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Pampus belongs to the Perciformes, Stromateoidei, and Stromateidae and are widely distributed throughout the Indian Ocean and the Western Pacific. In this study, we employed next-generation sequencing to generate comprehensive genomic data for Pampus punctatissimus and Pampus echinogaster and subsequently compared the obtained genomic information with the published data of Pampus argenteus. P. echinogaster was identified to be the largest genome size (602 Mb), heterozygosity (1.38%), and repetitive sequence ratio (33.06%), while similar genome sizes between P. punctatissimus (540 Mb) and P. argenteus (550 Mb) were observed. A total of 402,921 and 628,298 SSRs were identified for P. punctatissimus and P. echinogaster, respectively. Additionally, 1,876, 638, and 394 single-copy homologous genes were identified from P. punctatissimus, P. echinogaster, and P. argenteus, respectively. The KEGG enrichment results of the unique single-copy genes to the three species were significantly different in genetic information processing, protein processing, and metabolic functions. The complete mitochondrial genomes of P. punctatissimus and P. echinogaster were successfully assembled, and the resulting phylogenetic relationships align with the currently reported taxonomic status of species in the Stromateoidei. Additionally, population size analysis using PSMC revealed that P. punctatissimus experienced one bottleneck effect, while P. echinogaster underwent two bottleneck events during the Pleistocene Glacial Epoch.
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1 Introduction

The Pampus fishes, classified under Perciformes, Stromateoidei, and Stromateidae, exhibit a wide distribution across the Indian Ocean and Western Pacific (Cui et al., 2011). All fishes of Pampus were economically important species and were found along the coast of China. The classification of Pampus fishes was further complicated due to their significant morphological similarity. Most fish taxonomists agree that Pampus included six species, namely, Pampus argenteus, Pampus punctatissimus, Pampus echinogaster, Pampus cinereus, Pampus chinensis, and Pampus minor (Cui et al., 2010; Karim et al., 2020). In 2013, Liu and Li (2013a) discovered a new species in the Pampus by comparison of morphological characteristics, named Pampus liuorum, and noted that this species had been previously misidentified as P. cinereus. Additionally, P. argenteus and P. echinogaster exhibit remarkable morphological similarities, prompting Liu and Li (2013b) to meticulously delineate the distinguishing characteristics of the former species. Recently published studies have predominantly focused on P. argenteus, encompassing investigations into its early developmental characteristics, biological properties, and gene functionality, among other aspects (Gao et al., 2020; Al-Abdul-Elah et al., 2021; Wang et al., 2021; Yang et al., 2021a; Yang et al., 2021b). Researchers have employed diverse molecular markers to investigate disparities among Pampus species. Yin et al. (2019) utilized 17,292 single-copy nuclear-encoded loci and cytochrome c oxidase subunit I (COI) sequences to investigate the phylogenetic relationships of Pampus, providing a valuable reference for Pampus classification. Wei et al. (2021) employed sequences of COI and cytochrome b (CYTB) to discriminate among seven Pampus species and authenticate their taxonomic validity. However, a single molecular marker has certain limitations in species identification (Li et al., 2013).

Recently developed rapidly high-throughput sequencing and bioinformatics analysis technology provide a practical approach to uncovering the species’ whole-genome information (Chen et al., 2020; Xu et al., 2020). Whole-genome data not only enable a fundamental genomic characterization of species (Lu et al., 2016; Bi et al., 2019) but also can be used to mine mitochondrial genomes, microsatellite markers, and single-copy homologous genes (Koprek et al., 2001; Gilbert et al., 2015; Ziya Motalebipour et al., 2016; Song et al., 2018; Van Dam et al., 2021). Furthermore, the utilization of whole-genome data from a single species can also facilitate the prediction of historical population dynamics. These data provided a new perspective for resolving differences between species.

In this study, whole-genome data of P. punctatissimus and P. echinogaster were obtained by using the Illumina sequencing technique. Meanwhile, we downloaded published whole-genome data of P. argenteus for comparative analysis (AlMomin et al., 2016). The aims of this study were (1) to compare the whole-genome features of the three species, (2) to utilize whole-genome data for the compilation of the mitochondrial genome and analysis of phylogenetic relationships among selected species within Stromateoidei, (3) to compare the number and distribution patterns of Simple Sequence Repeats (SSRs), (4) to extract single-copy homologous genes and resolve functional differences between species, and (5) to predict species historical dynamics. Our works uncover the differences among three Pampus species at the genome-wide level, which greatly enriches the genomic information of Pampus and provides a new case on the evolutionary biology and taxonomy.




2 Materials and methods



2.1 Ethics statement

This study does not involve the use of endangered or live animals. The P. punctatissimus and P. echinogaster samples utilized in this study were obtained from fishery production and were deceased at the time of collection. All animal experiments adhered to the guidelines and received approval from the Animal Research and Ethics Committees of the Ocean University of China.




2.2 Sample collection and genome survey sequencing

Samples of P. punctatissimus and P. echinogaster were collected in June and August 2021, respectively, in Zhoushan City, Zhejiang Province, China. The muscle tissues were preserved in 95% ethanol at -80°C, and the total genomic DNA was extracted using the standard phenol-chloroform method. The purity and concentration of DNA were detected by NanoDrop8000 microspectrophotometer and Qubit fluorometer, respectively. The high-quality DNA samples were randomly broken into fragments by Covaris ultrasonic crusher, and the whole library preparation was completed by end repair, the addition of A-tail, the addition of sequencing junction, purification, and PCR amplification. The constructed libraries were sequenced by Illumina Hiseq Nova for PE 150 (paired-end). The library construction and sequencing were performed at Wuhan Onemore-tech Co., Ltd., Wuhan, Hubei, China. The complete genomic sequencing data have been submitted to the Short Read Archive (SRA) database at the National Center for Biotechnology Information (NCBI) with accession number PRJNA853896.




2.3 Data analysis methods

In this study, raw sequencing data were processed using FASTP software to cut adaptor sequences and filter out sequences with a quality score <30 (Chen et al., 2018). After filtering out low-quality reads, we randomly selected 10,000 pairs of high-quality reads and aligned them to the NCBI nucleotide (NT) database, displaying the top 80% of identified species. All high-quality reads were utilized for K-mer analysis. K-mer calculations were performed using Jellyfish software, and K-mer frequency statistics tables were created (Marçais and Kingsford, 2011). Genome ploidy analysis was performed using Smudgeplot software (Ranallo-Benavidez et al., 2020). Genome heterozygosity and repeat ratios were calculated using GCE software (Liu et al., 2013). The estimation of genome size was performed by analyzing the K-mer distribution curve and identifying the peaks. The case with a K-mer depth of 1 is considered an error scenario, and the obtained error rate can be utilized for genome size correction. Revised genome size can be calculated as follows: Gsize = Nkmer/Ckmer × (1 – Error Rate), where Gsize represents the genome size, Nkmer denotes the total number of K-mer, and Ckmer signifies the peak depth.

Mitochondrial genomes were assembled from all clean sequencing reads using Mitofinder software (Allio et al., 2020) with the reference sequences downloaded from NCBI. The reference sequence accession numbers for P. punctatissimus and P. echinogaster were KF534725.1 and NC_023258.1, respectively. Assembled mitochondrial genomes were annotated using the MitoAnnotator of the Mitofish (http://mitofish.aori.u-tokyo.ac.jp/annotation/input.html). The mitochondrial genomes of 23 species belonging to 11 genera of Stromateoidei were retrieved from the NCBI database, encompassing a total of 13 protein-coding genes for subsequent phylogenetic analysis. Sequences were aligned using Clustal W, and a maximum likelihood tree (1,000 replicates) was constructed using MEGA X software (Kumar et al., 2018). SOAPdenovo2 software was used to assemble all clean reads into contigs and scaffolds (Luo et al., 2012). The Perl script “misa.pl” from the MISA software was utilized to identify microsatellite motifs in the de novo draft genome (Beier et al., 2017). The search parameters were configured to detect di-, tri-, tetra-, penta-, and hexanucleotide microsatellite motifs, requiring a minimum of 6, 5, 5, 5, and 5 repeats, respectively. Busco5 software was used to search single-copy homologous genes of P. argenteus, P. punctatissimus, and P. echinogaster (Simão et al., 2015). Single-copy homologous genes of each species were functionally annotated using eggNOG-Mapper based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases (Cantalapiedra et al., 2021). Subsequently, we calculated the single-copy genes specific to each species and performed KEGG enrichment analysis using the OmicShare tool (https://www.omicshare.com/tools/). Analysis of population size dynamics of P. punctatissimus and P. echinogaster was done using the Pairwise Sequentially Markovian Coalescent (PSMC) model, as implemented in the PSMC software (Li and Durbin, 2011). The “fq2psmcfa” and “splitfa” tools from the PSMC software were used to create the input file for the PSMC modeling. The reconstructed population history was plotted using “psmc_plot.pl” script using the substitution rate “-u 2.5e-8” and a generation time of 3 years.





3 Results



3.1 Whole-genome sequencing, k-mer analysis, and genome assembly

The indexes of the whole-genome sequencing data of the two species were shown in Table 1. The results of the NT database mapping revealed that randomly selected reads were successfully aligned with marine fish DNA, thereby demonstrating the absence of significant exogenous contamination in the data analyzed in this study (Figure 1). The 17-mer frequency distribution plot showed that P. echinogaster has an extremely obvious heterozygous peak (Figure 2). Both genomes of P. punctatissimus and P. echinogaster are diploid (Figure 3). The data on genome size, heterozygosity, and ratio of repetitive sequences were shown in Table 2. By comparison, P. echinogaster has a larger genome size, heterozygosity, and repetitive sequence ratio than the other two species, and P. argenteus has the lowest proportion of repetitive sequences. The measurements of total length, total number of sequences, maximum sequence length, N50 length, and N90 length for both contig and scaffold level genomes are presented in Table 3. By comparison, the total length, the total number of sequences, and the max length of sequences of P. echinogaster genome were larger than those of the genomes of the other two species, yet the N50 of P. echinogaster genome was relatively shorter than that of the other two species, especially for the length of scaffold N50.


Table 1 | The indexes of the whole-genome sequencing data of the two species.






Figure 1 | The size of each area in the mapping statistics corresponds to the number of reads that have been successfully aligned to the respective species.






Figure 2 | K-mer (17-mer) analysis for estimating the genome size of P. punctatissimus and P. echinogaster.






Figure 3 | Genome ploidy level analysis of P. punctatissimus and P. echinogaster.




Table 2 | The genome size, heterozygosity, and ratio of repetitive sequences of the three species.




Table 3 | The genome result of assembly in P. punctatissimus, P. echinogaster, and P. argenteus.






3.2 Identification and statistics of SSR molecular markers

Based on the assembled draft genome sequences, a total of 402,921 and 628,298 SSRs were identified for P. punctatissimus and P. echinogaster, respectively. Published data showed that the 172,938 SSRs were identified in the P. argenteus genome (Table 4). Therefore, the frequency of SSR distribution in the genomes of P. punctatissimus, P. echinogaster, and P. argenteus genomes was estimated to be approximately 714.75, 956.14, and 494.03 SSRs per Mb, respectively. The SSR motif types in the genome of P. punctatissimus comprised 81.61% dinucleotide, 12.62% trinucleotide, 4.10% tetranucleotide, 1.48% pentanucleotide, and 0.18% hexanucleotide repeats, while their respective frequencies were 80.01%, 13.45%, 5.04%, 1.34%, and 0.16% for di-, tri-, tetra-, penta-, and hexanucleotide repeats in P. echinogaster genome (Figure 4).


Table 4 | Statistics of microsatellite recognition results.






Figure 4 | The distribution and frequency of microsatellite motifs in P. punctatissimus and P. echinogaster.






3.3 Screening and functional annotation of single-copy homologous genes

Based on the draft genomes assembled in this study and published genomic data of P. argenteus, a total of 1,876, 638, and 394 single-copy homologous genes were identified for P. punctatissimus, P. echinogaster, and P. argenteus, respectively. The GO annotation results revealed that the primary terms associated with single-copy homologous genes included cellular process, single-organism process, cell, cell part, binding, and catalytic activity (Figure 5; Supplementary Table 1). KEGG annotation results indicated that single-copy homologous genes of the three species were mainly involved in the immune system, endocrine system, nervous system, glycan biosynthesis and metabolism, translation, signal transduction, transport and catabolism, etc. (Figure 6). Interestingly, single-copy homologous genes of P. punctatissimus and P. echinogaster were also involved in environmental adaptation processes. However, very few genes in P. argenteus were engaged in these processes (Figure 6). A total of 1,392, 253, and 150 unique single-copy genes were screened in P. punctatissimus, P. echinogaster, and P. argenteus, respectively (Figure 7A). The KEGG enrichment results showed that the unique single-copy genes of P. argenteus did not show significant enrichment in any pathway, and the top 3 pathways containing the largest number of genes were spliceosome, protein processing in endoplasmic reticulum, and mTOR signaling pathway (Figure 7B). The unique single-copy genes of P. punctatissimus were significantly enriched in biosynthesis of secondary metabolites and purine metabolism (Figure 7C). The unique single-copy genes of P. echinogaster were significantly enriched in carbon metabolism (Figure 7D).




Figure 5 | Gene Ontology (GO) classification of all single-copy homologous genes in P. punctatissimus, P. echinogaster, and P. argenteus genomes.






Figure 6 | Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation results of all single-copy homologous genes in P. punctatissimus, P. echinogaster, and P. argenteus genomes.






Figure 7 | (A) represents an overview of single-copy genes in three Pampus species based on Venn diagrams. (B-D) represent the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment results of the unique single-copy genes of the P. argenteus, P. punctatissimus, and P. echinogaster genomes, respectively.






3.4 Mitochondrial genome assembly and phylogenetic analysis

The complete mitochondrial genomes of P. punctatissimus and P. echinogaster both formed closed circular molecules with lengths of 16,695 bp and 16,977 bp, respectively. The complete mitochondrial genome of both species contains 13 protein-coding genes, 22 tRNA genes, 2 rRNA genes, and 1 control region or “d-loop” (Figure 8). Except for ND6 and eight tRNA genes (tRNA-Gln, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr, tRNA-Ser, tRNA-Glu, tRNA-Pro), distributed on the light strand, the remaining mitochondrial genes were on the heavy strand. The initiation codons of P. punctatissimus, P. echinogaster, and the published P. argenteus mitochondrial protein-coding genes are identical. All coding genes start with ATG except for COI, ND4, and ND6 that start with GTG. Some differences exist in the stop codons among the three species. Both P. argenteus and P. echinogaster possess eight stop codons in 13 protein-coding genes, whereas P. punctatissimus has only six (Figure 9). The phylogenetic tree based on 13 protein-coding genes showed that the sequences of P. punctatissimus and P. echinogaster from this study clustered with those downloaded from NCBI. The ML tree showed three major branches. As expected, all Stomateidae fishes clustered into one group, and Pampus and Peprilus fishes were the most closely related. Tetragonuridae, Amarsipidae, Ariommatidae, and Nomeidae fishes clustered into one group, and all Centrolophidae clustered into another group (Figure 10). The phylogenetic relationships were consistent with the currently reported taxonomic status of species in the Stromateoidei.




Figure 8 | Mitochondrial genome organization of P. punctatissimus and P. echinogaster.






Figure 9 | The initiation and termination codons of 13 protein-coding genes of P. argenteus, P. punctatissimus, and P. echinogaster.






Figure 10 | Phylogenetic trees based on 13 protein-coding genes from mitochondrial genomes of Stromateoidei species were inferred using the maximum likelihood method.






3.5 Population size dynamics of P. punctatissimus and P. echinogaster

The PSMC model was employed to infer the historical fluctuations in the effective population size (Ne) of P. punctatissimus and P. echinogaster (Figure 11). The PSMC results showed that P. punctatissimus and P. echinogaster experienced multiple bottleneck effects over the past million years, with their effective population size fluctuating periodically. The effective population size of P. punctatissimus peaked approximately 4 × 104 years ago and subsequently started to decline. The decline accelerated after the last glacial maximum (2.1 × 104 years ago), an extremely cold geological period. Interestingly, two peaks in the effective population size of P. echinogaster occurred over the past million years. The effective population size of P. echinogaster peaked during the last interglacial period (1.1~1.3 × 105 years ago), a relatively warm geological period, and then started to decline. When the last glacial period started (7 × 104 years ago), the effective population size of P. echinogaster began to rise, reaching the second peak approximately 4 × 104 years ago. Close to the last glacial maximum, there was a significant decrease in the effective population size of P. echinogaster.




Figure 11 | Demographic history of P. punctatissimus and P. echinogaster in this study.







4 Discussion

The genomic resources of Pampus fishes are extremely scarce, and only the P. argenteus genome has been published. Whole-genome survey sequencing has emerged as a rapid and cost-effective technology for acquiring complete genomes of various species (Jo et al., 2021; Zhao et al., 2022). The whole-genome data of P. punctatissimus and P. echinogaster were obtained using whole-genome survey sequencing technology in this study. The raw data exhibited high quality, with an effective rate, Q20, and Q30 all exceeding 90%, indicating their suitability for subsequent analysis. The randomly selected sequencing reads were all mapped to sequences of closely related species, indicating that there is no exogenous contamination of sequencing data. The heterozygosity ratio and repeat sequences ratio in the P. punctatissimus genome were 0.71% (between 0.5% and 0.8%) and 30.22% (<50%), respectively. Therefore, the P. punctatissimus genome belongs to the micro heterozygous genome (Simpson, 2014). However, the heterozygosity of the P. echinogaster genome was 1.38% (>0.8%), and we considered it to be a highly heterozygous genome. The three Pampus species differ in genome size, and the observed discrepancy may be attributed to variations in the composition of repetitive sequences and occurrences of transposon insertions (Shao et al., 2019). Repeated sequences and high heterozygous regions can affect genome integrity during assembly (Jia et al., 2021). Therefore, the sequencing depth should be increased in the future assembly of the P. echinogaster and P. punctatissimus genomes.

This study was the first to assemble the draft genomes of P. punctatissimus and P. echinogaster. Due to the limitations of using only Illumina sequencing data, the draft scaffold genomes of the three Pampus species had lower N50 and N90 lengths compared to other published complete fish genomes (Fan et al., 2018; Bian et al., 2020; Prost et al., 2020). P. echinogaster genome has the lowest N50 and N90 indices possibly due to its higher heterozygosity and repeat sequence ratio. The scaffold draft genomes were used to identify SSRs. The large difference in SSR distribution frequencies between P. punctatissimus and P. echinogaster may be one of the potential reasons for the difference in genome size between the two species. The scaffold assembly data for the published P. argenteus genome were poor, with only 63.7% of the complete genome in sequence length, and therefore has the lowest number of SSRs. Similar to other studies, the motif types of SSRs in P. punctatissimus, P. echinogaster, and published P. argenteus genomes were dinucleotide (Choi et al., 2021; Huang et al., 2022). These SSR data will be crucial for developing molecular markers in Pampus fishes, but further validation studies with diverse populations are necessary.

Single-copy genes refer to genes that have a small number of copies in the genome, one or a few, and most are housekeeping genes belonging to the organism (Huang et al., 2019). The regulation of normal life activities in organisms relies on these essential genes. Single-copy homologous genes are highly conserved during speciation, and their divergence directly leads to the formation of new species (Fitch, 1970). Dissecting the functions of single-copy homologous genes helps us to understand the differences between species. In this study, single-copy homologous gene datasets of P. punctatissimus, P. echinogaster, and P. argenteus were generated based on whole-genome data, and functional annotation and enrichment analysis were performed. The number of single-copy homologous genes varied greatly among the three species, with the largest number of single-copy genes in P. punctatissimus and the smallest number in P. argenteus. However, the GO terms and KEGG pathways annotated to single-copy genes of the three species were similar and involved various aspects of life activities. Interestingly, the number of single-copy genes involved in environmental adaptation processes in P. argenteus was very low. Several studies have identified several functional genes of P. argenteus that adapt to changes in seawater temperature and salinity (Li et al., 2020; Zhang et al., 2022). Most of these genes are not in our single-copy gene dataset. Therefore, we hypothesized that P. argenteus may have different regulatory mechanisms for environmental adaptation from other Pampus fishes. We look forward to future studies on environmental adaptations in Pampus fishes to verify our speculations. In addition, this study constructed single-copy homologous gene datasets unique to the three species. The unique single-copy genes of P. argenteus were not significantly enriched in any pathway, but the top 3 pathways containing the largest number of genes were spliceosome, protein processing in endoplasmic reticulum, and mTOR signaling pathway. Both spliceosome and protein processing in endoplasmic reticulum were associated with gene expression processes (Will and Lührmann, 2011; Braakman and Hebert, 2013). The mTOR signaling pathway serves as a master regulator of cell metabolism, growth, proliferation, and survival, and the mTOR complex 1 (mTORC1) plays a key role in protein synthesis (Chaturantabut et al., 2019). We proposed the conjecture that the gene expression process may differ between P. argenteus and other Pampus fishes. The unique single-copy genes of P. punctatissimus and P. echinogaster were enriched in different metabolic pathways, suggesting that there may be some differences in the processes of substance metabolism between the two species. Dissecting the functions of single-copy homologous genes helps us to understand the differences between species.

The abundance of mitochondria in animal cells results in a higher sequencing depth for mitochondrial genomes compared to nuclear genes, enabling us to assemble a complete mitochondrial genome with ample data. Currently, the whole mitochondrial genomes of P. punctatissimus and P. echinogaster assembled based on the primer-walking method have been published (Liu et al., 2015; Li et al., 2016). The mitochondrial genomes of P. punctatissimus and P. echinogaster were assembled for the first time in this study using whole-genome sequencing data, which is consistent with the structure of previously published mitochondrial genomes. However, we found that the sequence of the mitochondrial D-loop region assembled in this study was longer and less accurate than the published sequences by sequence comparison. This may be due to the large individual variation in the D-loop region and the shorter fragment of the Illumina sequencing data. Although the method of assembling mitochondrial genome based on Illumina sequencing data has some limitations, it is more efficient and less costly than traditional methods. The phylogenetic tree based on 13 protein-coding genes indicated that the assembly of protein-coding genes of P. punctatissimus and P. echinogaster in this study was accurate. The phylogenetic relationships were consistent with the currently reported taxonomic status of species in the Stromateoidei (Cui et al., 2011).

Population dynamics in the genetic and evolutionary biology have long been a prominent area of research. We employed the PSMC model to infer historical fluctuations in the effective population size of P. punctatissimus and P. echinogaster. Our results suggested that P. punctatissimus and P. echinogaster experienced one and two bottleneck effects during the Pleistocene Glacial Epoch, respectively. We hypothesized that the habitats of P. punctatissimus and P. echinogaster differed significantly during the Pleistocene Glacial Epoch. The unstable climate of the last interglacial period had a large impact on P. echinogaster, resulting in a small decline in its population size. P. echinogaster may be forced to migrate to more suitable sea areas, and subsequently, population size increases again. The accumulation of new mutations, however, occurs at a remarkably slow pace within a species (Latta et al., 2010). Therefore, we hypothesized that the loss of genetic diversity due to the bottleneck effect may not recover rapidly with increasing population size. A study suggests that lower genetic diversity may lead to a reduced ability of species to adapt to climate change (Foo and Byrne, 2016). So, the population size of P. echinogaster declined sharply during the Last Glacial Maximum due to dramatic climate change. Unlike P. echinogaster, climate change during the Last Interglacial did not have a large impact on P. punctatissimus, and its population size continued to increase. Until the Last Glacial Maximum, sea level dropped nearly approximately 100 meters and offshore fish habitat was lost extensively, the population size of P. punctatissimus decreased dramatically (Hoareau et al., 2012). There was still no trend of recovery in the population size of both P. punctatissimus and P. echinogaster by 10,000 years ago.




5 Conclusions

In this study, genomic survey analysis of P. punctatissimus and P. echinogaster were performed by high-throughput sequencing. Published P. argenteus genomic data were also used for comparative analysis. The P. punctatissimus genome belongs to the micro heterozygous genome, and the P. echinogaster genome was highly heterozygous. Genomic characteristics, SSR types and numbers, single-copy gene numbers, and functions of the three Pampus fishes were significantly different. The inclusion of the assembled mitochondrial genome not only enhances the genetic resources available for Pampus fishes but also provides further evidence supporting their taxonomic classification. A large number of SSR loci, shared single-copy homologous genes, and 13 mitochondrial protein-coding genes can be used as potential markers to differentiate the three Pampus fish species. The PSMC analysis revealed that P. punctatissimus and P. echinogaster underwent one and two bottleneck events, respectively, during the Pleistocene Glacial Epoch. This study provides a valuable data reference for the complete genome assembly of P. punctatissimus and P. echinogaster, offering novel insights to resolve interspecific differences among Pampus fishes.
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Pampus belongs to the Perciformes, Stromateoidei, and Stromateidae and are
widely distributed throughout the Indian Ocean and the Western Pacific. In
this study, we employed next-generation sequencing to generate
comprehensive genomic data for Pampus punctatissimus and Pampus
echinogaster and subsequently compared the obtained genomic
information with the published data of Pampus argenteus. P. echinogaster
was identified to be the largest genome size (602 Mb), heterozygosity (1.38%),
and repetitive sequence ratio (33.06%), while similar genome sizes between P.
punctatissimus (540 Mb) and P. argenteus (550 Mb) were observed. A total of
402,921 and 628,298 SSRs were identified for P. punctatissimus and P.
echinogaster, respectively. Additionally, 1,876, 638, and 394 single-copy
homologous genes were identified from P. punctatissimus, P. echinogaster,
and P. argenteus, respectively. The KEGG enrichment results of the unique
single-copy genes to the three species were significantly different in genetic
information processing, protein processing, and metabolic functions. The
complete mitochondrial genomes of P. punctatissimus and P. echinogaster
were successfully assembled, and the resulting phylogenetic relationships
align with the currently reported taxonomic status of species in the
Stromateoidei. Additionally, population size analysis using PSMC revealed
that P. punctatissimus experienced one bottleneck effect, while P.
echinogaster underwent two bottleneck events during the Pleistocene
Glacial Epoch.
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evolution, PSMC
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1 Introduction

The Pampus fishes, classified under Perciformes, Stromateoidei,
and Stromateidae, exhibit a wide distribution across the Indian
Ocean and Western Pacific (Cui et al., 2011). All fishes of Pampus
were economically important species and were found along the
coast of China. The classification of Pampus fishes was further
complicated due to their significant morphological similarity. Most
fish taxonomists agree that Pampus included six species, namely,
Pampus argenteus, Pampus punctatissimus, Pampus echinogaster,
Pampus cinereus, Pampus chinensis, and Pampus minor (Cui et al.,
2010; Karim et al., 2020). In 2013, Liu and Li (2013a) discovered a
new species in the Pampus by comparison of morphological
characteristics, named Pampus liuorum, and noted that this
species had been previously misidentified as P. cinereus.
Additionally, P. argenteus and P. echinogaster exhibit remarkable
morphological similarities, prompting Liu and Li (2013b) to
meticulously delineate the distinguishing characteristics of the
former species. Recently published studies have predominantly
focused on P. argenteus, encompassing investigations into its
early developmental characteristics, biological properties, and
gene functionality, among other aspects (Gao et al., 2020; Al-
Abdul-Elah et al, 2021; Wang et al, 2021; Yang et al., 2021a;
Yang et al., 2021b). Researchers have employed diverse molecular
markers to investigate disparities among Pampus species. Yin et al.
(2019) utilized 17,292 single-copy nuclear-encoded loci and
cytochrome ¢ oxidase subunit I (COI) sequences to investigate the
phylogenetic relationships of Pampus, providing a valuable
reference for Pampus classification. Wei et al. (2021) employed
sequences of COI and cytochrome b (CYTB) to discriminate among
seven Pampus species and authenticate their taxonomic validity.
However, a single molecular marker has certain limitations in
species identification (Li et al., 2013).

Recently developed rapidly high-throughput sequencing and
bioinformatics analysis technology provide a practical approach to
uncovering the species’ whole-genome information (Chen et al,
2020; Xu et al, 2020). Whole-genome data not only enable a
fundamental genomic characterization of species (Lu et al., 20165
Bietal, 2019) but also can be used to mine mitochondrial genomes,
microsatellite markers, and single-copy homologous genes (Koprek
et al., 2001; Gilbert et al., 2015; Ziya Motalebipour et al., 2016; Song
et al,, 2018; Van Dam et al., 2021). Furthermore, the utilization of
whole-genome data from a single species can also facilitate the
prediction of historical population dynamics. These data provided a
new perspective for resolving differences between species.

In this study, whole-genome data of P. punctatissimus and P.
echinogaster were obtained by using the Illumina sequencing
technique. Meanwhile, we downloaded published whole-genome
data of P. argenteus for comparative analysis (AlMomin et al,
2016). The aims of this study were (1) to compare the whole-
genome features of the three species, (2) to utilize whole-genome
data for the compilation of the mitochondrial genome and analysis
of phylogenetic relationships among selected species within
Stromateoidei, (3) to compare the number and distribution
patterns of Simple Sequence Repeats (SSRs), (4) to extract single-
copy homologous genes and resolve functional differences between
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species, and (5) to predict species historical dynamics. Our works
uncover the differences among three Pampus species at the genome-
wide level, which greatly enriches the genomic information of
Pampus and provides a new case on the evolutionary biology
and taxonomy.

2 Materials and methods

2.1 Ethics statement

This study does not involve the use of endangered or live
animals. The P. punctatissimus and P. echinogaster samples
utilized in this study were obtained from fishery production and
were deceased at the time of collection. All animal experiments
adhered to the guidelines and received approval from the Animal
Research and Ethics Committees of the Ocean University of China.

2.2 Sample collection and genome
survey sequencing

Samples of P. punctatissimus and P. echinogaster were collected
in June and August 2021, respectively, in Zhoushan City, Zhejiang
Province, China. The muscle tissues were preserved in 95% ethanol
at -80°C, and the total genomic DNA was extracted using the
standard phenol-chloroform method. The purity and concentration
of DNA were detected by NanoDrop8000 microspectrophotometer
and Qubit fluorometer, respectively. The high-quality DNA
samples were randomly broken into fragments by Covaris
ultrasonic crusher, and the whole library preparation was
completed by end repair, the addition of A-tail, the addition of
sequencing junction, purification, and PCR amplification. The
constructed libraries were sequenced by Illumina Hiseq Nova for
PE 150 (paired-end). The library construction and sequencing were
performed at Wuhan Onemore-tech Co., Ltd., Wuhan, Hubei,
China. The complete genomic sequencing data have been
submitted to the Short Read Archive (SRA) database at the
National Center for Biotechnology Information (NCBI) with
accession number PRJNA853896.

2.3 Data analysis methods

In this study, raw sequencing data were processed using FASTP
software to cut adaptor sequences and filter out sequences with a
quality score <30 (Chen et al., 2018). After filtering out low-quality
reads, we randomly selected 10,000 pairs of high-quality reads and
aligned them to the NCBI nucleotide (NT) database, displaying the
top 80% of identified species. All high-quality reads were utilized for
K-mer analysis. K-mer calculations were performed using Jellyfish
software, and K-mer frequency statistics tables were created
(Margais and Kingsford, 2011). Genome ploidy analysis was
performed using Smudgeplot software (Ranallo-Benavidez et al.,
2020). Genome heterozygosity and repeat ratios were calculated
using GCE software (Liu et al., 2013). The estimation of genome size
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was performed by analyzing the K-mer distribution curve and
identifying the peaks. The case with a K-mer depth of 1 is
considered an error scenario, and the obtained error rate can be
utilized for genome size correction. Revised genome size can be
calculated as follows: Ggize = Nimer/Cimer X (1 = Error Rate), where
Giize represents the genome size, Ny, denotes the total number of
K-mer, and Cyy,, signifies the peak depth.

Mitochondrial genomes were assembled from all clean
sequencing reads using Mitofinder software (Allio et al, 2020)
with the reference sequences downloaded from NCBI. The
reference sequence accession numbers for P. punctatissimus and
P. echinogaster were KF534725.1 and NC_023258.1, respectively.
Assembled mitochondrial genomes were annotated using the
MitoAnnotator of the Mitofish (http://mitofish.aori.u-tokyo.ac.jp/
annotation/inputhtml). The mitochondrial genomes of 23 species
belonging to 11 genera of Stromateoidei were retrieved from the
NCBI database, encompassing a total of 13 protein-coding genes for
subsequent phylogenetic analysis. Sequences were aligned using
Clustal W, and a maximum likelihood tree (1,000 replicates) was
constructed using MEGA X software (Kumar et al., 2018).
SOAPdenovo2 software was used to assemble all clean reads into
contigs and scaffolds (Luo et al., 2012). The Perl script “misa.pl”
from the MISA software was utilized to identify microsatellite
motifs in the de novo draft genome (Beier et al., 2017). The
search parameters were configured to detect di-, tri-, tetra-,
penta-, and hexanucleotide microsatellite motifs, requiring a
minimum of 6, 5, 5, 5, and 5 repeats, respectively. Busco5
software was used to search single-copy homologous genes of P.
argenteus, P. punctatissimus, and P. echinogaster (Simao et al,
2015). Single-copy homologous genes of each species were
functionally annotated using eggNOG-Mapper based on Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases (Cantalapiedra et al., 2021). Subsequently, we
calculated the single-copy genes specific to each species and
performed KEGG enrichment analysis using the OmicShare tool
(https://www.omicshare.com/tools/). Analysis of population size
dynamics of P. punctatissimus and P. echinogaster was done using
the Pairwise Sequentially Markovian Coalescent (PSMC) model, as
implemented in the PSMC software (Li and Durbin, 2011). The
“fq2psmcfa” and “splitfa” tools from the PSMC software were used
to create the input file for the PSMC modeling. The reconstructed
population history was plotted using “psmc_plot.pl” script using the
substitution rate “-u 2.5e-8” and a generation time of 3 years.
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3 Results

3.1 Whole-genome sequencing, k-mer
analysis, and genome assembly

The indexes of the whole-genome sequencing data of the two
species were shown in Table 1. The results of the NT database
mapping revealed that randomly selected reads were successfully
aligned with marine fish DNA, thereby demonstrating the absence
of significant exogenous contamination in the data analyzed in this
study (Figure 1). The 17-mer frequency distribution plot showed
that P. echinogaster has an extremely obvious heterozygous peak
(Figure 2). Both genomes of P. punctatissimus and P. echinogaster
are diploid (Figure 3). The data on genome size, heterozygosity, and
ratio of repetitive sequences were shown in Table 2. By comparison,
P. echinogaster has a larger genome size, heterozygosity, and
repetitive sequence ratio than the other two species, and P.
argenteus has the lowest proportion of repetitive sequences. The
measurements of total length, total number of sequences, maximum
sequence length, N50 length, and N90 length for both contig and
scaffold level genomes are presented in Table 3. By comparison, the
total length, the total number of sequences, and the max length of
sequences of P. echinogaster genome were larger than those of the
genomes of the other two species, yet the N50 of P. echinogaster
genome was relatively shorter than that of the other two species,
especially for the length of scaffold N50.

3.2 ldentification and statistics of SSR
molecular markers

Based on the assembled draft genome sequences, a total of 402,921
and 628,298 SSRs were identified for P. punctatissimus and P.
echinogaster, respectively. Published data showed that the 172,938
SSRs were identified in the P. argenteus genome (Table 4). Therefore,
the frequency of SSR distribution in the genomes of P. punctatissimus,
P. echinogaster, and P. argenteus genomes was estimated to be
approximately 714.75, 956.14, and 494.03 SSRs per Mb, respectively.
The SSR motif types in the genome of P. punctatissimus comprised
81.61% dinucleotide, 12.62% trinucleotide, 4.10% tetranucleotide,
1.48% pentanucleotide, and 0.18% hexanucleotide repeats, while their
respective frequencies were 80.01%, 13.45%, 5.04%, 1.34%, and 0.16%
for di-, tri-, tetra-, penta-, and hexanucleotide repeats in P. echinogaster
genome (Figure 4).

TABLE 1 The indexes of the whole-genome sequencing data of the two species.

Species Read number Base count (Gb) Q20 (%) Q30 (%) GC content (%)
P. punctatissimus 346,818,010 51.72 97.84 93.65 39.27
P. echinogaster 389,335,642 52.82 96.54 91.24 38.92
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The size of each area in the mapping statistics corresponds to the number of reads that have been successfully aligned to the respective species.
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P. echinogaster

3.3 Screening and functional annotation of
single-copy homologous genes

Based on the draft genomes assembled in this study and
published genomic data of P. argenteus, a total of 1,876, 638, and
394 single-copy homologous genes were identified for P.
punctatissimus, P. echinogaster, and P. argenteus, respectively. The
GO annotation results revealed that the primary terms associated
with single-copy homologous genes included cellular process,
single-organism process, cell, cell part, binding, and catalytic
activity (Figure 5; Supplementary Table 1). KEGG annotation
results indicated that single-copy homologous genes of the three
species were mainly involved in the immune system, endocrine
system, nervous system, glycan biosynthesis and metabolism,

translation, signal transduction, transport and catabolism, etc.
(Figure 6). Interestingly, single-copy homologous genes of P.
punctatissimus and P. echinogaster were also involved in
environmental adaptation processes. However, very few genes in
P. argenteus were engaged in these processes (Figure 6). A total of
1,392, 253, and 150 unique single-copy genes were screened in P.
punctatissimus, P. echinogaster, and P. argenteus, respectively
(Figure 7A). The KEGG enrichment results showed that the
unique single-copy genes of P. argenteus did not show significant
enrichment in any pathway, and the top 3 pathways containing the
largest number of genes were spliceosome, protein processing in
endoplasmic reticulum, and mTOR signaling pathway (Figure 7B).
The unique single-copy genes of P. punctatissimus were
significantly enriched in biosynthesis of secondary metabolites
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FIGURE 2

K-mer (17-mer) analysis for estimating the genome size of P. punctatissimus and P. echinogaster.
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Genome ploidy level analysis of P. punctatissimus and P. echinogaster.

and purine metabolism (Figure 7C). The unique single-copy genes
of P. echinogaster were significantly enriched in carbon
metabolism (Figure 7D).

3.4 Mitochondrial genome assembly and
phylogenetic analysis

The complete mitochondrial genomes of P. punctatissimus and P.
echinogaster both formed closed circular molecules with lengths of
16,695 bp and 16,977 bp, respectively. The complete mitochondrial
genome of both species contains 13 protein-coding genes, 22 tRNA
genes, 2 rRNA genes, and 1 control region or “d-loop” (Figure 8).
Except for ND6 and eight tRNA genes (tRNA-GIn, tRNA-Ala, tRNA-
Asn, tRNA-Cys, tRNA-Tyr, tRNA-Ser, tRNA-Glu, tRNA-Pro),
distributed on the light strand, the remaining mitochondrial genes
were on the heavy strand. The initiation codons of P. punctatissimus, P.
echinogaster, and the published P. argenteus mitochondrial protein-
coding genes are identical. All coding genes start with ATG except for
COI, ND4, and ND6 that start with GTG. Some differences exist in the
stop codons among the three species. Both P. argenteus and P.
echinogaster possess eight stop codons in 13 protein-coding genes,
whereas P. punctatissimus has only six (Figure 9). The phylogenetic tree
based on 13 protein-coding genes showed that the sequences of P.
punctatissimus and P. echinogaster from this study clustered with those
downloaded from NCBIL The ML tree showed three major branches.

10.3389/fmars.2023.1332250
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As expected, all Stomateidae fishes clustered into one group, and
Pampus and Peprilus fishes were the most closely related.
Tetragonuridae, Amarsipidae, Ariommatidae, and Nomeidae fishes
clustered into one group, and all Centrolophidae clustered into another
group (Figure 10). The phylogenetic relationships were consistent with
the currently reported taxonomic status of species in the Stromateoidei.

3.5 Population size dynamics of P.
punctatissimus and P. echinogaster

The PSMC model was employed to infer the historical
fluctuations in the effective population size (Ne) of P.
punctatissimus and P. echinogaster (Figure 11). The PSMC results
showed that P. punctatissimus and P. echinogaster experienced
multiple bottleneck effects over the past million years, with their
effective population size fluctuating periodically. The effective
population size of P. punctatissimus peaked approximately 4 x
10* years ago and subsequently started to decline. The decline
accelerated after the last glacial maximum (2.1 x 10* years ago), an
extremely cold geological period. Interestingly, two peaks in the
effective population size of P. echinogaster occurred over the past
million years. The effective population size of P. echinogaster peaked
during the last interglacial period (1.1~1.3 x 10° years ago), a
relatively warm geological period, and then started to decline. When
the last glacial period started (7 x 10* years ago), the effective

TABLE 2 The genome size, heterozygosity, and ratio of repetitive sequences of the three species.

Species Kmer Revised genome
P depth size (Mb)
P.
. 65 540
punctatissimus
P. echinogaster 77 602
P. argenteus 67 550

Heterozygous Repeat sequences
ratio (%) ratio (%)

0.71 3022
This study

138 33.07
AlMomin

\ 11.06
et al., 2016

“” means these data are not shown in the reference.
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TABLE 3 The genome result of assembly in P. punctatissimus, P. echinogaster, and P. argenteus.

. Total length Max length N50 length N90 length
Species Total number
(bp) (bp) (bp) (bp)

Contig 570,410,222 1,410,074 36,701 812 136

P. punctatissimus
Scaffold 557,429,401 638,767 71,913 6088 201

This study

Contig 667,683,538 3,147,714 15,384 220 117

P. echinogaster
Scaffold 645,487,227 2,067,357 38,508 528 124
Contig 694,937,334 2,097,109 18,596 499 146

P. argenteus AlMomin et al,, 2016
Scaffold 350,058,665 298,141 33,073 1584 549

population size of P. echinogaster began to rise, reaching the second
peak approximately 4 x 10* years ago. Close to the last glacial
maximum, there was a significant decrease in the effective
population size of P. echinogaster.

4 Discussion

The genomic resources of Pampus fishes are extremely scarce,
and only the P. argenteus genome has been published. Whole-
genome survey sequencing has emerged as a rapid and cost-effective
technology for acquiring complete genomes of various species
(Jo et al,, 2021; Zhao et al,, 2022). The whole-genome data of P.

TABLE 4 Statistics of microsatellite recognition results.

This study

P. P. P.
punctatissimus echinogaster argenteus

Total number
of
sequences

638,767 2,067,357 298,141

examined

Total size of

examined 563,723,050 657,780,705 350,058,665

sequences (bp)

Total number
of 402,921
identified SSRs

628,298 172,938

Number of
SSR
containing
sequences

155,421 433,621 107,087

Number of
sequences
containing
more than
1 SSR

66,039 102,919 38,890

Number of
SSRs present
in 46,375
compound
formation

73,417 14,743
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punctatissimus and P. echinogaster were obtained using whole-
genome survey sequencing technology in this study. The raw data
exhibited high quality, with an effective rate, Q20, and Q30 all
exceeding 90%, indicating their suitability for subsequent analysis.
The randomly selected sequencing reads were all mapped to
sequences of closely related species, indicating that there is no
exogenous contamination of sequencing data. The heterozygosity
ratio and repeat sequences ratio in the P. punctatissimus genome
were 0.71% (between 0.5% and 0.8%) and 30.22% (<50%),
respectively. Therefore, the P. punctatissimus genome belongs to
the micro heterozygous genome (Simpson, 2014). However, the
heterozygosity of the P. echinogaster genome was 1.38% (>0.8%),
and we considered it to be a highly heterozygous genome. The three
Pampus species differ in genome size, and the observed discrepancy
may be attributed to variations in the composition of repetitive
sequences and occurrences of transposon insertions (Shao et al,
2019). Repeated sequences and high heterozygous regions can affect
genome integrity during assembly (Jia et al., 2021). Therefore, the
sequencing depth should be increased in the future assembly of the
P. echinogaster and P. punctatissimus genomes.

This study was the first to assemble the draft genomes of P.
punctatissimus and P. echinogaster. Due to the limitations of using
only Illumina sequencing data, the draft scaffold genomes of the
three Pampus species had lower N50 and N90 lengths compared to
other published complete fish genomes (Fan et al., 2018; Bian et al.,
20205 Prost et al., 2020). P. echinogaster genome has the lowest N50
and N90 indices possibly due to its higher heterozygosity and repeat
sequence ratio. The scaffold draft genomes were used to identify
SSRs. The large difference in SSR distribution frequencies between
P. punctatissimus and P. echinogaster may be one of the potential
reasons for the difference in genome size between the two species.
The scaffold assembly data for the published P. argenteus genome
were poor, with only 63.7% of the complete genome in sequence
length, and therefore has the lowest number of SSRs. Similar to
other studies, the motif types of SSRs in P. punctatissimus, P.
echinogaster, and published P. argenteus genomes were
dinucleotide (Choi et al, 2021; Huang et al., 2022). These SSR
data will be crucial for developing molecular markers in Pampus
fishes, but further validation studies with diverse populations
are necessary.

Single-copy genes refer to genes that have a small number of
copies in the genome, one or a few, and most are housekeeping
genes belonging to the organism (Huang et al, 2019). The
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P. echinogaster

The distribution and frequency of microsatellite motifs in P. punctatissimus and P. echinogaster.

regulation of normal life activities in organisms relies on these
essential genes. Single-copy homologous genes are highly conserved
during speciation, and their divergence directly leads to the
formation of new species (Fitch, 1970). Dissecting the functions
of single-copy homologous genes helps us to understand the
differences between species. In this study, single-copy homologous
gene datasets of P. punctatissimus, P. echinogaster, and P. argenteus

were generated based on whole-genome data, and functional
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Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation results of all single-copy homologous genes in P. punctatissimus, P. echinogaster,

and P. argenteus genomes.

Several studies have identified several functional genes of P.
argenteus that adapt to changes in seawater temperature and
salinity (Li et al., 2020; Zhang et al., 2022). Most of these genes
are not in our single-copy gene dataset. Therefore, we hypothesized
that P. argenteus may have different regulatory mechanisms for
environmental adaptation from other Pampus fishes. We look
forward to future studies on environmental adaptations in
Pampus fishes to verify our speculations. In addition, this study
constructed single-copy homologous gene datasets unique to the
three species. The unique single-copy genes of P. argenteus were not
significantly enriched in any pathway, but the top 3 pathways
containing the largest number of genes were spliceosome, protein
processing in endoplasmic reticulum, and mTOR signaling
pathway. Both spliceosome and protein processing in
endoplasmic reticulum were associated with gene expression
processes (Will and Lithrmann, 2011; Braakman and Hebert,
2013). The mTOR signaling pathway serves as a master regulator
of cell metabolism, growth, proliferation, and survival, and the
mTOR complex 1 (mTORCI) plays a key role in protein synthesis
(Chaturantabut et al., 2019). We proposed the conjecture that the
gene expression process may differ between P. argenteus and other
Pampus fishes. The unique single-copy genes of P. punctatissimus
and P. echinogaster were enriched in different metabolic pathways,

Frontiers in Marine Science

suggesting that there may be some differences in the processes of
substance metabolism between the two species. Dissecting the
functions of single-copy homologous genes helps us to
understand the differences between species.

The abundance of mitochondria in animal cells results in a
higher sequencing depth for mitochondrial genomes compared to
nuclear genes, enabling us to assemble a complete mitochondrial
genome with ample data. Currently, the whole mitochondrial
genomes of P. punctatissimus and P. echinogaster assembled
based on the primer-walking method have been published (Liu
et al, 2015; Li et al, 2016). The mitochondrial genomes of P.
punctatissimus and P. echinogaster were assembled for the first time
in this study using whole-genome sequencing data, which is
consistent with the structure of previously published
mitochondrial genomes. However, we found that the sequence of
the mitochondrial D-loop region assembled in this study was longer
and less accurate than the published sequences by sequence
comparison. This may be due to the large individual variation in
the D-loop region and the shorter fragment of the Illumina
sequencing data. Although the method of assembling
mitochondrial genome based on Illumina sequencing data has
some limitations, it is more efficient and less costly than
traditional methods. The phylogenetic tree based on 13 protein-
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(A) represents an overview of single-copy genes in three Pampus species based on Venn diagrams. (B-D) represent the Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment results of the unique single-copy genes of the P. argenteus, P. punctatissimus, and P. echinogaster
genomes, respectively.

coding genes indicated that the assembly of protein-coding genes of
P. punctatissimus and P. echinogaster in this study was accurate. The
phylogenetic relationships were consistent with the currently
reported taxonomic status of species in the Stromateoidei (Cui
et al.,, 2011).

Pampus punctatissimus

16695 bp

FIGURE 8

Mitochondrial genome organization of P. punctatissimus and P. echinogaster.

Population dynamics in the genetic and evolutionary biology have
long been a prominent area of research. We employed the PSMC
model to infer historical fluctuations in the effective population size of
P. punctatissimus and P. echinogaster. Our results suggested that P.
punctatissimus and P. echinogaster experienced one and two bottleneck

Pampus echinogaster

16977 bp
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The initiation and termination codons of 13 protein-coding genes of P. argenteus, P. punctatissimus, and P. echinogaster.
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effects during the Pleistocene Glacial Epoch, respectively. We
hypothesized that the habitats of P. punctatissimus and P.
echinogaster differed significantly during the Pleistocene Glacial
Epoch. The unstable climate of the last interglacial period had a large
impact on P. echinogaster, resulting in a small decline in its population
size. P. echinogaster may be forced to migrate to more suitable sea areas,
and subsequently, population size increases again. The accumulation of
new mutations, however, occurs at a remarkably slow pace within a
species (Latta et al,, 2010). Therefore, we hypothesized that the loss of
genetic diversity due to the bottleneck effect may not recover rapidly

with increasing population size. A study suggests that lower genetic
diversity may lead to a reduced ability of species to adapt to climate
change (Foo and Byrne, 2016). So, the population size of P. echinogaster
declined sharply during the Last Glacial Maximum due to dramatic
climate change. Unlike P. echinogaster, climate change during the Last
Interglacial did not have a large impact on P. punctatissimus, and its
population size continued to increase. Until the Last Glacial Maximum,
sea level dropped nearly approximately 100 meters and oftshore fish
habitat was lost extensively, the population size of P. punctatissimus
decreased dramatically (Hoareau et al.,, 2012). There was still no trend

100 (——————— Peprilus burti AP012947
L Peprilus triacanthus NC_022502.1

Pampus
Stromateidae

Peprilus

Tetragonurus | Tetragonuridae

FIGURE 10

Phylogenetic trees based on 13 protein-coding genes from mitochondrial genomes of Stromateoidei species were inferred using the maximum

likelihood method.
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Demographic history of P. punctatissimus and P. echinogaster in this study.

of recovery in the population size of both P. punctatissimus and P.
echinogaster by 10,000 years ago.

5 Conclusions

In this study, genomic survey analysis of P. punctatissimus and P.
echinogaster were performed by high-throughput sequencing.
Published P. argenteus genomic data were also used for comparative
analysis. The P. punctatissimus genome belongs to the micro
heterozygous genome, and the P. echinogaster genome was highly
heterozygous. Genomic characteristics, SSR types and numbers, single-
copy gene numbers, and functions of the three Pampus fishes were
significantly different. The inclusion of the assembled mitochondrial
genome not only enhances the genetic resources available for Pampus
fishes but also provides further evidence supporting their taxonomic
classification. A large number of SSR loci, shared single-copy
homologous genes, and 13 mitochondrial protein-coding genes can
be used as potential markers to differentiate the three Pampus fish
species. The PSMC analysis revealed that P. punctatissimus and P.
echinogaster underwent one and two bottleneck events, respectively,
during the Pleistocene Glacial Epoch. This study provides a valuable
data reference for the complete genome assembly of P. punctatissimus
and P. echinogaster, offering novel insights to resolve interspecific
differences among Pampus fishes.
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