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Abstract

:

Jade perch (Scortum barcoo) has an XX/XY sex-determination system (SDS); however, its sex chromosomes and sex-determining region remain unknown. The recent availability of the jade perch chromosome-level genomic data provides a valuable resource for pinpointing the location of functional genes and the whole genomic structure. In this study, we conducted. In silico chromosome mapping of male-specific/linked loci of jade perch and identified a potential 11.18 Mb male-linked region localized on chromosome 19 (SBA19). Repeat annotations of the male-linked region revealed an abundance of transposable elements, particularly Ty3/Gypsy and novel repeats. Sequence analysis of this region identified a remnant of amh gene, which is considered a potential candidate for SDS in many teleosts. A duplicate copy of amh remnant was located at SBA6. These duplicated amh copies were highly similar to those of XX/XY SDS in teleosts, in which one copy of amh was identified on the Y sex chromosome. Taken all together, we hypothesize SBA19 as the putative sex chromosome and the 11.18 Mb male-linked region to be a potential male-determining region.
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Key Contribution: 1. The jade perch exhibits XX/XY sex determination system. 2. These loci were mapped to the recently published reference genome of jade perch. 3. We identified the jade perch chromosome 19 as a putative sex chromosome. 4. An 11.18 Mb male-linked region could be a potential male-determining region.










1. Introduction


Jade perch or Barcoo grunter (Scortum barcoo, [1]), Terapontidae) originally inhabited the Barcoo River in Lake Eyre Basin, Australia [2]. Recently, jade perch has been cultured by several industrial growers for future commercial aquaculture production owing to its rapid growth, highly efficient feed conversion, and strong disease resistance in subtropical and tropical regions [3,4], although there is a risk of spread of this species into natural water sources as an alien species [5,6]. With regard to sexual dimorphism, mature jade perch females are larger than mature males and require lower nutrient levels for body size and weight growth during maturation [7,8]. Thus, the production of an all-female population has economic implications for the aquaculture market. Despite its high nutritional value for human consumption and its high market price, current jade perch farming faces seed supply limitations due to inconsistent and difficult production due to a lack of information about sex determination and sex-determining genes [9]. We previously investigated genome-wide single-nucleotide polymorphisms (SNPs) to identify genomic variants associated with sex-linked regions, which suggested that jade perch likely exhibits a male heterogametic XX/XY sex determination system (SDS) [9]. We identified 14 male-specific/linked loci without chromosomal locations. However, sex determining regions (SDRs), which are important to better understand sex determination mechanisms, remain unknown. Teleosts display a large diversity in SDSs, including genetic sex determination (GSD), environmental sex determination, and interactions between the two systems [10,11,12,13,14]. Different systems of GSD have been identified in a particular species with one system (XX/XY or ZZ/ZW), or both XX/XY and ZZ/ZW systems existing within the same genus, species, and even at the population level [15,16,17,18,19,20,21]. Because of this variability, several genes and SDRs might initiate SDS in a species, known as a polygenic sex determination (PSD) system [22]. In Siamese fighting fish (Betta splendens, [23]), a large number of male-specific/linked loci were identified on chromosome 9 (BSP9), but several additional male-specific/linked loci were identified on BSP7 and BSP19, indicating the existence of a PSD system [20]. A similar PSD system was observed in zebrafish (Danio rerio [24]) with chromosomes 4 (DRE4), DRE5, and DRE16 [25,26]. Thus, chromosomal localization of male-specific/linked loci coupled with potential sex chromosomal genomic analysis are required to better understand sex chromosome and SDR in jade perch, which could allow in the future its sex manipulation in aquaculture.



Recently, a chromosome-level genome assembly with 24 pairs of jade perch chromosomes (accession: GCA_023238725.1) facilitated the comparison of genomic structures among teleosts at the molecular level and revealed extensive linkage homology with frequent chromosomal rearrangements in teleosts [27]. Here, we used the reference baseline genome data of the jade perch to generate a chromosome map of male-specific/linked loci from our previous study using In silico mapping of the jade perch genome. We mapped genes known to be involved in sex developmental in teleosts to identify potential sex chromosomes, and performed gene ontology (GO) and repeat annotation to search for homologies between the jade perch and other vertebrates using comparative genomic analyses. Elucidation of the genetic architecture of SDSs is necessary to identify putative sex chromosomes.




2. Materials and Methods


2.1. In Silico Mapping of Male-Specific/Linked Loci to the Reference Genome


The male-specific/linked loci identified in our previous study, which included twenty jade perch individuals (ten males and ten females) [12] were aligned to the chromosome-level assembly of jade perch (accession: GCA_023238725.1) using NCBI-BLASTn using default parameters [27]. The loci that passed the 100% filtering criterion with all males were designated as male-specific loci, whereas those passing in 70%–90% of all males were considered male-linked loci. The output mapped file was filtered with the most significant hits (identity: >95%; alignment length: >65 bp) and then parsed using custom Geneious Prime 2021.1.1 (Biomatters, Auckland, New Zealand; https://www.geneious.com) (accessed on 20 November 2022) to generate a file format for visualization of a chromosome map. An ideogram was also generated from BLASTn alignments of experimentally validated male-specific/linked loci using Geneious Prime 2021.1.1. Sixty-six functional genes of sex development and the sex determination process in teleosts were also mapped onto chromosome-level genome assembly of jade perch to identify the association of potential sex chromosomes (Sensitivity: Medium-Low sensitivity/fast, -Fine Tuning: Iterate up to 5 times, −51% similarity) (https://www.geneious.com, accessed on 20 November 2022) (Table S1).




2.2. Homology Searching


The male-specific/linked loci that met our criteria were globally BLAST searched against the National Center for Biotechnology Information (NCBI) database. We then investigated the homologies between the male-specific/linked loci and the available reference jade perch (accession: GCA_023238725.1) and other teleosts, including European seabass (Dicentrarchus labrax [28]), Asian seabass (Lates calcarifer [29]), Chinese seabass (Lateolabrax maculatus [30]), American black bass (Micropterus salmoides [31]), Nile tilapia (Oreochromis niloticus [32]), zebrafish (Danio rerio [24]), three-spined stickleback (Gasterosteus aculeatus [33]), medaka (Oryzias latipes (Temminck and Schlegel) [34]), Japanese pufferfish (Takifugu rubripes [35]), green-spotted pufferfish (Tetraodon nigroviridis, [36]), Southern platyfish (Xiphophorus maculatus [37]), Siam fighting fish (Betta splendens, [23]), green anole (Anolis carolinensis, [38]), Indian cobra (Naja naja [39]), and chicken (Gallus gallus [40]). Using the Geneious Prime 2021.1.1, we used all loci to search the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed on 20 November 2022) and RepBase version 19.11 (Genetic Information Research Institute, http://www.girinst.org/repbase/: accessed on 20 November 2022). RepBase is a specialized database with repeated or other significant sequences, and it only reports results with E-values < 0.005. Query coverage required >60% identity. This process was repeated three times to accommodate the inclusion of a new genome assembly version at various stages in the pipeline.




2.3. Functional Annotation and Gene Ontology of Male-Linked Regions


To understand the biological functions of male-linked regions, we designated the potential region where male-specific/linked loci were frequently mapped with a high density in the jade perch genome. BLASTn was performed with the candidate region against the reference annotation consisting of the gene dataset of jade perch [41]. The reference gene dataset of the three-spined stickleback, which contains a large functional gene dataset, was also retrieved from the Ensembl database using the Biomart package for comparison [42]. BLASTn results were generated as a tabular formatted output file, and only significant hits (identity > 95% and alignment length > 65 bp) were retained. All gene sequences from the reference dataset that corresponded to the region with significant hits were extracted and mapped against the proteome dataset (including total annotated proteins). The proteomic dataset was downloaded from UniProtKB [43]. UniProtKB is a collection of functional information on proteins with accurate, consistent, and rich annotations. Functional annotations and gene ontology enrichment analysis were conducted on the filtered gene hits using ShinyGO (0.76) implemented in R/Bioconductor packages. The analysis utilized the best matching species genome as a reference and standard settings, including a 0.05 FDR p value threshold [44]. The matching transcripts were further processed to detect associated GO terms related to biological processes (BPs), Molecular functions (MFs), and Cellular components (CCs). Three databases, UniProtKB, Gramene Proteins Database (GR protein), and Protein Data Bank (PDB), were also used to identify GO categories. The InterProScan (IPS) function in Blast2GO software (https://www.biobam.com/blast2go/) (accessed on 20 November 2022) was used to retrieve protein domains and motif information. Blast2GO also produced enzyme code (EC) numbers for transcripts with an e-value less than 10−5. Enrichment of ontologies was performed using Fisher’s exact test, with p-value of <0.05.




2.4. DNA Marker Validation


The male-linked region of jade perch was verified for the presence of amh gene using a PCR-based approach. Nucleotide sequences of amh gene were randomly selected to develop PCR-based markers (Chromosome 6: Primer MLR1_F1: AGCCGACATCAACAACTGCC and MLR1_R1: ACACTCCTTCACCACCACATCC and Chromosome 19: Primer MLR2_F2: TGCTGCTCAACTCCTACATC and MLR2_R2: ACTCCTTCACCACCACATCC). The positive control used in the study was the amh gene (hAMHRII-F: AAAGGTACCATGCTAGGGTCTTTGGGGCTT and hAMHRII-R: AAATCTAGAACAGGAGAAAGGGTACAGG) as described by Kamiya et al. [45]. The applicability of the amh gene on male-linked region PCR assays was further tested and validated using jade perch specimens as mentioned above. PCR amplification was performed using 15 μL of 1X ThermoPol buffer containing 1.5 mM MgCl2, 0.2 mM dNTPs, 5.0 μM primers, 0.5 U Taq polymerase (Apsalagen Co., Ltd., Bangkok, Thailand), and 25 ng genomic DNA. The PCR protocol was as follows: initial denaturation at 98 °C for 5 min; 35 cycles of 98 °C for 20 s, 58 °C for 45 s, and 68 °C for 2 min; and a final extension at 68 °C for 5 min. The PCR products were visualized by electrophoresis in 1% agarose gel to examine the presence or absence as a consequence of allele-specific DNA markers. For the PCR-based sequencing, the PCR products were purified using FavorPrep GEL/PCR Purification Mini Kit (Favorgen Biotech Corp., Ping-Tung, Taiwan). Nucleotide sequences of the DNA fragments were determined by the DNA sequencing service of First Base Laboratories Sdn Bhd (Seri Kembangan, Selangor, Malaysia). Multiple sequence alignment was used to search the nucleotide sequences of the PCR product with the candidate SNP sequence by log-expectation (MUSCLE) (http://www.ebi.ac.uk/Tools/msa/muscle) (accessed on 20 November 2022) using default parameters to confirm the identity of the amplified DNA fragments.




2.5. Determination of Repetitive Elements in Male-Linked Regions


A de novo TE (transposable element) library was generated from male-linked regions of jade perch chromosome-level genome where most male-specific/linked loci were frequently located using the Extensive de novo TE Annotator (EDTA), with species parameter set to “others” [46]. The inbuilt RepeatModeler (Institute for Systems Biology, Washington, DC, USA) [47] was used to identify the remaining TEs and other repetitive elements that might have been overlooked by the EDTA algorithm (sensitive 1). TE and other repetitive element identifications were performed using RepeatMasker (RM; version 1.332) as the compatible version of the standard NCBI blastn program (NCBI/RMBLAST) (version 2.6.0+) search engine. Genomic regions spanning high levels of male-linked regions were compared to those of the TE annotation library. The TEs and repetitive elements annotated within the male-linked regions were then extracted using bedtools [48]. All sequences of unclassified elements were subsequently re-mapped onto the whole-genome sequence using D-GENIES (Copyright© INRA 2016) [49] to examine their localization. Multiple hits (short reads of ≥100 bp and ≥1 kb genomic reads at an error rate of ∼15%) of unclassified elements with high abundance were pooled for each genomic segment where they were examined for tandem arrangement within the segment using dot matrix analysis of the nucleotide sequences using MAFFT version 7 (Copyright © 2013 Kazutaka Katoh). The following parameters were used: (1) scoring matrix of 200PAM/k = 2 and (2) gap opening penalty of 1.53. The plots and alignments were executed with a threshold score of 39 (E = 8.4 × 10 − 11). (http://mafft.cbrc.jp/alignment/server/, accessed 20 November 2022).




2.6. Characterization of Microsatellites in Jade Perch Genome


Microsatellites in the jade perch genome were identified using Krait version 1.3.3 [50] with default scanning parameters for perfect, imperfect, and compound microsatellites to examine the association between high density of microsatellite distribution and potential SDR [51,52]. The imperfect microsatellite selection criteria were as follows: (i) minimum sequence length and sequence repeat number were set to 8 bp and 3 times, (ii) maximum consecutive edits (including substitutions and indels) were specified as 3 bp, and (iii) the penalty cost was set to 1 for mismatch and 2 for indels (gaps), and the minimum required score to identify imperfect microsatellites was set to 10. For compound microsatellites, the maximum distance allowed between adjacent microsatellites was 10 bp. To facilitate comparisons among different repeat types, relative density (RD) and relative abundance (RA) were used as parameters for microsatellite analysis. RA indicates the number of microsatellites per Mb of the sequence analyzed, and RD is the length (in bp) of microsatellites per Mb of the sequence analyzed. Krait v1.3.3 was applied to estimate the GC content and chromosome sequence size of the jade perch (accession: GCA_023238725.1).




2.7. Comparative Genomics between Jade Perch and Other Vertebrates


Multiple karyotypes in male-linked regions of jade perch were compared to identify linkage homology with whole-genome sequences of other teleosts, namely, European seabass, Asian seabass, Chinese seabass, American black bass, Nile tilapia, zebrafish, three-spined stickleback, medaka, Japanese pufferfish, green-spotted pufferfish, Southern platyfish, and Siam fighting fish, while green anole, Indian cobra, and chicken were used as the outgroup by simulation of the Ensembl database and Genomicus and linkage homology portals [27,52,53]. Genes are represented by small black dots, leading to diagonal lines inside chromosomes, with the order being similar to the reference, and line breaks representing rearrangements. They were overlaid with the color of the chromosome of the reference genome where the homologous gene was located, thus pointing to large-scale homologous chromosome segments.





3. Results


3.1. Chromosomal Localization of Sex-Specific/Linked Loci in Jade Perch


Contig and scaffold N50 values of this chromosome-level genome assembly were 4.5 Mb and 28.6 Mb, respectively, in Geneious prime version 2023.1. A map of twenty-four chromosomes was then constructed with a total length of 642.9 Mb. We sequenced 28,033 loci and compared a number of loci by filtering with a gradually changing set of criteria for sex-specific/linked loci. In silico chromosome mapping of all male-specific/linked loci for chromosome-level assembly (accession: GCA _023238725.1) revealed that male-specific loci (locus id:100021722) were localized to chromosome 6 (position: 28000000–29333791) of jade perch (SBA6), whereas 8 (locus id:100026100, 100026101, 100011760, 100017263, 100033965, 100033966, 100026920, and 100026527) of 13 male-linked loci were mapped onto SBA19 (position: 64700–11252534), and the remaining five loci onto SBA8, SBA12, SBA14, SBA16, and SBA23 (Figure 1 and Table 1). The locus ID was identified based on our previous study [9]. Hereafter, we designated male-linked regions, which were identified on SBA6 within 1.3 Mb (28000000–29333791 bp) as “male-linked region1: MLR1” and SBA19 within 11.18 Mb (locus 64700–11252534 bp, accession: GCA_023238725.1) as “MLR2” as a consequence of high frequency of In silico chromosome mapping by male-specific/linked loci.




3.2. Homology of Putative Male-Specific/Linked Loci and Gene Mapping to Reference Genome


A total of 14 male-specific/linked loci of the jade perch shared sequence homology with the genomes of European seabass, Asian seabass, Chinese seabass, American black bass, Nile tilapia, zebrafish, three-spined stickleback, medaka, Japanese puferfsh, green-spotted pufferfish, Southern platyfish, and Siam fighting fish, as well as green anole, Indian cobra, and chicken (Table 2). Based on global BLAST analyses using the NCBI database, one male-specific locus on SBA6 and eight male-linked loci on SBA19 were homologous with putative functional genes (Table 2). Four male-specific/linked loci of jade perch (SBA19) showed partial homology with sdk2b (sidekick cell adhesion molecule 2b), which is related to cell-cell communication, cell junction organization, and SDK interactions, nrg2b (pro-neuregulin-2, membrane-bound isoform X3), which enables signaling receptor binding activity, animal organ development, and intracellular signal transduction, mybpc2b (myosin binding protein Cb), associated with muscle tissue development, including adaxial cell musculature system), and kazna (Kazrin-A), which is related to the formation of the cornified envelope. No loci were included in the sex developmental pathway. Moreover, In silico chromosome mapping of sixty-six functional genes related to sex determination and sex development in teleosts was mapped onto jade perch chromosomes. However, only amh (anti-Mullerian hormone receptor) was successfully localized to both SBA6 (outside MLR1) and SBA19 (inside MLR2) (Figure 1).




3.3. Functional Classification and Enrichment Analysis of Male-Linked Region


Gene ontology (GO) enrichment analyses were performed using MLRs derived from SBA6 and SBA19 to classify putative functions in the comparisons. The GO-enriched categories of MLR1 on SBA6 in sex-specific regions of biological processes (BPs) were mainly involved in anterograde synaptic vesicle transport, synaptic vesicle cytoskeletal transport, and vesicle cargo loading. Molecular functions (MFs) were mostly related with cyclin binding, CAMP response element binding protein binding, and RNA polymerase II CTD heptapeptide repeat kinase activity. Cellular components (CCs) were largely connected with AP-3 adaptor complex, axon cytoplasm, and endoplasmic reticulum exit site. The GO-enriched categories of MLR2 on SBA19 in BPs revealed involvement mostly in primary sex determination, negative regulation of female gonad development, response to gonadotropin-releasing hormone and positive regulation of male gonad development. MFs were mainly related with retinoic acid-responsive element binding, and ligand-activated transcription factor activity. CCs were primarily involved in the plasma membrane, intercalated disc and RNA polymerase II transcription regulator complex (Figure 2).




3.4. Annotation of Repetitive Elements in the Specific Region


MLRs were then screened for TE abundance, and masked areas were recorded using the extensive de novo TE Annotator (EDTA) and RepeatMasker (RM; version 1.332). Most repeats were identified as 42.86% DNA transposons (helitrons, hAT, and terminal inverted repeats (TIR)), 19.04% long terminal repeat (LTR), 19.04% target site duplication (TSD), 9.52% LTR retrotransposons (Ty3/Gypsy and Ty1/Copia), and 9.52% unclassified repeat region. Ty3/Gypsy accounted for 22.22% of the MLR1. Moreover, most repeats were identified as 45.90% DNA transposons (helitrons, hAT, and terminal inverted repeats (TIR)), 18.03% long terminal repeat (LTR), 18.03% target site duplication (TSD), 9.02% LTR retrotransposons (Ty3/Gypsy and Ty1/Copia), and 9.02% unclassified repeat region. Ty3/Gypsy accounted for 52.38% of the MLR2 (Table 3). To investigate unclassified repetitive elements extensively, all unclassified sequences were characterized using D-GENIES. Two novel repetitive element types were identified from MLR1 and 11 novel repetitive element types from the MLR2 were identified. The two novel types from MLR1 were specifically located on SBA6, whereas the 11 novel repetitive element types from MLR2 were predominantly located on SBA19 and a few copy numbers on SBA1, SBA3, SBA14, and SBA24 (Figure S1a,b). A dot matrix analysis showed that only one (CM041549.1:1993427–1996037) of the 13 novel repetitive element types was tentatively composed of tandem repetitive sequences (Figure S2). Moreover, another novel repetitive element type (CM041549.1:7466839–7478173) with low copy numbers was found in the genomes of medaka (Figure S3).




3.5. Validation of Male-Linked Region with DNA Markers


The amh gene in the male-linked region of jade perch was validated using a PCR-based method. However, the same DNA band pattern was observed in both male and female jade perch (Figure S4).




3.6. Microsatellite Distribution in Jade Perch Genome


The total length of the jade perch genome contained 812,134 microsatellite loci, consisting of 384,683 (24%), 1,163,799 (74%) and 30,269 (2%) perfect, imperfect and compound microsatellite loci, respectively (Table S2, Figure S5). The RA of perfect microsatellites was 584.88 loci/Mb, and the RD was 12,802.75 bp/Mb, while the RA of imperfect and compound microsatellites were 1769.48 loci/Mb and 46.02 loci/Mb, respectively. The RD of imperfect and compound microsatellites were 57,999.96 bp/Mb and 3160.19 bp/Mb, respectively (Table S2). The most frequent motif of perfect and imperfect microsatellites was (AC)n, whereas the most frequent motif of compound microsatellites was (CA)n–(CA)n. The average length of perfect microsatellite loci (total perfect microsatellite length/total perfect microsatellite counts) was approximately 21.89 bp, that of imperfect microsatellite loci (total imperfect microsatellite length/total imperfect microsatellite counts) was approximately 32.78 bp, and that of compound microsatellite loci (total compound microsatellite length/total compound microsatellite counts) was approximately 68.67 bp (Table S3). The highest proportion of microsatellite repeat motif distribution was observed in SBA19 with perfect, imperfect, and compound microsatellites (19,226 loci, 426,694 bp; 53,724 loci, 1,817,765 bp; and 1,709 loci, 127,655 bp, respectively), and the lowest proportion was observed in SBA11 with perfect, imperfect, and compound microsatellites (9349.00, 196,225, 28,125, 881,647, and 619 loci, 40,968 bp, respectively) (Figure 3 and Table S3).




3.7. Linkage Homology of Jade Perch and Other Vertebrates


Male-linked regions of the jade perch were compared with whole-genome sequences of other vertebrates to identify linkage homology among species. MLR1 on SBA6 was homologous to three-spined stickleback chromosome 20, European seabass chromosome 7, Asian seabass chromosome 15, scaffold (NW_024040152.1) of American black bass, Nile tilapia chromosome 11, zebrafish chromosome 16, medaka chromosome 16, Japanese puferfish chromosome 7, green-spotted pufferfish chromosome 8, Southern platyfish chromosome 3, Siam fighting fish chromosome 16, scaffold (GL343480.1) of green anole, Indian cobra microchromosomes, and chicken chromosome 23. Moreover, the MLR2 on SBA19 was homologous to three-spined stickleback chromosome 5, European seabass chromosome 12, Asian seabass chromosome 23, Chinese seabass chromosome 8, Nile tilapia chromosome 8, zebrafish chromosome 24, medaka chromosome 19, Japanese puferfish chromosome 1, green-spotted pufferfish chromosome 2, Southern platyfish chromosome 10, Siam fighting fish chromosome 19, green anole chromosome 6, Indian cobra chromosome Z, and chicken chromosome 31.





4. Discussion


The number of genome sequencing projects in teleosts has increased in recent years, with the understanding of sex determination impacting many teleosts [54,55,56,57], and being key to better comprehend the mechanisms that shape the diversity of their sex chromosomes and sex determination. Our recent studies have revealed that the jade perch has an XX/XY SDS [9]. Here, we combined male-specific/linked loci information and genome database analysis to identify sex chromosomes and a putative SDR in jade perch. Moreover, we predicted a potential male-specific amh gene in the male-linked regions of jade perch.



4.1. Sign of Sex Chromosome in Jade Perch


A male-specific locus derived from our previous genome-wide SNP analysis [9] was determined in SBA6 and the sequence data within 1.3 Mb (position: 28000000–29333791 bp) as male-linked region 1 (MLR1). Moreover, eight male-linked loci were located on SBA19 within 11.18 Mb (position: 64700–11252534 bp), which were assigned to MLR2. Further identification at the physical and molecular levels of sex chromosomes might be characterized by the occurrence of repetitive sequences, linkage homology of sex chromosomes in other species, different base mutations such as substitution or indels between a homologous pair in different sexes, and identification of potential sex determining genes [16,20]. Repetitive elements can drive chromosomal rearrangements that further induce sex chromosome differentiation and heterochromatin propagation [58,59,60,61,62,63]. Most microsatellite repeat motifs are also distributed in SBA19. Our analysis revealed a high density of microsatellites on SBA19 near MLR2. Similar distribution of microsatellite repeats, identified by molecular cytogenetics, genome informatics, and chromosomics on sex chromosomes, has been reported in many vertebrates, suggesting the possible role of microsatellite repeats in sex chromosome differentiation and evolution [20,59,61,64,65,66]. A high microsatellite distribution was identified around the SDR and its neighboring regions, which might expand the segment of differentiation on the sex chromosomes [51,67]. Eleven novel repetitive element types were observed in MLR2, of which one type was randomly distributed in other chromosomes with low copy numbers. In the female Siamese cobra (Naja kaouthia [68]), PBI-DdeI satellite DNA is distributed in many snake lineages, with high amplification found in the W chromosome of females [62]. Similar findings have been observed for the SDR of medaka and Siamese fighting fish [20,69]. Apart from site-specific repetitive elements, a certain portion of MLR2 also contained an abundance of TEs, compared with the entire SBA19. Especially, multiple copy number of Ty3/Gypsy were also detected, while the Ty3/Gypsy copies are frequently distributed on sex chromosomes in snakeskin gourami (Trichopodus pectoralis, [23], North African catfish (Clarias gariepinus, [70]), bighead catfish (Clarias macrocephalus, [71]) [18,19,72,73,74,75]. By contrast, there was no evidence of a large repetitive element distribution on MLR1. It should be considered that frequent amplification of the repeats has a structural role in heterochromatinization and promotes further sex chromosome differentiation [58,62,76,77]. These results collectively suggest an association of the sex chromosome phenomenon with SBA19. By contrast, the male-specific locus in MLR1 on SBA6 might be an accidental occurrence in the sample population study [9].



MLR2 is partially homologous to the Indian cobra W sex chromosome, which is highly conserved in the snake lineage [64,65,69,70,71,72,73,74,75,76,77,78,79,80,81,82]. This result was similar to the comparative linkage homology of sex-specific/linked loci or the segments of several teleosts, such as bighead catfish, snakeskin gourami, Siamese fighting fish, and other amniotes [19,20,74]. This suggests an expansion of the super sex chromosome from ancestral amniotes to teleosts [20,61,64,65,81,83]. Convergent evolution is assumed to be the driving force causing the divergence of sex chromosomes among phylogenetically distant or closely related taxa [20,61,64,65,81,83,84]. SBA19 may be enriched with genes contributing to the sex determination cascade or genes with sexually antagonistic effects. The involvement of the genomic region with primary sex determination in biological processes was revealed by the GO-enriched categories of MLR2 on SBA19. One interesting issue is that remnants of amh gene were observed in MLR2 on SBA19, but not in MLR1 on SBA6. Thus, whether this gene relates to the SDR of the jade perch remains unclear.




4.2. The Existence of Amh Gene on SBA19 Might Associate the Sex Determining Region of Jade Perch


One functional gene, amh gene, which is related to SDS in teleosts, was tentatively predicted in two locations of the jade perch genome: outside the MLR1 on SBA6 and in the MLR2 of SBA19 by informatic analysis. The anti-Müllerian hormone, which is a product of the amh gene, is responsible for inhibiting the development of the Müllerian ducts in the female reproductive tract during embryogenesis, thus promoting male development in amniotes [85,86,87]. However, amh plays an important role in the proliferation and differentiation of germ cells during male gonadal development in teleosts [87]. Interestingly, duplications of amh genes have been identified in many teleosts, such as Patagonian pejerrey (Odontesthes hatcheri [88]), blackspotted (Gasterosteus wheatlandi [89]), Japan Sea (Gasterosteus nipponicus [90]), three-spined stickleback, and brook stickleback (Culaea inconstans [91]), all of which exhibit the XX/XY system [92,93]. The amh gene might be a male-specific paralog and has been validated as a male sex-determining gene in Nile tilapia, Cobaltcap silverside (Hypoatherina tsurugae [94]), northern pike [95], and rockfish [96,97,98,99,100]. One paralog was identified on the autosome, known as amha, which may play a role in oocyte maturation, whereas another paralog was located on the Y sex chromosome, known as amhy, which has gene expression levels related to suppressing ovary development and stimulating testis differentiation in males [93]. Both amhy and amha share high homology in nucleotide and amino acid sequences, and they contain seven exons in teleosts [92,98]. It is likely that we identified a remnant of the exon in the putative structure of amh gene in both MLR1 and MLR2. In Argentinian silverside (Odontesthes bonariensis [101]), Patagonian pejerrey (O. hatcheri [88]) amhy, a specific insertion of approximately 100–600 bp was observed within the third or fourth introns, which are the most evident structural differences between the two paralogs [92,98]. However, we were unable to directly confirm the structural difference of amh in the jade perch with the available sequencing data (GCA_023238725.1_ ASM2323872v1). All three approaches rely on reliable sequencing data, and reads of repetitive regions cannot be aligned. Therefore, it is not possible to infer whether these structures were important in the recruitment of amh duplicates for sex determination in jade perch, or the possibility of pseudogenes [27,102]. The most likely explanation is that we observed a remnant of amh gene in MLR2, which collectively suggests that the putative sex chromosome of jade perch may be chromosome 19. However, no reports have confirmed the causative roles of this gene and its polymorphisms in sex determination in jade perch. The 11.18 Mb MLR2 would be an important target for future functional investigations.



Consideration of linkage homology in the MLR2 on SBA19, which surrounds the remnant of amh gene, suggests that MLR2 might be the male-determining region of jade perch. The highest linkage disequilibrium in SBA19 may reflect recombination suppression between the X and Y chromosomes in MLR2, and elevated sequence divergence between male and female individuals. Sex chromosomes represent a pair of originally homologous chromosomes that diverged by restricting recombination during evolution because of the origin of a sex-determining locus on one member of the pair [83]. MLR2 was evolutionarily conserved with regions in European seabass chromosome 12, Chinese seabass chromosome 8, and three-spined stickleback chromosome 5, which are the bass lineage; however, duplicated amh genes were not identified in these bass species [92,93,98]. By contrast, the duplicated amh gene might be identified in the jade perch genome, whereas the duplicated amh gene was detected in medaka, which is not in close evolutionary lineage with the jade perch [27]. This suggests that duplication of amh gene probably occurred after divergence between the jade perch and bass lineages [100,103]. Multiple putative TEs were detected around the remnant of amh gene in the MLR2 on SBA19, rather than twice the average number detected across the entire SBA19. Similarly, Y-linked sex-determining gene of yellow catfish was found to have Y-specific accumulation of TEs in a recent study, indicating their potential role in sex determining region [104,105]. Meanwhile, TEs may be involved in sex determination and act as regulatory elements by transcriptional rewiring of the SD regulatory network during the evolution of novel master SD genes [106]. These results raise the hypothesis of amh duplication and insertion of the two paralogs in the jade perch genome. TEs around the paralog of amh on SBA19 or SBA6 may trigger duplication and insertion. The process of gene duplication insertion has been reported for a sex-determination gene with amh gene in many teleosts, such as medaka, Patagonian pejerrey, northern pike, yellow perch, and threespine stickleback [92,99,106,107,108,109]. This level of convergence implies that duplication is an important process in the recruitment of amh gene as the master sex determination gene on the Y sex chromosome, but not on the X sex chromosome [100]. DNA markers were developed to confirm the presence and distinguish the amh gene in MLR1 and MLR2 between male and female specimens. However, no difference was observed in the DNA band pattern between males and females. It is hypothesized that there might be allelic differences, such as base substitutions, in the sex-determining gene such as amh gene on the Y chromosome, as observed in Korean rockfish (Sebastes schlegelii, [96]) and Japanese flounder (Paralichthys olivaceus [109]) [92,96,100,110]. Both homologous chromosomes (the X and Y sex chromosomes) need, therefore, to be sequenced fully along the length of the amh gene. Positional cloning and copy number analysis of amh gene on X and Y sex chromosomes (SBA19) are required for further elucidation. Construction of a high-quality genome assembly based on both short- and long-read sequencing data from male and female jade perch and molecular cloning are needed to resolve the structure of the amh gene on SBA19 and SBA6 and to identify their functional roles. Therefore, knock-in and knockout transgenic experiments are necessary to fully uncover these mechanisms.





5. Conclusions


Based on male-linked SNP loci derived from jade perch in our previous study [9], the jade perch exhibited XX/XY SDS. In this study, we mapped these loci to the recently published reference genome of jade perch. We identified the jade perch chromosome 19 as a putative sex chromosome. Repetitive element identification, GO enrichment analyses, and segmental linkage homology of sex chromosomes in vertebrates also support the potential of SBA19 as a sex chromosome. The remnant of the duplicated amh gene was determined in the jade perch genome, in which one copy of the remnant amh was located in the male-linked region of SBA19. This is similar to many teleosts with the XX/XY system, including duplicated amh, and the Y sex chromosome also contains amh.



Positional cloning and high-quality next-generation genome sequencing are required to unravel the complex genetic sex determination system of this species. Preliminary genomic prediction results indicate that the ability to manage genetic improvement in jade perch increases the economic potential of this species.
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Figure 1. In silico chromosome mapping showing the distribution of male-specific/linked loci and Anti-Müllerian hormone (amh) in jade perch (Scortum barcoo [1]). 
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Figure 2. Gene ontology (GO) functional classification of male-linked region, instead of Anti-Müllerian hormone (amh), of jade perch (Scortum barcoo [1]) using Blast2GO. Histograms of the frequency of transcripts annotated to specific GO categories; biological process, molecular functions, and cellular components are represented by blue, green, and pink bars, respectively. 
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Figure 3. Microsatellite abundance and density in 24 chromosomes of jade perch (Scortum barcoo [1]). 
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Table 1. In silico chromosome mapping of all male-specific/linked loci in chromosome-level assembly genome of jade perch (Scortum barcoo (SBA) [1]) (accession: GCA_023238725.1).
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	Locus ID
	SBA6
	SBA8
	SBA12
	SBA14
	SBA16
	SBA19
	SBA23
	% Identity
	% Query Cover





	100011760
	
	
	
	
	
	397248–397316
	
	98.4
	98.1



	100017263
	
	
	
	
	
	554368–554436
	
	98.1
	98.4



	100018397
	
	25088227–25088295
	
	
	
	
	
	92.0
	92.0



	100021722
	28916249–28916318
	
	
	
	
	
	
	64.3
	64.3



	100024764
	
	
	
	
	2710511–2710579
	
	
	98.6
	98.6



	100026092
	
	18269334–18269402
	
	
	
	
	
	92.0
	92.0



	100026100
	
	
	
	15105253–15105322
	
	64730–64799
	
	95.7 (SBA14)/

98.1 (SBA19)
	97.1 (SBA14)/

98.4 (SBA19)



	100026101
	
	
	
	15105253–15105322
	
	64730–64799
	
	95.7 (SBA14)/

98.1 (SBA19)
	97.1 (SBA14)/

98.4 (SBA19)



	100026527
	
	426602–426670
	
	
	
	426602–426670
	
	98.1
	98.4



	100026834
	
	
	
	
	
	
	30995241–30995309
	100.0
	100



	100026920
	
	
	
	
	
	10882240–10882308
	
	98.1
	98.4



	100027734
	
	
	21559150–21559218
	
	
	
	
	98.6
	98.6



	100033965
	
	
	
	
	
	509282–509350
	
	98.1
	98.4



	100033966
	
	
	
	
	
	509282–509350
	
	98.1
	98.4










 





Table 2. Chromosomal 