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The white-spotted bamboo shark (Chiloscyllium plagiosum) is an ecologically and commercially important marine cartilaginous fish in the Indo-Western Pacific. However, the resources of this species are declining in recent years due to habitat degradation and overfishing. Studies on genomics and genetic markers can provide valuable information for sound management and conservation of C. plagiosum. In this study, genome resequencing data of a domesticated C. plagiosum individual were generated for genomic comparison between wild and domesticated samples. Based on 281.17 Gb of clean sequencing data, the genome size of the domesticated sample was estimated as 4.99 Gb, with heterozygosity of 0.51% and repeat ratio of 74.67%, which is about 1 Gb larger than that of the wild sample (3.85 Gb with a repeat ratio of 63.53%). By using a reference-based approach, we assembled a nearly 3.45 Gb genome sequence of the domesticated sample, with the scaffold N50 of 69.45 Mb. Subsequent identification of genome-wide microsatellite markers confirmed the different abundance of repeat elements in wild and domesticated C. plagiosum. Additionally, a total of 8,703,211 single-nucleotide polymorphisms (SNPs) were detected and annotated. The demographic analysis based on identified SNPs revealed a large and constant effective population size of C. plagiosum after the last population expansion (~0.3 million years ago). The genomic data and identified genetic markers in this study can provide fundamental and useful information for further comparative genomics, evolutionary biology, and conservation genetics of C. plagiosum.
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Introduction

The white-spotted bamboo shark, Chiloscyllium plagiosum (Orectolobiformes, Hemiscylliidae), is a benthic species that is widely distributed in the Indo-West Pacific (Compagno, 1984) (Figure 1). This species is an oviparous cartilaginous fish with small body sizes (nearly 1 m in length) (Wang et al., 2019). Given the unique skin pattern, abundant nutrition, special immunoglobulins, and key position in marine food webs, the white-spotted bamboo shark is of great economic and ecological value (Baum et al., 2003; Masstor et al., 2014; Zielonka et al., 2014), which make this species as one of the main targets in the fishery and aquarium industries in China. However, due to low fecundity and the combined effects of overfishing and environmental pressures, the white-spotted bamboo shark has been listed as a near-threatened species (IUCN, 2021) in recent years with the continuously declined population resources. Therefore, it is necessary to investigate genome information and the population genetics pattern of this species, which could provide crucial references for effective management and conservation. Previous studies of the white-spotted bamboo shark were mainly focused on physiology, biology, and biomedicine (Lowry and Motta, 2007; Maia and Wilga, 2013; Alexander et al., 2016; Straube et al., 2016), while genetic analyses of this species are relatively limited (Ding et al., 2009). Till now, a handful of molecular markers were reported, mainly focusing on mitogenomes (Fu et al., 2010) and microsatellite loci (Ding et al., 2009). Limited molecular markers may affect population genetics studies of this species, as well as biodiversity and conservation from a microevolution perspective.




Figure 1 | Photograph of Chiloscyllium plagiosum (photo by Yuan Li).



The development of next-generation sequencing (NGS) provides a rapid and cost-effective way to uncover genomic information about non-model organisms (Kumar and Kocour, 2017). Based on high-depth genome sequencing data, genome survey analysis is generally implemented to obtain fundamental genomic information (i.e., genome size, GC content, heterozygosity ratio, and repeat ratio), as well as to develop large numbers of molecular markers including mitochondrial genomes, single-nucleotide polymorphisms (SNPs) and microsatellites . For instance, Xu et al. (2020b) performed genome survey analyses of the brown-spotted flathead (Platycephalus sp.1) to estimate the fundamental genomic information of both male and female individuals, suggesting possible male heterogamety. Furthermore, the mitochondrial genome sequence and genome-wide microsatellites were also identified using genome sequencing data, providing valuable genetic markers for this species. Moreover, Yu et al. (2015) discovered 25,140 SNPs of the Pacific white shrimp (Litopenaeus vannamei) for linkage map construction using genome survey sequencing data; these SNP data could be useful in further comparative genomics studies. By using genome survey sequencing data, one can identify and develop thousands of genome-wide molecular markers efficiently and cost-effectively.

 
Recently, the chromosome-scale genome assembly of the white-spotted bamboo shark was reported (Zhang et al., 2020). This assembled genome sequence, which was obtained from a wild natural individual, was 3.85 Gb in length with a scaffold N50 of 57.92 Mb. Furthermore, a total of 19,595 protein-coding genes were predicted, and 63.53% of the assembly was annotated as repeat contents (Zhang et al., 2020). This genomic and annotation information can be used as references for comparative genomics and evolution studies of the white-spotted bamboo shark. In the present study, an artificially domesticated white-spotted bamboo shark individual was sampled, and subsequent whole-genome sequencing and genome survey analyses were implemented. Genomic comparison of wild and domesticated individuals was performed, which can provide supplemental genomic information for the white-spotted bamboo shark. Moreover, by using the reported chromosome-scale genome assembly and annotation information as references, genome-wide molecular markers including SNPs and microsatellites were also identified based on these genome sequencing data. These genomic data and identified molecular markers in this study should provide valuable information for further population genetics and evolution studies of the white-spotted bamboo shark.



Materials and Methods


Sample Collection, DNA Extraction, and Illumina Sequencing

The female individual used in this study was collected from Haichang Ocean Park, Yantai, China, in October 2020. The sample was naturally dead when collected, and a piece of muscle tissue was sampled and stored in 95% ethanol at −80°C. Total genomic DNA was extracted using a standard phenol-chloroform method.

A 350-bp paired-end genome survey sequencing library was constructed and sequenced using the Illumina NovaSeq6000 platform (Illumina, Inc., San Diego, CA, USA). The library construction and sequencing were performed at Novogene Co., Ltd. (Beijing, China). The Illumina sequencing data were deposited in the Sequence Read Archive (SRA) database under accession number PRJNA823509.



Genome Survey Analyses

After low-quality data were removed, retained clean data were used for k-mer analyses. The formula (Xu et al., 2020a) Genome size = k-mer_num/peak_depth was used to estimate genome size, heterozygosity, and repeat ratio, where k-mer_num is the total number of predicted best k-mer and peak_depth is the expected value of the k-mer depth. K-mer analyses were performed using software GCE v1.0.0 (Liu et al., 2013). The clean reads were assembled into contigs with a k-mer of 41 by applying the de Bruijn graph structure, which was completed in SOAPdenovo v2.01 (Luo et al., 2012). Then, the contig was assembled into a scaffold using the paired-end information. The preliminary assembly was further scaffolded with RagTag v1.1.0 software (Alonge et al., 2021) using the chromosome-scale assembly in Zhang et al. (2020) as a reference. The assembly completeness was evaluated using Benchmarking Universal Single-Copy Orthologs (BUSCO) v3.0.1 (Simão et al., 2015) against the actinopterygii_odb10 database.

Software MicroSatellite (MISA, http://pgrc.ipk-gatersleben.de/misa/) was used to identify genome-wide microsatellite motifs based on the assembled genome sequences. The search parameters were set for the detection of mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide microsatellite motifs with a minimum of 10, 6, 5, 5, 5, and 5 repeats, respectively.



Single-Nucleotide Polymorphism Detection, Annotation, and Demographic Analysis

The reported genome of C. plagiosum (accession no. GCF_004010195.1) (Zhang et al., 2020) was downloaded from the GenBank database as a reference sequence for genome-wide SNP calling. The clean reads of our genome survey sequencing data were mapped to the genome assembly using BWA software (Li and Durbin, 2009) with default parameters. After the alignment, SNP calling was performed using SAMtools v1.3.1 (Li et al., 2009). SNP filtering was produced using VCFtools (Danecek et al., 2011) with the following parameters: i) the SNP was called in 100% of individuals, ii) the minor allele frequency (MAF) was greater than 10%, iii) only two alleles were present, iv) sites that contained an indel were excluded, v) sites that failed the Hardy–Weinberg equilibrium (HWE) test at p < 0.05 were excluded, vi) only sites with quality value >30 were included, and vii) loci with sequencing depth <50 were eliminated. Only SNPs satisfying the above criteria were kept in the final SNP dataset. Subsequently, the final SNP variants were annotated using SnpEff v4.3t software (Cingolani et al., 2012).

To reconstruct the population history of the white-spotted bamboo shark, demographic analysis was performed based on the generated SNP matrix, using a pairwise sequentially Markovian coalescent (PSMC) model in the PSMC package (Li and Durbin, 2011). The reconstructed population history was plotted using “psmc_plot.pl” script using the substitution rate “-u 1.1e-9” and a generation time of 7 years. The generation time was calculated as g = a + [s/(1 − s)] (Yuan et al., 2018), where s is the expected adult survival rate, which is assumed as 80%, and a is the sexual maturation age, which is 3 years for the white-spotted bamboo shark (Chen et al., 2011). Therefore, the generation time was determined as 7 in the PSMC analysis. The substitution rate of the white-spotted bamboo shark was estimated as 1.6e−10 substitution/site/year (Martin, 1999). However, the unit of substitution rate in PSMC analysis is substitution/site/generation (Li and Durbin, 2011); thus, “-u 1.1e-9” was used in the PSMC analysis. A total of 100 bootstraps were performed in the PSMC analysis to determine the variance in the estimated effective population size (Ne).




Results


Information Estimation

A total of 282.94 Gb raw data were obtained, representing the sequencing depth of more than 50× (Table 1). The Q20 and Q30 values of raw data were evaluated as 95.65% and 90.73%, respectively, showing high sequencing quality. After the low-quality data were filtered, about 281.17 Gb of clean data were retained with an effective rate of 99.56%. The clean data were used for k-mer analysis, which showed that the genome size of our sample was estimated as 4.99 Gb, with heterozygosity and repeat ratio of 0.51% and 74.67%, respectively (Table 2).


Table 1 | Statistics of genome sequencing data in this study.




Table 2 | Estimation of Chiloscyllium plagiosum genome based on 17-mer statistics.





Microsatellite Identification and Characterization

The genome sequence of our C. plagiosum sample was preliminarily assembled at the contig and scaffold levels (Table 3). The total length of this genome sequence was nearly 3.3 Gb, with the contig N50 of 3,129 bp and the scaffold N50 of 5,412 bp. This assembly was further updated with in silico RagTag software using the reported chromosome-scale genome assembly in Zhang et al. (2020) as a reference, and the final assembly was 3,450,307,416 bp in length with a scaffold N50 of 69.45 Mb and high genomic completeness (Table 3). Based on these two assemblies, a total of 736,562 and 736,565 microsatellites were identified in the preliminary and updated assemblies, respectively (Figure 2A, Table S1). Thus, the microsatellite distribution frequency in our C. plagiosum genome assembly was about 223.13 microsatellites per Mb.


Table 3 | Genome assembly statistics in our study.






Figure 2 | Distribution and frequency of microsatellite loci in Chiloscyllium plagiosum.(A) Frequency of different microsatellite repeat types in three genome assemblies. (B–D) Frequency of dinucleotide, trinucleotide, and tetranucleotide microsatellite motifs in our assembly.



For microsatellite motif types, comparative analyses showed that higher numbers of mono- and di-nucleotide motifs in our assemblies were identified, while the number of pentanucleotide motifs was higher in the chromosome-scale assembly (Figure 2A). In our assemblies, the results showed that dinucleotide motifs were the most frequent (63.76%, 469,630), followed by mononucleotide (32.15%, 236,807) and trinucleotide (1.96%, 14,451) motifs, while the proportions of tetranucleotide (0.97%, 7,161), pentanucleotide (0.94%, 6,899), and hexanucleotide (0.22%, 1,614) repeat were quite low (Figure 2A). Furthermore, the top 5 abundant motifs were AC/GT (31.10%), AG/CT (30.80%), A/T (18.08%), C/G (14.07%), and AT/AT (1.75%), while the total proportion of the remaining 283 motifs was less than 1%. In terms of each motif type, the most abundant motif was AC/GT, AGG/CCT, and ACAG/CTGT in di-, tri-, and tetra-nucleotide motif types, respectively (Figures 2B–D).



Single-Nucleotide Polymorphism Identification, Annotation, and Demographic Analysis

In our study, the initial SNP calling generated a total of 22,535,935 genome-wide SNPs, among which 8,703,211 high-confidence SNPs were finally retained after SNP filtering. These SNPs covered 3,517 Mb of the total assembly length; thus, the SNP density was one SNP per 404 bp. Among these identified SNPs, most were transitions, accounting for 63.74%, while transversions accounted for 36.26%, leading to the transition/transversion ratio of 1.76. The results of SNP annotation (Table 4) revealed that a total of 13,758,432 (39.46%) SNPs mapped to transcripts, 13,586,846 (38.97%) SNPs were present in intron regions, 4,777,409 (13.70%) SNPs were in intergenic regions, and 133,720 (0.38%) SNPs were located in exon regions. For functional effect, 42,164 SNPs were annotated as missense mutations, 306 were nonsense, and 71,715 were silent mutations. For impact effect, most of the identified SNPs were categorized as modifiers (34,731,306, 99.62%), while 130,858 SNPs had “high to moderate impacts” on the coding sequences.


Table 4 | SNP annotation information in our study.



Based on these identified SNPs, our PSMC plotting revealed three times of population expansion (ca. 100, 5, and 0.3 million years ago) and two times of population reduction (ca. 40 and 1 million years ago) of the white-spotted bamboo shark (Figure 3). After the last population expansion, the Ne was relatively constant (~1,430,000 individuals), showing a large effective population size of this species.




Figure 3 | Demographic history of Chiloscyllium plagiosum in this study. Thick lines represent the median, and thin light lines correspond to 100 rounds of bootstrapping.






Discussion

In the present study, the genomic resequencing data of an artificially domesticated white-spotted bamboo shark individual were sequenced, and genomic comparison of wild and domesticated individuals was performed. Furthermore, genome-wide molecular markers including SNPs and microsatellites were also identified. These genomic data and molecular markers should be useful for further conservation genetics and evolutionary studies of the white-spotted bamboo shark.


Genomic Information Comparison

The k-mer analysis showed that the genome size of our sample was estimated as 4.99 Gb, with heterozygosity and repeat ratio of 0.51% and 74.67%, respectively (Table 2). Comparatively, the previously reported genome of C. plagiosum was 3.85 Gb in length with a repeat ratio of 63.53% (Zhang et al., 2020). Our results showed that the domesticated sample had a larger genome size and repeat ratio, and when the repeat sequences were excluded, the revised genome sizes were comparable (domesticated, ~1.26 Gb; wild, ~1.40 Gb). We hypothesized that the difference in genome size and repeat ratio of this species should be due to different (i.e., natural vs. artificial) habitat environments of samples. Similar genomic patterns were also revealed in the silver sillago (Sillago sihama) (Li et al., 2019b; Lin et al., 2020), in which the genome size of the natural sample was 521.63 Mb with a repeat ratio of 13.78%, while the domesticated one had a genome size of about 680 Mb and a repeat ratio of 29.60%. Chalopin et al. (2015) discovered a positive correlation between repeat elements and genome size in 26 vertebrate species, suggesting that repeat sequences largely contribute to the genome size of vertebrates. Furthermore, a positive logarithmic correlation between repeat ratio and genome size in 60 jawed fish species was also revealed in our recent study (unpublished data). This might be also a plausible explanation for the larger genome sizes of chondrichthians and sarcopterygians than those of actinopterygian fish species. Till now, genomic resources of chondrichthians are still limited (Marra et al., 2019), due to large genome size (Venkatesh et al., 2007). Compared to other reported chondrichthian genomes (Pearce et al., 2021), the genome size of the white-spotted bamboo shark was at a medium level, yet the repeat ratio was the highest, even using the genomic information in Zhang et al. (2020). Repetitive sequences can precisely regulate gene expression and are considered one of the main factors controlling structural gene recombination and regulation. Moreover, they are also an important part of the non-coding region of the genome (Li et al., 2019a). As a result, further studies are needed to analyze the functional attributes of repeat sequences, which decipher the evolutionary mechanism of higher repeat ratio in C. plagiosum genome.



Microsatellite Distribution in Chiloscyllium plagiosum Genome

In our study, a total of 736,562 and 736,565 microsatellites were identified in the preliminary and updated assemblies, and the microsatellite distribution frequency in our C. plagiosum genome assembly was about 223.13 microsatellites per Mb. To our knowledge, there is no other study investigating the genome-wide microsatellite distribution of chondrichthians. As a result, we investigated an interspecific comparison of microsatellite distribution frequency between the white-spotted bamboo shark and actinopterygian fish species. Compared to actinopterygian fish species such as the marbled rockfish Sebastiscus marmoratus (314.6/Mb) (Xu et al., 2020a), silver sillago (S. sihama) (257.5/Mb) (Li et al., 2019b), and spotted scat Scatophagus argus (512.1/Mb) (Huang et al., 2019), the microsatellite distribution frequency of C. plagiosum was relatively low. It is generally believed that genomes with a high proportion of repeat sequences contain more microsatellites. However, despite the high repeat ratio, comparatively low levels of microsatellite distribution frequency were detected in our assemblies. The results of repeat sequences annotation in Zhang et al. (2020) showed that most of the repeat elements (91.70%) were transposable elements (TEs) in the C. plagiosum genome, while the proportion of tandem repeat was quite low. This might be a reasonable explanation for the low microsatellite distribution frequency in our study. Furthermore, we also analyzed the microsatellite distribution of the chromosome-scale assembly in Zhang et al. (2020), and a total of 480,452 microsatellites were identified (Figure 2A), representing the frequency of 124.73/Mb. Such a lower frequency of microsatellite distribution confirmed our above inference, which also mirrored the difference in repeat ratio between our assembly and the chromosome-scale assembly in Zhang et al. (2020). In addition, the results of microsatellite motif types showed that dinucleotide and mononucleotide motifs were the dominant types. In general, our results were consistent with the expectation that short motif types (i.e., mono- and di-nucleotide) were generally dominant in fish genomes (e.g., marbled rockfish S. marmoratus (Xu et al., 2020a), silver sillago S. sihama (Li et al., 2019b), and crocodile flathead Cociella crocodilus (Zhao et al., 2021)). These identified microsatellites in our study could provide substantial genetic markers for further population genetics studies of C. plagiosum.



Single-Nucleotide Polymorphism Identification and Demographic Analysis

In our study, a total of 8,703,211 high-confidence SNPs were identified, and the SNP density was one SNP per 404 bp. The SNP density of C. plagiosum was much higher than that of Oreochromis niloticus (one SNP per 9 kb) (Yáñez et al., 2020) and Clupea harengus (ca. one SNP per 1 kb) (Corander et al., 2013) but lower than that of threespine stickleback (ca. one SNP per 100 bp) (Shanfelter et al., 2019), suggesting relatively high levels of genetic variability in the white-spotted bamboo shark genome. Among these identified SNPs, in terms of impact effect, most of the identified SNPs were categorized as modifiers (34,731,306, 99.62%), while 130,858 SNPs had “high to moderate impacts” on the coding sequences. Moderate-impact mutations are single-residue missense variants that do not affect translation, while high-impact mutations are coding sequence changes that may result in a knockout of the affected gene (Hawkins et al., 2016). High-impact mutations generally include frameshifts, “start_lost,” “stop_lost,” “stop_gained,” and loss or gain of splice sites. In this study, a total of 771 SNPs were categorized as high-impact mutations. Despite being lower in number, these high-impact mutations play crucial roles in the genetic and phenotypic evolution of the white-spotted bamboo shark. Additionally, these identified genome-wide SNPs could facilitate future phenotype–genotype association analysis, population genomics, and evolutionary biology, which might provide valuable clues for the effective management and conservation of this species.

For demographic analysis, our PSMC plotting revealed three times of population expansion and two times of population reduction of the white-spotted bamboo shark. Unexpectedly, we failed to detect population reduction during the Last Glacial Maximum (LGM; ~20,000 years ago), a period when most of the marine species in the Northwest Pacific underwent drastic population decline due to wide-range marine regression (Liu et al., 2010). This observed demographic pattern perhaps indicated high levels of adaptability of the white-spotted bamboo shark to survive LGM or perhaps resulted from the well-known difficulties in estimating recent effective population sizes using the PSMC approach (Zhou et al., 2018). More samples from distinct geographic populations should be collected to further confirm the demographic pattern of the white-spotted bamboo shark. Overall, our results provided novel insights into the population history of the white-spotted bamboo shark, which should be useful in fishery resource management and conservation.
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