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Epinephelus bilobatus, Epinephelus maculatus and Epinephelus longispinis are three groupers that share common morphological characteristics and coloration patterns and have been morphologically confused and misidentified with each other for a long time. Complete mitochondrial genomes of the three groupers were determined and analyzed in this study. Mitogenomes of E. bilobatus, E. maculatus and E. longispinis were 17, 354 bp, 17, 066 bp and 17, 221 bp in size respectively and consisted of 13 protein-coding genes, two ribosomal RNA genes and one control region. However, different from most teleosts, which contain canonical 22 tRNAs, more numbers of tRNAs were identified in the three groupers with 27 tRNAs in E. bilobatus and E. longispinis and 25 tRNAs in E. maculatus. The increased number of tRNAs was due to the presence of tandemly duplicated tRNA-Asp genes that were located between tRNA-Ser and COII genes (six duplications in E. bilobatus and E. longispinis, four duplications in E. maculatus). Intact gene tandem duplication was an uncommon feature that was found in the typical teleost mitogenomes. The phylogenetic trees of the 32 groupers (genus Epinephelus) that were constructed based on 12 protein-coding genes revealed that Epinephelus species with tandemly duplicated tRNA-Asp genes were clustered into one monophyletic group, distinct from other Epinephelus species without any duplication features, which indicated that tandemly duplicated tRNA-Asp genes may be the particular linage-specific characteristics that evolve from a common ancestor and have the ability to distinguish them from other Epinephelus species. The results of the mitogenomes comparative analyses of the three groupers revealed the genetic distance of mitogenomes between each two species to be 0.062 (E. bilobatus vs E. maculatus), 0.091 (E. bilobatus vs E. longispinis) and 0.087 (E. maculatus vs E. longispinis). All values were far greater than the minimum value of 0.020 for species identification, which shows that they were three independent species at molecular level. Regarding the relationships between the three groupers, E. bilobatus was found to be more closely related to E. maculatus in comparison to E. longispinis. The results provide valuable molecular data for the species identification and phylogenetic analyses on E. bilobatus, E. maculatus and E. longispinis, and also provided a new insight into the tandem gene duplication features of Epinephelus mitogenomes.
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1 Introduction

The mitochondrial genomes (mitogenomes) of vertebrates are circular and their covalently closed double-stranded DNA molecules range in size from 15~20 kb (Boore, 1999). Typically, the structures contain 13 protein-coding genes (PCGs), two ribosomal RNA (rRNA) genes, 22 transfer RNA (tRNA) genes and one noncoding control region (CR) (Wolstenholme, 1992; Boore, 1999). Due to their characteristics of simple structure, maternal inheritance, conserved gene arrangement, and a high evolutionary rate, the mitogenomes are widely used as an effective molecular marker for various evolutionary studies, which include molecular phylogeny, species identification, population genetics and adaptive evolution (Sharma et al., 2020; Wang et al., 2022; Zhao et al., 2022; Zhou et al., 2023).

The gene order of the mitogenomes of different vertebrates is generally conserved and they share the same organization. However, as sequencing technology has developed, more mitogenomes are sequenced and available online, A variety of patterns such as gene rearrangement, loss and duplication that deviate from the normal gene organization have been found in different species, including fish, amphibians, reptiles and mammals (Miya and Nishida, 1999; San Mauro et al., 2006; Papetti et al., 2007; Kumazawa et al., 2014; Prada and Boore, 2019; Zhao et al., 2022). Regarding fish mitogenomes, some reports have discovered the special structure of gene rearrangement, including in the orders Anguilliformes, Pleuronectiformes, Perciformes and Myctophiformes (Ki et al., 2008; Poulsen et al., 2013; Shi et al., 2014; Lü et al., 2019). However, few studies have reported gene duplication (Williams et al., 2012; Zhuang et al., 2013). Although tandem repeats are commonly found in the control region of some mitogenomes (Bentzen et al., 1998; Terencio et al., 2013; Su et al., 2015), intact gene tandem duplication may be rare in fish mitogenomes. Over 10,000 complete mitogenomes of fish are available in the NCBI database, but the percentage of gene duplication in fish mitogenomes is potentially below 1%.

Fish of the genus Epinephelus, which are commonly known as groupers, are global marine fish that are mainly distributed in tropical and subtropical waters worldwide. They often inhabit the coastal waters of coral reefs, although some species live in estuaries or on rocky reefs (Baldwin et al., 1994; Craig et al., 2012). They show wide variation in terms of external appearance, from almost uniform to diverse patterns of spots, blotches, stripes bands and reticulations. Most groupers share similar appearances and color patterns, making it difficult to distinguish between them (Baldwin et al., 1994; Craig et al., 2012). The two groupers Epinephelus bilobatus (Randall and Allent, 1987) and Epinephelus maculatus (Bloch, 1790) are both reticulated coral-reef groupers. E. maculatus is distributed in areas of the Indo-Western Pacific and E. bilobatus is only found in the northwestern Australia. Morphologically, both groupers share resembled morphological appearance: brown in color, rounded caudal fin, close-set dark brown spots extend onto soft dorsal, caudal and anal fins where the pale interspaces form a network pattern. E. bilobabtus was previously confused with E. maculatus and illustrated in color (as “Epinephelus maculatus”) by Allen (Allen, 1985) and Sainsbury et al (Sainsbury et al., 1985). Randall was able to distinguish them in 1987 and described E. bilobatus as a new species (Randall and Allent, 1987). E. bilobabtus differs from E. maculatus as it usually has 16 instead of 17 dorsal soft rays, fewer scales in longitudinal series, fewer gill rakers and has three large, bilobed, dark brown spots or close-set pairs of spots along the base of the dorsal fin. In addition, Epinephelus longispinis (Kner, 1864) was also misidentified as E. maculatus (Baldwin et al., 1994; Nair, 2018) due to similarities in terms of the number of fin rays, scales and gill rakers, morphometric features, elevated anterior dorsal-fin spines and a distinct step-like indentation on the ventral edge of the maxilla.

Despite the morphology-based descriptions, no molecular studies have been conducted on the three debated species and whether they are three distinct species at the molecular level is unclear. This study determines the complete mitogenome sequences of E. bilobabtus, E. maculatus and E. longispinis and comparatively analyses their mitogenome structure and nucleotide variation as a means of verifying their species validity. Gene duplications and their phylogenetic relationships with the previously published Epinephelus mitogenomes are investigated in order to infer their evolutionary status among species. The results will provide molecular evidence for species identification and offer further insights into gene duplication and phylogenetic relationships for the Epinephelus species.




2 Materials and methods



2.1 Sample collection and genomic DNA extraction

Specimens of E. maculatus and E. longspinis were collected from the fish market in Sanya City, Hannan Province, China. E. bilobabtus was collected from the fish market in Shenzhen City, Guangdong Province and was imported from Australia. Species identifications were performed in accordance with FAO Groupers of the World (Baldwin et al., 1994; Craig et al., 2012; Froese and Pauly, 2023). A small piece of fresh muscle tissue was sampled and immediately preserved in 95% ethanol. Total genomic DNA was extracted using a Tissue Genomic DNA Extraction kit (Omega, USA). The protocol of the manufacturer was followed and the CAN was stored at -20°C. All experimental procedures were conducted in agreement with the guidelines for the care and use of laboratory animals approved by the Institutional Animal Care and Use Committee in Zhongkai University of Agriculture and Engineering, Guangdong, China. The approval code and date were as follow, Approval code: ZHKUMO-2023-087, Date: 24 Jun 2023.




2.2 Primer design and long-PCR amplification

The complete mitochondrial genome of the three groupers was amplified using the long polymerase chain reaction (PCR) method. 16 primer pairs were designed for amplifying contiguous and overlapping segments of the three grouper mitogenomes based on the previous methods of (Zhuang et al., 2009). The parameters for PCR reactions were followed according to manufacturer recommendations. All PCR products were purified using a QIAquick Gel Extraction Kit (Qiagen, German) and determined by sanger sequencing.




2.3 Sequence analysis

The sequencing data was manually proofread and edited using ChromasPro v.1.42 and the three whole mitogenomes were then assembled using Sequencher v.4.7 (Gene Codes Corp.) The mitogenome information was deposited in GenBank. The three mitogenomes were annotated with MITOS2 Web Server (Bernt et al., 2013). The boundaries of 13 protein-coding genes and two ribosomal RNA (rRNA) genes were identified and annotated based on the alignments with other mitogenomes of related Epinephelus species using DNAman v6 software (Lynnon Biosoft, San Ramon, CA, USA) (Wang, 2015). The tRNA genes and their secondary structures were identified by online tRNAscan-SE Search Server v2.0 (Washington University School of Medicine, St Louis, MO, USA) (Lowe and Chan, 2016).

The circular genome map of the three mitogenomes was created using CGView Server v1.0 (Grant and Stothard, 2008) (Figure 1). The base compositions, relative synonymous codon usage (RSCU) values, for protein-coding genes, pairwise sequence identities and divergences were calculated using the MEGA X program (Kumar et al., 2018) (Tokyo Metropolitan University, Tokyo, Japan). Strand asymmetry was calculated using the following formulas: AT skew = [A−T]/[A+T] and GC skew = [G−C]/[G+C].




Figure 1 | Graphical maps of mitogenome of E. bilobatus (A), E. maculatus (B) and E. longispinis (C); structure of tandem duplication tRNA-Asps of E. bilobatus (D), E. maculatus (E) and E. longispinis (F).






2.4 Phylogenetic analysis

29 Epinephelus mitogenomes that were available in the NCBI database were downloaded and used for phylogenetic analysis (Table 1) and Cephalopholis species Cephalopholis leopardus and Cephalopholis boenak which were also in family Epinephelidae and closely related with Epinephelus, were chosen as the outgroups. 12 PCGs (excluding ND6 gene) were concatenated for the phylogenetic analyses. The ND6 gene was not used due to its heterogeneous base composition and consistently poor phylogenetic performance (Miya et al., 2003; Shi et al., 2011). The sequences were aligned using MAFFT v.7.407 (Nakamura et al., 2018) under default settings. Poorly aligned positions and divergent regions were then eliminated using Gblocks v.0.91b (Castresana, 2000). The best sequence evolution model was determined through the use of PartitionFinder version 2.1.1 (Australian National University, Canberra, ACT, Australia) (Lanfear et al., 2017) and the GTR+I+G (general time reversible) model was determined as being the best model for data computing. Phylogenetic relationships were reconstructed using the Maximum Likelihood (ML) and Bayesian inference (BI) methods. ML phylogenetic analysis was performed using RAxML v.8.2.9 (Stamatakis, 2014) and a consensus tree was obtained with 1,000 bootstrap replicates. Bayesian phylogenetic analysis was performed using MrBayes v.3.2.7a (Ronquist et al., 2012) with the Markov chain Monte Carlo (MCMC) method. The MCMC simulation was run for 10 million generations and trees were sampled and saved every 1,000 generations (10,000 trees saved per run). The initial 25% of the runs were discarded as burn-in and the bootstrap value of the internal branch of the phylogenetic tree was supported by the posterior probabilities. The final phylogenetic tree was visualized and embellished in FigTree v.1.4.3 (http://tree.bio.ed.ac.uk/sofw are/fgtree/) (Rambaut, 2020).


Table 1 | Mitochondrial genome characteristics of E. bilobatus, E. maculatus and E. longispinis.






2.5 Divergence time estimation

The divergence time of Epinephelus species were estimated within a Bayesian framework using 13 protein-coding genes (PCGs), the uncorrelated lognormal relaxed molecular clock model was employed in BEAST v1.8.4. (Drummond et al., 2012). Three calibration points were selected basing on the fossil records in TimeTree (http://www.timetree.org/). These calibration points were: 7.1-19.2 Mya between E. hexagonatus and E. tauvina, 2.1-7.8 Mya between E. coioides and E. malabaricus. The species divergence times were estimated using the mcmctree program with parameters set as clock = 2, burnin = 2000, sampfreq = 10, and nsample = 20000. After running, the divergence time tree was visualized using software FigTree v1.4.3 (Rambaut, 2020).





3 Results



3.1 Mitogenome organization and composition

The complete mitochondrial genomes of E. bilobatus, E. maculatus and E. longispinis had respective lengths of 17,354 bp, 17,066 bp and 17221 bp (Accession number: E. bilobatus, ON321831; E. maculatus, ON321832.1 and E. longispinis, PP541399). The mitogenome organizations of the three groupers comprised 13 typical vertebrate protein-coding genes(PCGs), two ribosomal RNA (rRNA) genes and one control region. Inconsistent with most teleosts, the number of tRNAs varied; there were 27 tRNAs in E. bilobatus and E. longispinis and 25 tRNAs in E. maculatus. This was more than the number of canonical 22 tRNAs in the majority of teleosts. Certain tandem duplications of tRNA-Asp genes were found between tRNA-Ser and COII in the three mitogenomes, which led to a greater number of tRNAs in the three genomes. There were six tRNA-Asp duplications in E. bilobatus and E. longispinis and four tRNA-Asp duplications in E. maculatus. Most genes were encoded on the heavy-strand (H-strand) while eight tRNA (tRNA-Gln, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr, tRNA-Ser(UCN), tRNA-Glu and tRNA-Pro) and ND6 were encoded on the L-strand (Table 1) (Figures 1A–C).

The overall nucleotide compositions of the three mitogenomes were found to be similar, with the range of A: 28.54%~28.77%, G: 16.29%~16.42%, C: 28.11~28.28%, T: 26.54%~26.87%. A bias of A+T% and strong anti-bias of G was observed (Figure 2). AT-skews of the three mitogenomes were all positive and barely above zero (0.0065~0.0403), while GC-skews were all negative and below -0.20 (-0.2663~-0.2417) (Figure 3).




Figure 2 | Base composition of the complete mitogenomes of E. bilobatus, E. maculatus and E. longispinis (Solid line represents AT content, the dashed line represents GC content).






Figure 3 | Skewness of the complete mitogenomes of E. bilobatus, E. maculatus and E. longispinis (Solid line represents AT skew, the dashed line represents GC skew).






3.2 Protein-coding genes

The 13 protein-coding genes of E. bilobatus, E. maculatus and E. longispinis were all 11,429 bp in length, accounting for respective total mitogenome percentages of 65.86%, 66.97% and 66.37%. All genes were found to be located on the heavy strand, except ND6 gene. AT-skews in the 13 protein-coding genes of the three mitogenomes were all negative (-0.0691 ~ -0.0639), with the exception of ND2 and ATP8 and GC-skews were negative (-0.3040 ~ -0.2986) apart from ND6. The AT-skews in ND6 (-0.4472 ~ -0.4057) and GC-skews in ND2 (-0.4980 ~ -0.4583) were lowest (Figure 3).

The majority of protein-coding genes shared the same start codon ATG, apart from COI (GTG), ATPase6 (CTG in E. bilobatus and E. longispinis) and ND4 (GTG in E. maculatus and E. longispinis). In the stop codons, ND5 was terminated with TAA (E. bilobatus and E. longispinis) or TAG (E. maculatus), while the remaining genes were all terminated with complete stop codon TAA (ND1, COI, ATPase8, ATPase6, ND4L and ND6) and incomplete stop codon TA (ND2 and COIII) or T (COII, ND3, ND4 and Cyt b).

The relative synonymous codon usage (RSCU) values of the three groupers were summarized and can be seen in Figure 4. The total number of amino acids was 3,800 in each grouper, excluding start and stop codons. The usage of both two- and four-fold degenerate codons was biased in the three groupers. Codons ending in A and C were the most abundant while G was the least used and presented a strong anti-G bias. CGA for Arg, CUA for Leu and UCA for Ser occurred most frequently, while UCG for Ser, GCG for Ala and ACG for Thr occurred the least frequently in the three mitogenomes.




Figure 4 | Relative synonymous codon usage (RSCU) in the mitogenomes of E. bilobatus (First), E. maculatus (Second) and E. longispinis (Third).



Patterns of amino acid composition in 13 PCGs of the three groupers can be seen in Figure 5. The most frequently used amino acid was found to be Leu 1 (14.37%~14.45%), followed by Ala (9.03%~9.18%) and Thr (7.74%~8.03%), while Cys (0.82%) was the least frequently used. In addition to Leu 1, the frequencies of remaining amino acids were all below 10%, mainly concentrated in the 2%~6% region.




Figure 5 | Amino acid composition in the mitogenome of E. bilobatus (First), E. maculatus (Second) and E. longispinis (Third).






3.3 Ribosomal RNA and transfer RNA genes

Ribosomal RNA genes of E. bilobatus, E. maculatus and E. longispinis included small subunit (12S) and large subunit (16S) rRNAs. Two ribosomal RNA genes were located between tRNA-Phe and tRNA-Leu (TAA) genes, separated by tRNA-Val gene. The 12S rRNA lengths were all 955 bp in the three groupers, while 16S rRNA was between 1701 bp (E. maculatus) ~1703 bp (E. longispinis). The A+T content of 12S rRNA ranged from 51.20%~51.73% with a positive AT skew of 0.1627~0.1820 and a negative GC skew of -0.1115~-0.0974. Similarly, the AT content of the 16S rRNA gene ranged from 55.38%~55.61% and had a positive AT skew (0.2081~0.2195) and a negative GC skew (-0.1007~-0.0910).

The respective lengths of tRNAs of E. bilobatus, E. maculatus and E. longispinis were 1932 bp, 1784 bp and 1932 bp. All tRNAs ranged in size from 68 bp (tRNA-Cys)~76 bp (tRNA-Leu). The overall A+T content of the three mitogenomes (52.38%~53.76%) was larger than GC content (46.25%~47.62%). AT skew (0.0335~0.0415) and GC skew (0.0448~0.0566) were all found to be positive. Of all the tRNAs, two forms of tRNA-Leu (UUR and CUN) and tRNA-Ser (UCN and AGY) were detected in all three groupers. All tRNAs could be folded into the typical clover-leaf secondary structure, apart from tRNA-Ser (AGY), as this lacked a dihydrouridine (DHU) stem.




3.4 Tandem duplications of tRNA genes

In comparison to the mitogenomes in most teleosts, which contain canonical 22 tRNAs, varied tRNA numbers were found in the three grouper. This is quite notable. In E. bilobatus and E. longispinis, there were 27 tRNAs while there were 25 tRNAs in E. maculatus (Table 1). This led to an increased number of tRNAs and multiple tandemly duplicated tRNA-Asps were identified between tRNA-Ser and COII, in which six tRNA-Asp duplications were observed in E. bilobatus/E. longispinis and four tRNA-Asp duplications were observed in E. maculatus. This is distinct from the normal mitogenome organizations that are found in other teleosts (Figures 1A–F). All the duplicated tRNA-Asp genes presented high similarity with the typical tRNA-Asp genes. Apart from tRNA-Asp2 in E. bilobatus (81.2%) and tRNA-Asp6 in E. longispinis (85.1%), the similarity rates of other duplicated tRNA-Asp were above 97% and most were 100%. By analyzing the mitogenome structures of all Epinephelus species available in GenBank, five groupers E. cyanopodus, E. multinotatus, E. japonicus, E. undulosus and E. bleekeri were also found to have tandemly duplicated tRNA-Asp genes, the duplication numbers ranged from 2 to 5, the length of tRNA-Asp genes ranged from 73 bp to 75 bp, indicating that the tRNA-Asp gene duplication might be a special structure shared in some Epinephelus species (Table 2).


Table 2 | Information of tandemly duplicated tRNA-Asp genes existed in Epinephelus species.






3.5 Non-coding region

The control regions (CR) of E. bilobatus, E. maculatus and E. longispinis were all found to be located between tRNA-Pro and tRNA-Phe genes and determined to be 981 bp, 937 bp and 954 bp, respectively. The CR were significantly AT-rich and the A+T content ranged from 67.61% (E. longispinis)~67.98% (E. maculatus), differing from other regions of the mitogenomes. AT skews were all positive (0.0738 ~ 0.1050) and GC skews were all negative (-0.2041 ~ -0.1868). The origin of light strand replication (OL) of the three groupers was located in a cluster of five tRNA genes (Trp, Ala, Asn, Cys and Tyr), the so-called WANCY region. The OL lengths of the three groupers were all 43 bp with a predicted stable stem-loop secondary structure that featured a GC-rich stem and T-rich loop.




3.6 Mitogenome comparison and genetic distance

The pairwise KP2 genetic distances based on both complete mitogenomes and 13 PCG of the three groupers were calculated and can be seen in Table 3 and Figure 6. Great sequence divergences were observed in the entire mitogenomes in all three groupers. The values were 0.062 (E. bilobatus vs E. maculatus), 0.091 (E. bilobatus vs E. longispinis) and 0.087 (E. maculatus vs E. longispinis). The inter-specific genetic distance values among current Epinephelus species available in NCBI were found to be ranged from 0.009 to 0.168. The values (0.062, 0.091, 0.087) of the three groupers were located inside the range of Epinephelus inter-specific values and were much larger than the minimum value 0.009. For the 13 PCGs, genetic distances among the three groupers ranged from 0.037~0.087 (E. bilobatus vs E. maculatus), 0.048~0.118 (E. bilobatus vs E. longispinis) and 0.043~0.117 (E. maculatus vs E. longispinis). All values were greater than 0.030 and some even exceeded 0.100. Within the COI genes, which are commonly used as DNA barcoding for teleosts, the genetic distances between the three groupers were 0.056 (E. bilobatus vs E. maculatus), 0.084 (E. bilobatus vs E. longispinis) and 0.079 (E. maculatus vs E. longispinis). All of these values were larger than the minimum genetic distance value of 0.020 for species identification. Moreover, the inter-specific genetic distance values of COI among Epinephelus species available in NCBI were found to be ranged from 0.024 to 0.557, demonstrating that great nucleotide variations were found in the three groupers at the molecular level and that they were distinct species. Regarding the relationships between the three groupers, the lowest genetic distance was between E. bilobatus and E. maculatus, regardless of 13 PCGs or the entire mitogenome, which indicates that E. bilobatus was more closely related to E. maculatus, compared to E. longispinis.


Table 3 | Comparative analysis of complete mitogenome and 13 PCGs among of E. bilobatus, E. maculatus and E. longispinis.






Figure 6 | Comparative genetic distances of complete mitogenome and 13 PCGs among E. bilobatus, E. maculatus and E. longispinis.






3.7 Phylogenetic analyses

Phylogenetic trees (ML and BI) were constructed based on 12 PCGs from 32 Epinephelus species and two Cephalopholis outgroups to investigate the evolutionary positions and phylogenetic relationships of E. bilobatus, E. maculatus and E. longispinis in the genus Epinephelus. The results showed the ML tree and BI tree to yield identical topological structure with strong bootstrap support (left) or high posterior probabilities (right) values on most nodes (Figure 7). Two trees uniformly agreed that the 32 Epinephelus species formed two parallel clades, with the exception of species E. epistictus, which was initially separated and located at the base of the trees. Clade I contained 21 groupers and clade II contained 11 groupers. E. bilobatus, E. maculatus and E. longispinis were tightly clustered together with a bootstrap value of 100% on the ML tree and a posterior probability of 100% on the Bayesian tree, which indicates they were closely related to each other. E. bilobatus and E. maculatus were first clustered as sister species and E. longispinis was nested behind. Within the taxonomic status of the three groupers in the genus Epinephelus, the phylogenetic tree revealed their positions to be in the monophyletic group with the five groupers E. cyanopodus, E. multinotatus, E. japonicus, E. undulosus and E. bleekeri. An analysis of their mitogenome organizations and structures found that the characteristics of tandemly duplicated tRNA-Asp genes also existed in these five groupers, which was surprising. The duplication numbers ranged from 2 to 5, which was similar to the three groupers in this study. The remaining groupers in the phylogenetic tree had no such tandem duplication characters in their mitogenomes.




Figure 7 | Molecular phylogenetic tree constructed by 32 Epinephelus species based on 12 protein-coding gene sequences. Three groupers in the present study are highlighted by asterisks.






3.8 Divergence time

The result of divergence time estimation indicated that genus Epinephelus diverged from outgroup Cephalopholis species in the Cenozoic Paleogene at about 33.26 Mya. Species in Clade I and Clade II were also diverged in Paleogene at 28.94 Mya. All Epinephelus species were differentiated in Neogene except for E. epistictus. The common ancestor of the 8 groupers with tandemly duplicated tRNA-Asp genes occurred in 17.88 Mya. Within the three grouper in this study, E. bilobatus and E. maculatus were diverged as two separate species at 9.74 Mya, and E. longispinis differentiated at 15.21 Mya (Figure 8).




Figure 8 | The Divergence time of Epinephelus estimated by Bayesian relaxed dating methods (BEAST) based on the nucleotide sequences of 13 PCGs. Fossil samples used to calibrate internal nodes are represented by an triangle. 95% highest probability density (HPD) of the estimated divergence times are represented by blue bars. Three groupers in the present study are highlighted by asterisks.







4 Discussion



4.1 Mitochondrial genome analysis

Mitogenomes of E. bilobatus, E. maculatus and E. longispinis were double-strand and consisted of 13 protein coding genes, two ribosomal RNA genes and one control region. However, different from most teleosts that contain the canonical numbers of 22 tRNAs, there were 27 tRNAs in the mitogenomes of E. bilobatus and E. longispinis and 25 tRNAs in E. maculatus. The increased number of tRNAs was due to the tandemly duplicated tRNA-Asp genes in their mitogenomes. A+T contents in the three mitogenomes were all higher than G+C content, showing an AT bias and significant anti-G bias (the G content of all groupers was just below 17%), which is in accordance with the nucleotide composition in most teleosts (Miya et al., 2003; Consuegra et al., 2015). AT-skews of the three mitogenomes were barely above zero, while the GC-skews were all negative, which indicates that A content was only slightly higher than T, while C was more prevalent than G. The absolute values of AT-skew were lower than those of GC-skew, which was in line with the findings of previous studies (Zhuang et al., 2013; Lü et al., 2019). Nucleotide skews may have been due to differential mutation and selective pressures imposed on the L- and H-strands, which resulted from the asymmetric replication of mtDNA (Clayton, 1982; Tanaka and Ozawa, 1994; Hassanin et al., 2005; Zhuang et al., 2013). Most protein-coding genes in the three mitogenomes started with the typical start codon ATG, or GTG for COI gene, as is found in many teleosts (Miya et al., 2003; Consuegra et al., 2015). However, for ATPase6 in E. bilobatus and E. longispinis, CTG was the start codon, and for ND4 in E. maculatus and E. longispinis, GTG was the start codon, a phenomenon that is uncommon in teleosts. The utilization of CTG or GTG as the special start codon has been reported in other groupers (Zhuang et al., 2013). Zhuang et al. discovered that CTG or TTG are the start codons for the gene ATP6ase in some groupers such as Epinephelus akaara, Epinephelus areolatus and Epinephelus awoara, speculating that it was a linage-specific characteristic of the more derived epinephelus clade (Zhuang et al., 2013). The use of stop codons varies among genes and there are four types of stop codons in the three mitogenomes: TAA, TAG and incomplete codons TA and T. The incomplete stop codons are completed to TAA through the post-transcriptional polyadenylation of mRNA (Ojala et al., 1981). In addition, other special stop codons have been identified in some fish, including AGG in Trichiurus japonicus (Liu and Cui, 2009), Psettodes belcheri (Kundu et al., 2023) and AGA in Sebastes owstoni (Oh et al., 2016). The different utilization of start and stop codons in fish mitogenomes may contribute to species identification and phylogenetic investigation.




4.2 Evolution of tandem duplication of tRNA-Asp gene

Multiple tandemly duplicated tRNA-Asps were identified in the mitogenomes of the three groupers, which is different from most teleosts. Six tRNA-Asp duplications were observed in E. bilobatus/E. longispinis and four tRNA-Asp duplications were observed in E. maculatus. Vertebrates have generally evolved a compact mitogenome with very few intergenic sequences and gene duplication in mitogenomes was previously considered to be quite a rare phenomenon (Minhas et al., 2023). However, as more mitogenomes are sequenced, the characteristic of gene duplications has become more prevalent (Schirtzinger et al., 2012; Formenti et al., 2021). Certain levels of gene duplication have now been observed in some fish mitogenomes. For example, in Cephalopholis argus (Zhuang et al., 2013), an additional tRNA-Asp was inserted in the middle of the control region on the L strand, which shared 97% sequence identity with the canonical H-strand coded tRNA-Asp. In Morone saxatilis mitogenome (Williams et al., 2012), additional tRNA-Ser was found downstream of the ND5 locus. In Pampus echinogaster (Li et al., 2016), another tRNA-Met gene was identified in the tRNA-IQM region. However, only one duplication copy was observed in the aforementioned fish mitogenomes. Bushra et al (Minhas et al., 2023). first observed the tandemly duplicated region of ND6/trnE/trnP/CR with one to four copies of the duplicated block in four icefish mitogenomes. It could be suggested that such structural duplication plays a potential role in the adaptation of cold environments.

However, relatively few reports have identified the multiple duplication of tRNA genes in fish mitogenomes. Five tandemly duplicated tRNA-Asps have been found in the mitogenome of Epinephelus bleekeri (Wu et al., 2015), which is similar to the duplication characteristics of the three groupers in this study. Furthermore, in mitogenomes in certain Epinephelus species – Epinephelus cyanopodus, Epinephelus multinotatus, Epinephelus undulosus and Epinephelus japonicus – which were also determined in this research (sequence data was published in NCBI), tandemly duplicated tRNA-Asp genes with 2~5 duplication copies were also found. To further infer which Epinephelus species share the features of tandemly duplicated tRNA-Asp gene, mitogenomes of Epinephelus species that were available in the NCBI database were downloaded for analysis and the phylogenetic relationships were constructed. Of the 32 Epinephelus species, only eight species were found to possess the characteristic of tandemly duplicated tRNA-Asp gene with different copy numbers. In the phylogenetic trees of genus Epinephelus, the eight Epinephelus species were all found to be clustered into a monophyletic group, which indicates that such specific mitochondrial structure may be shared by certain Epinephelus species in similar evolutionary positions.

Previous studies have shown that duplications in the nuclear genome are major contributors to adaptive evolution and generate genes that can acquire novel functions (Kondrashov, 2012). However, for mitochondrial genes, this process is not as well understood. Generally, gene duplications or deletions of mitogenomes are considered to be evidence of species evolution. Bushra et al (Minhas et al., 2023). revealed that a tandemly duplicated block of ND6/trnE/trnP/CR may evolve together through concerted or parallel evolution. At the same time, the same blocks duplicated to different degrees in four species of icefish, which indicates that gene duplications may have occurred in the common ancestor or that there was strong selection for the functionality underlying the duplicated block. tRNA-Asp gene duplication was also found in certain Epinephelus species under the similar evolutionary status in this study, which reveals that the feature of tandem tRNA-Asp gene duplication exists in their common ancestor. It is also assumed that the common ancestor has evolved such particular lineage-specific characteristics that distinguish it from other Epinephelus species in order to adapt different environments and selection pressures. However, the formation mechanism of tRNA-Asp gene duplication and its effect on the environmental adaptation of Epinephelus species require further investigation. Therefore, more individual samples of these Epinephelus species must be collected and their mitogenome data sequenced and analyzed.




4.3 Species validation and phylogenetic relationships of the three groupers

The external appearances of E. bilobatus and E. maculatus are similar - their heads and bodies are both pale brown, they are covered with round to hexagonal brown spots, spots extend onto the soft dorsal, caudal, and anal fins and large dusky blotches exist on the dorsal part of their bodies and dorsal fins. E. Longispinis also has similar body color and spots to E. maculatus. In morphological terms, classification and identification of the three species have been disputed and are confused (Baldwin et al., 1994; Craig et al., 2012). E. bilobatus was misidentified and illustrated in color as “E. maculatus” by Allen (Allen, 1985) and Sainsbury et al (Sainsbury et al., 1985). E. longispinis was also misidentified as E. maculatus (Nair, 2018). Hemadri and Randall (Baldwin et al., 1994) highlighted the distinguishing characteristics among the three groupers: E. bilobatus differs from E. maculatus by having 17 or 18 dorsal-fin rays, fewer lateral-scale series (94 to 102) and three bilobed dark blotches along body and base of dorsal fin; it also lacks the two large blackish areas on body and dorsal fin where they are separated by a large pale area with small dark spots, which are evident in E. maculatus. E. Longispinis differs from the two species by having the dark spots on the posterior body elongated into oblique streaks and a row of dark spots along the distal margin of the soft dorsal and caudal fins.

Through a comparative analysis of the sequences of complete mitogenomes and the 13 protein-coding gene of the three groupers, great divergences were found between them. The genetic distances between each species pairing were 0.062 (E. bilobatus vs E. maculatus), 0.091 (E. bilobatus vs E. longispinis) and 0.087 (E. maculatus vs E. longispinis) and the values were all greater than 0.020. In the DNA barcoding gene (COI) that is commonly used for species identification, the genetic distances between species were 0.056 (E. bilobatus vs E. maculatus), 0.084 (E. bilobatus vs E. longispinis) and 0.079 (E. maculatus vs E. longispinis). All of these values were much greater than the minimum genetic distance (0.020) for species identification, which reveals significant genetic differences between the three groupers and highlights the fact that they should be considered to be three distinct species at the molecular level. In the phylogenetic tree of 32 groupers, the three groupers were tightly clustered together with high support values, which suggests they have close relationships. Ma et al (Ma et al., 2016). used three mitochondrial genes (COI, 16S and 12S) and one nuclear gene (TMO4C4) to construct Epinephelidae phylogenetic trees that also revealed the three groupers to be clustered together. The results of this study also revealed E. bilobatus to be first cluster E. maculatus as sister species and E. longispinis was then nested behind. Within the divergence time, E. bilobatus and E. maculatus were differentiated at 9.74 Mya, and E. longispinis differentiated at 15.21 Mya. This demonstrated that in comparison to E. longispinis, E. bilobatus was more closely related to E. maculatus.





5 Conclusion

In summary, the complete mitogenomes of three morphologically confused groupers: E. bilobatus, E. maculatus and E. longispinis were first determined and comparative analyzed. Different from most teleosts which contain canonical 22 tRNAs, there were 27 tRNAs identified in E.bilobatus and E. longispinis and 25 tRNAs identified in E.maculatus. The increased number of tRNA genes is due to the novel feature of tandemly duplicated tRNA-Asp genes located between tRNA-Ser and COII genes. In E. bilobatus and E. longispinis, 6 duplicated tRNA-Asp were found, while in E. maculatus, 4 duplicated tRNA-Asp were found. Molecular phylogenetic results revealed that Epinephelus species with tandemly duplicated tRNA-Asp genes formed a monophyletic group, distinctive from other groupers without such feature, indicating that tandemly duplicated tRNA-Asp genes might be the particular linage-specific characteristics evolving from the common ancestor. For the comparative analysis of three mitogenomes, genetic distance values between each two species were all greater than 0.020, indicating that the three groupers were independent species at molecular level. The results provided valuable molecular data for the species identification and phylogenetic analyses on E. bilobatus, E. maculatus and E. longispinis, meanwhile, presented insight into the tandem gene duplication features of teleosts mitogenomes.
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