleaf structure. Sun and Xu (2020) considered this to be a normal and functional M gene (GenBank No.: NC029247) (Figure 2). However, Mabuchi et al. (2004) posited that this unique gene sequence belonged to the pseudogenes and lacked function. Through comparison of the M gene across all species (Supplementary Figure S5), we discovered that the ψM sequenced were distinctly different from those of the normal gene sequences. Therefore, we believe that the superfluous M gene is a pseudogene. The predicted secondary structures of all tRNAs in the eight species showed a the typical cloverleaf structure, except for tRNA-Ser1, which lacked the dihydrouridine arm observed in the other teleosts (Supplementary Figure S6).




3.4 Control region

The control region (CR), also known as the D-loop region (Supplementary Figure S7), is typically located between P and F, although in some species, it can be found in other specific locations (Gong et al., 2020; Wang et al., 2020). The differences in the CR lengths among the eight species were minimal, ranging from 817 –938 bp. However, the lengths of the tandem repeats within the CR showed considerable variability, ranging from 20–183 bp. P. chrysopleuron had a single type of tandem repeat with the shortest length of 20 bp, whereas P. barberinoides and P. cyclostomus had five types of tandem repeats with lengths of 110 and 183 bp, respectively. The remaining species had two to four tandem repeats, each exceeding 57 bp in length.




3.5 Phylogenetic tree

Phylogenetic tree analysis (Figure 3) of the benthic-associated fish lineage in the order Syngnathiformes revealed a close relationship with strong branch node support, indicating sister group status between the families Mullidae and Dactylopteridae. Mullidae (Figure 2) was divided into two major branches: one branch exclusively comprises the genus Upeneus, while the other encompasses the genera Mulloidichthys, Mullus, and Parupeneus. In the second major branch, Mulloidichthys was located at the outermost edge, followed by Mullus, and Parupeneus. Within the genus Upeneus, a clear subdivision into two subgroups is evident. Clade U1 included U. sulphureus, whereas Clade U2 comprised U. japonicus and U. tragula. In Parupeneus, P. heptacanthus occupied the outermost position and formed the distinct Clade P1. P. barberinus and P. indicus constituted Clade P2, which was sister to the remaining species. Additionally, P. barberinoides branches out independently in Clade P3. Clade P4 consisted of P. cyclostomus and P. chrysopleuron as sister taxa. P. biaculeatus was isolated in Clade P5, whereas P. crassilabris and P. multifasciatus formed a sister clade known as Clade P6. Clades P5 and P6 are sisters to each other, and together, they are sisters to Clade P4. These clades are nested within the innermost positions of the entire phylogenetic tree. In addition, the SH-aLRT support, ultrafast bootstrap support, and posterior probability values for each branch node were relatively high.




Figure 3 | Phylogenetic tree of benthic associated fish lineage in Syngnathiformes. Numbers in node are SH-aLRT support (%) / ultrafast bootstrap support (%) / posterior probability. Without number in node means 100/100/1. The pattern of (*) means sequence in this study.







4 Discussion



4.1 Mitogenomic structural analysis

In general, the mitogenomes of fish species range from 15–20 kb in length (Boore, 1999), with variations among species primarily attributed to differences in the lengths of CRs and the presence of non-coding regions or pseudogenes (Mabuchi et al., 2004; Gong et al., 2020; Xu et al., 2021). In this study, the complete mitogenomes of the eight Parupeneus species ranged from 16,570–17,402 bp in length. The P. chrysopleuron mitogenome was 625–832 bp longer than the others; however, the CRs were similar in length. We found that the non-coding region (excluding the CR) in P. chrysopleuron was 979 bp, which was more than four times longer than those in the other species (61–243 bp). A comparative analysis with the other species showed that the structure of the P. chrysopleuron mitogenome was abnormal. This anomaly is likely related to the duplication/random loss model (TDRL), as such abnormalities often accompany an increase in non-coding regions or the duplication of certain genes, resulting in an elongated mitogenome (Bernt et al., 2013). Furthermore, the mitogenomes of P. cyclostomus and P. heptacanthus were 142–207 bp longer than those of P. multifasciatus, P. biaculeatus, P. barberinus, P. barberinoides, and P. crassilabris. We also found that P. cyclostomus and P. heptacanthus contained an additional non-coding segment between tRNA-Lys and COII. Similar instances of an additional non-coding segment have also been observed in other fish species, and this additional non-coding segment is considered one of the key distinguishing features of species (Zhong et al., 2021).

Understanding the implications of mitochondrial gene mutations, particularly those leading to translational extension or termination, is pivotal to understanding the functional dynamics of mitochondrial DNA (mtDNA). Jiang et al. (2020) underscored the significant impact of mutations leading to the premature termination of codons on mitochondrial functionality, highlighting the necessity of a balanced mitochondrial translation process for cellular integrity. Such minor disruptions can profoundly affect mitochondrial and overall cellular health. Ronayne et al. (2023) investigated how inhibition of mitochondrial ribosome elongation in cells with disease-causing mutations emphasized the importance of precise translational mechanisms for mitochondrial health and cellular survival. These studies highlight the essential role of accurate translation in the maintenance of mitochondrial functional integrity, particularly in the context of genetic mutations. In our study, the COI gene lengths for P. barberinoides, P. cyclostomus, and P. heptacanthus were observed to be 1,560, 1,578, and 1,557 bp respectively, deviating from the typical 1,551 bp length seen in other goatfishes. Notably, sequence inspection revealed abnormalities in the termination codon positions at the 3’ end of the COI gene in P. cyclostomus, where the usual TAA codon was altered to CAA, resulting in translation elongation (Supplementary Figure S8A). Similarly, the COI gene in P. heptacanthus exhibited additional VQ proteins at its 3’ end compared to those in other Parupeneus species (Supplementary Figure S8C), suggesting an extension attributed to mitochondrial genome replication events. In P. barberinoides, a distinctive mutation at the 5’ end of the COI gene was identified, where the start codon GTG was replaced with TTG (Supplementary Figures S8B, D), a significant departure from the norm observed in other species within the genus. We hypothesized that this phenomenon may be attributable to mutations arising during mitochondrial replication, given that the COI gene is widely regarded as highly conserved. These mutations, which lead to variations in the start or termination codons, ultimately result in extended translation. The observed abnormalities suggest alterations in the translation process, which could have significant implications for mitochondrial function and, consequently, cellular energy metabolism (Wang et al., 2021). Although the complex variations observed in COI gene lengths and the presence of additional non-coding segments among different Parupeneus species may be attributed to mitogenomic replication events, the impact of such variations, potentially arising from mutations, on goatfish remains unknown.




4.2 Phylogenetic analyses and mitogenomic variants

Recent phylogenetic studies have shown that Mullidae is closest to Callionymoidei (Longo et al., 2017; Santaquiteria et al., 2021; Nash et al., 2022). However, our results indicate that Mullidae is a sister to the family Dactylopteridae, supported by 100% confidence coefficient and high posterior probability (Figure 3). Such differences may be due to differences in the molecular markers and methods used to process the molecular data, as well as differences in taxonomic sampling. The relationships among goatfish in this study (Figure 2) corroborate findings from previous studies (Nash et al., 2022), despite the use of different molecular datasets. The phylogenetic tree derived from our mitogenomic dataset clearly separated U. sulphureus from the clade comprising U. japonicus and U. tragula into distinct groups. Similarly, a study employing a UCE dataset by Nash et al. (2022) classified the genus Upeneus into two categories: Upeneus 1, which includes U. sulphureus, and Upeneus 2, encompassing U. japonicus and U. tragula. Although the methodologies vary, both approaches consistently support the bifurcation of Upeneus into two distinct groups. In addition, the results are shown in terms of morphology (Kim, 2002). For the genus Parupeneus, our results indicated that P. barberinus and P. indicus, P. cyclostomus and P. chrysopleuron, and P. crassilabris and P. multifasciatus, form sister clades. This is consistent with the findings of Nash et al. (2022), despite the absence of intermediate samples between P. crassilabris and P. multifasciatus in our study. However, a discrepancy was observed within this clade. In the present study, P. heptacanthus was the outermost branch of all species, P. barberinoides was embedded inside, and there was also a very short branch, whereas Nash et al. (2022) placed P. barberinoides in the outermost location and P. heptacanthus inside. P. biaculeatus, a previously unexplored species, has an intermediate phylogenetic position, linking two distinct clades: one constituted by P. cyclostomus and P. chrysopleuron and the other by P. crassilabris and P. multifasciatus. Notably, it exhibits a sister relationship with a clade that includes P. crassilabris and P. multifasciatus.

Previous studies have shown that goatfish originated in the Western Atlantic from the Tethys Sea (Santaquiteria et al., 2021) and have indicated a significant change in the accumulation rate of goatfish lineages from the late Miocene to early Pliocene (Betancur et al., 2017; Santaquiteria et al., 2021; Nash et al., 2022). This diversity rate variation was hypothesized to be closely related to paleogeographic, climatic, and sea-level changes during the Miocene–Pliocene transition. At the end of the Miocene, the separation of the Arabian Plate from the African Plate enhanced the exchange of fish species between the Indian and Western Pacific regions (Briggs, 1995; Corrigan and Beheregaray, 2009). Moreover, significant geological changes alter fish habitats, affecting their dispersal capabilities and subsequent diversification (Briggs, 1995; Bromfield and Pandolfi, 2011; Nash et al., 2022). Mitogenomic structural abnormalities in the family Mullidae seem to be linked to their evolutionary history. Species with structural abnormalities include P. barberinoides, which has an aberrant COI gene; P. cyclostomus and P. heptacanthus, both of which have aberrant COI genes and a non-coding region between COII and tRNA-Lys; and P. chrysopleuron, which exhibits a significant mitochondrial gene rearrangement. These species all display long, independent branches in the phylogenetic tree topology of the family Mullidae, and to date, no further diversification has been observed (Figure 2; similar to Nash et al., 2022, except for P. heptacanthus). The species began to diversify during the Late Miocene to Early Pliocene, except for P. heptacanthus, which diverged from a recent common ancestor with P. procerigena in the Middle Pleistocene (Nash et al., 2022). Species with traditional mitogenomic orders or normal mitochondrial gene structures tend to diversify from a recent common ancestor into several other species. This indicates that historical geological events have influenced variations in the mitogenome structure, causing these species to occupy unique positions in the phylogenetic tree.




4.3 Possible gene rearrangement mechanism

In P. chrysopleuron, gene rearrangements involve both shuffling and transposition. Specifically, the I and Q genes underwent an exchange before being repositioned at the rear end of the CR. Our observations revealed that the mitochondrial gene arrangement in P. chrysopleuron resembles that in Cynoglossus melampetalus, as both species exhibit the same type of pseudogene and gene rearrangement within the IQM block, albeit with some notable differences. First, the CR of P. chrysopleuron is located in its normal position after P, similar to that of other species, which differs from that of C. melampetalus (Gong et al., 2020), whose CR is recognized downstream of ND1. Secondly, in P. chrysopleuron, there is a 119 bp non-coding gap (NR1) in front of the M gene. Between the Q and I genes, as well as between the I gene and the ψM pseudogene, there are long non-coding gaps of 334 (NR2) and 332 bp (NR3), respectively. Additionally, there is a 59 bp non-coding gap (NR4) following the ψM pseudogene in P. chrysopleuron. Third, the order and position of IQM are completely different in their mitogenomes.

Several models have been used to explain gene rearrangements, most prominently: (1) tandem duplication and random loss (TDRL), (2) intramitochondrial recombination, and (3) mitogenome dimerization and nonrandom loss (Bernt et al., 2013). Shuffling and transposition are widely associated with TDRL because they involve gene duplication and movement (Mabuchi et al., 2004; Papetti et al., 2021). Here, we refer to the TDRL model (Dowton et al., 2003) to explain the novel gene rearrangement of P. chrysopleuron (Figure 4). We assumed that the ancestral mitochondrial gene sequence was the traditional type (Figure 4A). Firstly, the first-time tandem duplicate occurred in the IQM block, forming the I0Q0ψM 0-I1Q1M1 block. The first M degenerated into ψM0, and the last M1 was left in the original location (Figure 4B). The I0 and Q1 were randomly lost to form the NR1, while other genes (marked by underlining) translocated behind the CR, forming a new block, CRQ0ψM0I1. This phase can be explained by intramolecular recombination (Poulton et al., 1993; Lunt and Hyman, 1997). Next, CRQ0ψM0I1 had been continuously duplicated twice, forming a CRQ0ψM0I1-CR1Q2ψM1I2-CR2Q3ψM2I3 tripolymer (Figures 4C, D). The three underlined gene blocks were degraded to NR2, NR3, and NR4, respectively (Figures 4D, E). Finally, the special gene rearrangement sequence observed in the P. chrysopleuron mitogenome formed.




Figure 4 | Inferred intermediate steps between the gene order of ancestral teleosts and the mitogenome of Parupeneus chrysopleuron. (A) Ancestral teleosts gene order. (B) First time tandem duplicate (IQM). (C) IQM translocation and NR1 formation. (D) Second and third time tandem duplicate (CRQMI) and NR2, NR3, NR4 formation. (E) P. chrysopleuron gene order.






4.4 Evidence for the TDRL model

The occurrence of TDRL models is often accompanied by the generation of pseudogenes and non-coding regions left behind due to random loss (Dowton et al., 2003). One pseudogene was found in the P. chrysopleuron mitogenome, and four NRs were discovered simultaneously. The NR1 (119 bp) gene was in the front of the normal M, while the others were located between Q and I (NR2), I and ψM (NR3), and ψM and F (NR4), which were 334, 332, and 59 bp, respectively. First, we considered that NR1 might be caused by CR degeneration, because in some cases, when CR is translocated after ND1 and then IQM, and duplicated together with IQM, the CR will also participate in random loss to form non-coding regions (Kong et al., 2009; Wang et al., 2020). However, there were no large blocks of continuously paired bases in the CR and NR1 alignments (Figure 5A). We further hypothesized that NR1 might be affected by IQM duplication/random loss. First, IQM replicates to form the I0Q0M0-I1Q1M1 block, Q0M0-I1 should translocate to the front of the CR for second- and third-time tandem duplicates, whereas M1 remains in its original position; therefore, only the I0Q1 block experiences random loss to form NR1. We aligned I0Q1 to NR1, and there were two highly continuous matching bases in Q, meaning that for the random bases that were lost, a large part of the Q base was retained. This provided evidence of the remains of I0Q1 after random loss (Figure 5B); therefore, we believe that NR1 comes from IQ. NR2 and NR3 were of almost the same length (334 and 332 bp, respectively). Thus, we believe they are also from the CR. The alignments of NR2 and NR3 to the CR showed high continuity of the same base parts, and both parts of the locations in the two non-coding regions were surprisingly similar (Figures 5C, D) and were located at the rear end of the CR region.




Figure 5 | Sequence alignment of CR and NR1 (A); IQ and NR1 (B); ψMICRQψM and NR2 (C); CRIQ and NR3 (D); I and NR4 (E); NR2 and NR3 (F). The dots (.) indicate alignment gaps. The black filled areas indicate nucleotide identity with each other. The red boxes indicate regions of highly continuous matching bases.



An explanation of why we did not directly align the CR region with NR2 and NR3 is warranted. During the replication process, not only does the CR region undergo duplication, but other adjacent genes are also duplicated simultaneously. These genes may also contribute to NR formation. If we aligned the CR region directly with NR2 and NR3 separately, we would have overlooked the influence of these other genes. The above evidence showed that most bases in the NR2 and NR3 regions were derived from the remainder of the CR random loss (Figures 5C, D). Furthermore, the alignment of NR2 and NR3 revealed several highly continuous regions with the same bases (Figure 5F). This segment may have a special significance or function in this species, such that the two non-coding regions are located at almost the same position in the CR. This directly substantiates the occurrence of the two duplications in the CR region. We infer that NR4 is related to the I gene, but the degree of matching with the I gene was relatively low, probably owing to its high mutation rate during replication (Figure 5E). In general, the sources of evidence for NR1, NR2, and NR3 are sufficient.





5 Conclusion

This study assembled the mitogenomes of eight species within the genus Parupeneus and published mitogenomic data of five of the species for the first time. Phylogenetic analysis indicated a close relationship between the families Mullidae and Dactylopteridae. The connection between mitogenome structures and phylogenetic trees suggests that mitogenomic structures are associated with historical geographical events, indicating that goatfish are ideal subjects for examining variations in mitogenomic structures and exploring the underlying factors that drive evolutionary radiation. Although this study has made progress in studying mitogenomic data and phylogenetic relationships within Mullidae, there is a relative lack of such data for the family, and the phylogenetic relationships between genera and species have not yet been fully clarified. Further research involving additional mitochondrial data from goatfish is necessary to explore mitochondrial structural variations.
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