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Abstract

:

Naturally derived toxins from animals are good raw materials for drug development. As a representative venomous teleost, Chinese yellow catfish (Pelteobagrus fulvidraco) can provide valuable resources for studies on toxin genes. Its venom glands are located in the pectoral and dorsal fins. Although with such interesting biologic traits and great value in economy, Chinese yellow catfish is still lacking a sequenced genome. Here, we report a high-quality genome assembly of Chinese yellow catfish using a combination of next-generation Illumina and third-generation PacBio sequencing platforms. The final assembly reached 714 Mb, with a contig N50 of 970 kb and a scaffold N50 of 3.65 Mb, respectively. We also annotated 21,562 protein-coding genes, in which 97.59% were assigned at least one functional annotation. Based on the genome sequence, we analyzed toxin genes in Chinese yellow catfish. Finally, we identified 207 toxin genes and classified them into three major groups. Interestingly, we also expanded a previously reported sex-related region (to ≈6 Mb) in the achieved genome assembly, and localized two important toxin genes within this region. In summary, we assembled a high-quality genome of Chinese yellow catfish and performed high-throughput identification of toxin genes from a genomic view. Therefore, the limited number of toxin sequences in public databases will be remarkably improved once we integrate multi-omics data from more and more sequenced species.
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Key Contribution: A high-quality genome of the Chinese yellow catfish was assembled; and a high-throughput genome-wide identification of 207 toxin genes was realized.










1. Introduction


As one venomous bony fish in the order of Siluriformes, Chinese yellow catfish (Pelteobagrus fulvidraco) has been an economically important freshwater species in China because of its good meat quality [1]. In 2016, the Chinese yellow catfish production in China was over 300,000 tons with an elevation of 20% from the previous year [2]. In our previous study [3], we reported a novel multi-omics pipeline to predict toxin genes from the venom glands of Chinese yellow catfish based on transcriptomic and proteomic sequencing. Here, we performed whole genome sequencing of this venomous teleost to provide another valuable genetic resource for high-throughput identification of toxin genes.



As we discussed before [3], aquatic venoms have been largely ignored as a resource for potential pharmaceuticals, although there are more aquatic venomous species than the total of venomous terrestrial animals [3]. The limited number of toxin sequences [3,4] has been an obstacle for development of novel marine drugs.



Whole genome resources provide excellent templates and genetic bases for further exploration of toxin genes. Over the past decades, toxin genes have attracted much attention due to their functionality and evolutionary genesis in various species [5]. Recent studies have discovered the accelerated evolution in snake venom toxin genes, which was indicated by the exonization and intronization of disintegrin or metalloprotease genes [6]. Prey-specific toxin genes, sulditoxin and sulmotoxin 1, also exhibit neofunctionalization and rapidly adaptive evolution [7]. Adaptive evolution of animal toxin multigene families at the intraspecies and interspecies levels had also been investigated [8]. Thus, it is worth investigating the complex venom systems, especially in this “omics” era [9]. As only a few venomous fish genomes are available, while teleost comprises a large part of the world vertebrates, we have been anxious to systematically enrich findings of toxin genes and expedite our understanding of venoms in teleost.



In our present study, we not only generated a high-quality genome assembly of the Chinese yellow catfish, but also established an integrated strategy to identify toxin genes from a genomic view. It seems to be an effective way to increase the number of toxin sequences, which will be very useful for rapid development of novel marine drugs. On the other hand, the whole genome sequence will also be beneficial to further molecular breeding of this economically important fish.




2. Results


2.1. Summary of Sequencing Data and Genome-size Estimation


A total of 314.37 gigabases (Gb) of raw reads were generated in a next-generation Illumina (San Diego, CA, USA) sequencing platform (Table S1; see more details in Section 5.1). After employing SOAPfilter v2.2 (http://soap.genomics.org.cn/index.html) to remove low-quality reads as well as PCR-replicates and adapter sequences, we obtained 231.60 Gb of clean data for subsequent assembling. Meanwhile, in order to improve the assembly quality with third-generation sequencing, we also acquired 25.47 Gb of sequencing data in a PacBio (Pacific Biosciences, Menlo Park, CA, USA) sequencing platform, with an average length of 7.10 kb (Table S2).



Based on our achieved 17-mer distribution (Figure 1), we determined that the total k-mer number and k-mer depth was 410,049,532,138 and 57 respectively. Therefore, we estimated that the genome size of Chinese yellow catfish is 720 Mb (Table S3 and Figure 1; see more details about the calculation in Section 5.2).




2.2. Generation of a High-quality Whole-genome Assembly


2.2.1. Primary De Novo Genome Assembly


We performed a hybrid strategy to generate a primary de novo genome assembly. First, Platanus v1.2.4 (Tokyo Institute of Technology, Tokyo, Japan) [10] with an optimized parameter “−k 35” was employed to obtain a De Bruijin graph assembly by using Illumina short-insert reads. We generated a total of 2,880,541 contigs, with the length of contig N50 at 1054 bp. Subsequently, we employed the DBG2OLC [11] program to align these contigs upon the PacBio reads for construction of consensus contigs. Finally, we used Pilon v1.22 (Broad Institute of MIT and Harvard, Cambridge, MA, USA) [12] to polish the assembly. As a result, we assembled a genome with the total size of 703 Mb and the length of contig N50 at 705 kb.




2.2.2. Genome Scaffolding


Based on the primary assembly of contigs, we collected PacBio reads to construct scaffolds by using SSPACE-LongRead (Genome Analysis and Technology Department, Leiden University, Leiden, The Netherlands) [13]. After that, we employed Illumina long-insert libraries (2, 5, 10, and 20 kb) to operate scaffolding again by performing SSPACE_Standard [14]. We then used GapCloser (BGI, Shenzhen, China) [15], GapFiller [16] and PBjelly (Baylor College of Medicine, Houston, TX, USA) [17] to fill the gaps of each scaffold. We subsequently applied Pilon v1.22 again to finish the last round of polishing. Finally, we generated a 714-Mb genome (99.17% of the estimated genome size), with 663 scaffolds, a scaffold N50 of 3.65 Mb and a contig N50 of 970 Kb (see more details in Table 1).




2.2.3. Evaluation of the Achieved Genome Assembly


After the polishing procedures, we employed BUSCO (University of Geneva Medical School and Swiss Institute of Bioinformatics, Geneva, Switzerland) [18] to evaluate the completeness of our assembly. The actinopterygii_odb9 [19] orthologues gene set was used as the BUSCO reference. Our results demonstrated that the genome-level benchmarking value was 94.8%, containing S: 90.9%, D: 3.9%, F: 1.7%, M: 3.5%, n: 4584 (S: complete and single-copy, D: complete and duplicated, F: fragmental, M: missed, n: total BUSCO groups for searching). The comparative BUSCO data indicate high-quality of our assembled coverage (Figure 2).



Meanwhile, we employed the available transcriptomic data (see more details in Section 5.3.2) to validate the genome coverage. The de novo assembled transcripts were re-aligned to the genome assembly, and the results demonstrated that our genome assembly covered over 98% of gene regions (the middle column in Table 2). These data also confirmed the high level of completeness and accuracy of our genome assembly.



Additionally, the variation of GC content in Chinese yellow catfish was calculated with 50-kb non-overlapping sliding windows. Our result depicted that the observed GC content showed no sequencing-based GC preference (Figures S1 and S2), suggesting a good purity of our generated assembly (without contamination of prokaryotes).





2.3. Genome Annotation


Repetitive sequences accounted for 33.99% of the whole genome assembly. A detailed proportion of the predominant families of repetitive sequences is summarized in Table S4.



A total of 21,562 genes with an average of 9.46 exons and 1698-bp coding-region of each gene were predicted (see more details in Table S5). After the routine functional annotation, we predicted that 97.59% genes were with at least one related functional assignment (Table S6). Similarly, BUSCO was also used to assess the completeness of Chinese yellow catfish gene set, and a protein-level benchmarking value of 84.4% (Figure 2) was achieved.




2.4. Phylogenetic Analysis and Divergence-Time Estimation of Chinese Yellow Catfish


In the present study, we obtained 1156 one-to-one orthologous genes among Chinese yellow catfish and other 14 examined teleost species (find more details of species names in Figure 3, Table S7 and Section 5.2). Our final phylogenetic analysis indicates that the divergence time of the Chinese yellow catfish and the nearest channel catfish (Ictalurus punctatus) was 63.4 million years ago (mya), with a confidence interval of 38.3–94.3 mya (the numbers at top of Figure 3).




2.5. High-Throughput Identification of Toxin Genes


Based on our previous report of toxin genes from Chinese yellow catfish transcriptomes [4], we identified 37 toxin genes in the yellow catfish. However, based on the 6665 reference toxin genes that were collected from NCBI [3,4], we obtained 202 toxin genes from our genome assembly. After removal of low-quality sequences, we finally constructed a local non-redundant database with 207 toxin genes for the Chinese yellow catfish.



On the basis of translated amino acids (aa) of each gene, we manually divided these toxin genes into three groups, including the short-length group (less than 100 aa), the medium-length group (between 100 and 300 aa), and the long-length group (over 300 aa). Finally, we determined that these three groups included 125, 61, and 21 toxins genes, respectively. Related protein sequences are provided in Data S1–S3.



2.5.1. The Short-Length Toxin Genes


The 125 genes with an entire length less than 100 aa (Data S1) accounted for the vast majority of Chinese yellow catfish toxin genes. After alignment searching of public databases, we found that these genes were annotated as “fragmental,” which means these genes do not have full structures. However, the typical motif of venom proteins, “Gly-X-Cys (X means any other amino acids),” existed in most of these genes (80/125). Meanwhile, 90.4% (113/125) of these genes contained at least one cysteine. Usually, the number of cysteine in one single toxin gene varied from 1 to 15.




2.5.2. The Medium-Length Toxin Genes


Each gene within this group contained at least one copy of cysteine, and the maximal number of cysteine in Zinc metalloproteinase-disintegrin-like gene reached 26. In the 61 medium-length toxin genes (Data S2), 59 had been attributed into nine subgroups (Figure 4) on the basis of differences in sequences and secondary structures. The detailed information of each subgroup was summarized as follows.



(1) Twenty-three toxin genes (37.70%) can code Zinc-α2-glycoprotein (Za2G), which may play significant roles in prohibiting growth and proliferation of tumors [20].



(2) Ten toxin genes are identified as snake venom serine proteinase (SVSPs) [21]. It was reported that cascade SVSPs disturb hemostasis by acting on related proteins in blood coagulation [22].



(3) Four toxin genes are adamalysin, which were firstly reported in Eastern diamond back rattlesnake [23], although their functions are still unknown.



(4) Five genes are classified as venom metalloproteinases, which belong to the metzincin family and typically show extracellular hemorrhagic activity [24]. Venom metalloproteinases are vastly involved in the local and systemic hemorrhage, such as reducing blood supply, leading to ischemia and causing damage to microvasculature [25].



(5) Five genes decode translationally controlled tumor proteins (TCTP/HRF), which are recognized as venom toxins in different genera of spiders and snakes [26].



(6) Four genes are categorized into the phospholipase A2 family. The most important Phospholipase A2 I (PLA2I) plays a myotoxic role in a venomous pitviper (Porthidium lansbergii lansbergii) [27].



(7) Four genes are annotated as venom nerve growth factor (VNGF). VNGF belongs to the neutrotrophin family, which plays an important role in the survival of neuronal cells [28].



(8) Two genes encode a techylectin-like protein. The basic information of the techylectin-like protein was previously reported in a spider (Phoneutria nigriventer) [29].



(9) Two genes encode ryncolin-4, which was primarily predicted in the reef-building coral (Acropora digitifera) through a venom proteomic expression profiling analysis [30].



The remainder two toxin genes, “Q6T269-D1” and “Q8AY75-D1,” did not belong to the above-mentioned subgroups. After searching public databases, we annotated Q6T269-D1 as a Kunitz-type serine protease inhibitor and Q8AY75-D1 as a Calglandulin protein.




2.5.3. The Long-Length Toxin Genes


In this group, the maximal number of cysteine in one gene is up to 69. Among the 21 toxin genes (Data S3), 18 are assigned into six families (Figure 5). More specifically, two genes are annotated as the venom metalloproteinases. Two genes belong to glutaminyl-peptide cyclotransferase family, which has been identified from the venoms of the Taiwanese snake [31] and bumblebee [32]. Three genes are in the cysteine-rich secretory protein (CRISP) family. Recent studies had uncovered that CRISPs are widely distributing in snake venoms. The main functions of CRISPs include prohibition of smooth muscle contraction and closure of nucleotide-gated ion channels leading to lethargy, hypothermia, and paralysis [33]. Three genes belong to the lipase family. This family had been previously isolated from anguimorph lizard venoms [34]. However, by far the functional study about lipase family is scarce. Two genes are thought to be in the ink toxin family, which had been firstly extracted from purple ink secretions of sea hares. They had been proven to have positive effects in antimicrobial and antitumor studies [35]. Five toxin genes belong to the veficolin family. The main feature of veficolin is the G-X-Y repeats (Glycine plus two other amino acids). By far, veficolins had been predicted to be involved in constriction of platelet aggregation [36].





2.6. Identification of Toxin Genes in a Special Sex-Related Region


In the present study, two previously published sex-specific sequences and eleven markers (see more details in Section 5.6) were searched against our achieved genome assembly. Only one female-specific marker mapped one time with 100% alignment rate in a 6-Mb region (Contig326_pilon; Figure 6). More specifically, this marker located in the intronic region of inad (inaD-like protein) gene. The main function of inad is to mediate protein-protein interactions, which had been validated in previous studies [37].



Interestingly, we also identified two toxin genes in this special sex-related region. They are snaclec coagulation factor IX/factor X-binding protein subunit B (Q9PS06-D1) and thrombin-like enzyme (Q8AY81-D3), respectively. The former, localized at ≈2.95 Mb of the Contig326_pilon and previously reported in a venomous viper (Echiscarinatus carinatus) [38], can combine with anticoagulant factor IX and factor X to form an anticoagulant protein [39]; the latter, belonging to the SVSP family (Figure 4) and localized at ≈3.6 Mb of the Contig326_pilon, may cause various pathological effects, such as disturbance in the hemostatic system, platelet aggregation, neurologic disorders, thrombosis, and activation of coagulation factors [40].





3. Discussion


3.1. A Good Strategy to Generate the High-Quality Genome Assembly


With the rapid development of next-generation sequencing (NGS) technology, the output of sequencing platforms has risen vastly, whilst the price per Gb of data are dropping quickly. These advances allow researchers to easily decode the whole genome sequences. With the help of NGS, many fish genomes have been reported, such as Atlantic herring [41], channel catfish [42], mudskippers [43], half-smooth tongue sole [44], large yellow croaker [45], and so on.



In recent years, third-generation sequencing technology, also recognized as long-read sequencing, has been soaring. In comparison with NGS and first-generation sequencing technologies, third-generation sequencing has the distinct advantage of the length of sequencing reads, i.e., production of much longer reads than NGS. However, the sequencing errors happen at random in third-generation sequencing, which means we can dramatically reduce the sequencing errors through increasing the sequencing depth. The sequencing errors of NGS in Illumina sequencing platforms [46], by contrast, possibly increase because of either sequence-specific alterations in enzyme preference or single-strand DNA folding. Third-generation sequencing with longer read length will effectively alleviate tremendous computing workload for genome assembly. Nowadays, more and more fish genomes have been sequenced by using third-generation sequencing, such as Asian seabass [47] and Chinese sillago [48]. Collectively, these fish genome sequences will promote the biological research and molecular breeding of these interesting fishes.



As a representative venomous freshwater fish with high economic value, Chinese yellow catfish is extensively available in river basins of China, such as the Yangtze River and Huaihe River. Since the nutrient-rich flesh of Chinese yellow catfish have a high elasticity and pleasant firmness [49], the artificial culture of Chinese yellow catfish has been highly recognized. Although the scale of its aquaculture industry has been expanding, the wild germplasm resources of Chinese yellow catfish have degenerated continually because of overfishing and habitat contamination. Traditional breeding methods are too time-consuming to support the rapid development of its industry. However, genome-based marker-assisted breeding will become a more efficient and holistic approach after realization of whole genome sequencing [50,51]. In this study, we also employed a PacBio sequencing platform to yield long sequencing reads for a high-quality assembly. The PacBio SMAT (Single-Molecular Real-Time sequencing) is a typical third-generation sequencing platform and has been widely used for whole genome sequencing. At the same time, we also adopt the Illumina NGS sequencing platform to create the short sequencing reads. With the hybrid assembling of these two different types of reads, we decoded the Chinese yellow catfish genome with a high quality based on the BUSCO assessments.



The availability of Chinese yellow catfish whole genome can narrow down the gaps between genotypes and phenotypes. We here provided a good reference genome for further biological studies and molecular breeding of this economically important teleost.




3.2. High Efficiency to Identify Toxin Sequences


Acquisition of toxin genes through sequencing technology had been proven to be efficient and practicable. Based on transcriptomes, we have identified conotoxins from cone snails in a high-throughput way. In the Chinese tubular cone snail (Conus betulinus) [52,53], we identified a total of 215 distinct conotoxins, in which 183 are novel.



Chinese yellow catfish, sometimes called stringing catfish in South China, has venom glands in the sharp spines of the dorsal and pectoral fins. Venom is produced by glandular cells in the epidermal tissue of the spines [3,4]. The symptoms of yellow catfish venom intoxication include local pain, edema, bleeding, and even serious and painful injuries to human [3,54]. However, the previous studies of Chinese yellow catfish venom were generally based on molecular markers or transcriptomic analyses [4]. Although more than two dozen toxin genes had been reported in Chinese yellow catfish, we still lack comprehensive understanding about the venom. The deciphering of Chinese yellow catfish genome can provide a fundamental genetic resource for venom studies.



In our present research, based on the whole genome sequences, we constructed a local venom database of Chinese yellow catfish. With one shot, we obtained 207 toxin sequences. The outcome also depicted that a complex structural differentiation of venoms may exist in Chinese yellow catfish, which was supported by our previous transcriptome study [3,4].



There is no denying that the fragmental toxin genes occupy a considerable proportion in the annotated toxin genes. We assumed two possible reasons to explain the results. The first is limitation of the reference databases of toxin genes. There are limited species that have been reported with toxins, and the main study objects focused on snakes, spiders, and a few invertebrates. Only few researches on fish toxin genes have been published by far. The lacking reference information of toxins constricts the deep research of toxin genes in many fishes including the Chinese yellow catfish. The second reason is the constraints of currently available technologies. Nowadays, molecular and pharmacological methods are still the traditional ways to investigate functions of toxins. However, they are time-consuming and inefficient. Fortunately, with the advance of genome and transcriptome sequencing techniques, more and more genomic sequences will be available for toxin discovery and drug development.





4. Conclusions


We performed whole-genome sequencing, using a combination of traditional next-generation and new third-generation sequencing strategies, to generate a high-quality genome reference for Chinese yellow catfish. Based on the achieved genome assembly, we identified 207 toxin genes in a high-throughput way. We also preliminarily classified these toxin genes into three main groups on the basis of their protein sequence length. In summary, we provide a valuable genetic resource for high-throughput identification of toxin genes in the venomous yellow catfish. These toxin genes will be useful for further development of drugs and pesticides.




5. Materials and Methods


5.1. Sampling and Genome Sequencing


To generate genome sequencing data of Chinese yellow catfish, we adopted two different strategies. The first one was the traditional Illumina whole-genome sequencing strategy. The detailed procedures were provided in the followed sections. Genomic DNAs were isolated from muscle tissue of a female Chinese yellow catfish, which was collected from a fish farm in Jiangsu province, China. Seven paired-end sequencing libraries, including three short-insert libraries (200, 500, and 800 bp) and four long-insert libraries (2, 5, 10, and 20 kb), were constructed using the standard operating protocol provided by Illumina (San Diego, CA, USA). Finally, paired-end sequencing was performed using the Illumina HiSeq X-Ten platform. The second way was the PacBio single-molecule real-time sequencing strategy. Kidney genomic DNA was extracted for the construction of a 20-kb insert-size library, which was sequenced in a PacBio Bioscience Sequel platform.



All the animal experiments were approved by the Institutional Review Board on Bioethics and Biosafety of BGI (No. FT1510).




5.2. Estimation of Genome Size


Generally speaking, the distribution of k-mers is subjected to a Poisson distribution [55]. In this study, we estimated the genome size of Chinese yellow catfish using the k-mer method and the following equation (Equation (1)):


G = k-mer_number/k-mer_depth



(1)




where the G is the genome size, the k-mer_number is the total number of k-mers, and k-mer_depth means the peak frequency of k-mer analysis.




5.3. Genome Annotation


5.3.1. Repeat Annotation


We applied two different methods to annotate the repeat elements of Chinese yellow catfish genome. The first method was de novo prediction. Software including RepeatModeller v1.08 (http://www.repeatmasker.org/RepeatModeler/) and LTR_FINDER v1.0.6 (Fudan University, Shanghai, China) [56] was employed to generate the local repeat reference. Subsequently, the achieved genome sequences were aligned against this reference to produce the de novo predicted repeat elements. The second method was the homology-based prediction. Our assembly was aligned to the RepBase v21.01 (Genetic Information Research Institute, Sunnyvale, CA, USA) [57] by using RepeatMasker v4.06 and RepeatProteinMask v4.06 (Institute for Systems Biology, Seattle, WA, USA) [58]. Finally, the data from two methods were integrated to generate the non-redundant results.




5.3.2. Annotation of Gene Set


We utilized three different strategies to annotate the whole gene set. The first strategy was ab initio annotation. After masking the genomic repetitive elements, AUGUSTUS v2.5 (Institute of Microbiology and Genetics, University of Göttingen, Göttingen, Germany) [59] and GENSCAN v1.0 (Stanford University, Stanford, CA, USA) [60] were employed to ab initio predict genes. The second method was homologous-gene-based annotation. We firstly downloaded the protein sequences of zebrafish (Danio rerio), Atlantic cod (Gadus morhua), coelacanth (Latimeria chalumnae), medaka (Oryzias latipes), Japanese puffer (Takifugu rubripes), pufferfish (Tetraodon nigroviridis), Nile tilapia (Oreochromis niloticus), platyfish (Xiphophorus maculatus), and three-spined stickleback (Gasterosteus aculeatus) from the Ensembl database (release version 87). These protein sequences were used to search for best-hit alignments in the generated yellow catfish genome using the Tblastn (National Center for Biotechnology Information, Bethesda, MD, USA) [61] program, with the channel catfish proteins [42] as the reference. Subsequently, GeneWise v2.2.0 (The European Bioinformatics Institute, Cambridge, UK) [62] was employed to identify the potential gene structure of each best-hit alignment. The third method was the transcriptome-based prediction. We used two different transcriptomic data, including our previously reported data [4] and the muscle transcriptomic data sequenced by an Illumina platform. Tophat v2.1.1 (Johns Hopkins University, Baltimore, MD, USA) [63] and Cufflinks v2.2.1 (http://cufflinks.cbcb.umd.edu/) were performed to generate the whole gene set. Finally, GLEAN (Texas A & M University, College Station, TX, USA) [64] was utilized to produce the consensus results by integration of the data from above-mentioned three methods.



The predicted genes of Chinese yellow catfish were used to search several public functional databases, including NCBI-Nr (non-redundant protein sequences), Swiss-Prot [65], Interpro [66], TrEMBL, and KEGG [67], for identification of functional motifs and domains by using BLAST (National Center for Biotechnology Information, Bethesda, MD, USA).





5.4. Phylogenetic Analysis


We downloaded the proteomes of 14 species from public databases (Table S7). These proteomes contained a total of 316,447 proteins. The one-to-one orthologous proteins were generated by using Blastp [61] and Hcluster_sg [68]. First, Blastp was performed to generate the best-hit for each protein. Then, Hcluster_sg with parameter setting of “-w 10 -s 0.34” was used to identify the one-to-one orthologous proteins among these species.



Subsequently, MrMTgui program was employed to obtain the best nucleotide substitution model (“GTR + I + G”). Based on the best substitution model, MrBayes v3.1.2 (Swedish Museum of Natural History, Stockholm, Sweden) [69] with generation setting to 1,000,000 was performed to construct the phylogenetic trees. Mcmctree (PAML package) [70] was operated to estimate divergence times.




5.5. Prediction of Toxin Genes


Fifteen putative toxin genes had been consolidated based on transcriptomic and proteomic data in our previous study [4]. In the present study, the following two ways were combined to predict toxin genes in the yellow catfish. First, we searched the 15 putative toxin genes in the yellow catfish genome using the Blastp program. Second, a reference database including 6665 toxin genes was used to search against the Chinese yellow catfish genome. The reference database was generated by the following methods: (1) toxin sequences were downloaded from NCBI by using keywords “Toxin” and “Venom,” and (2) these sequences were realigned with the NCBI-Nr database for validation. Finally, we merged the results from the two ways and filtered those genes with premature termination or low alignment rates (lower than 50%).




5.6. Localization of Potential Toxin Genes in the Sex-Related Region


In previous studies [51,71], the sex-determination of Chinese yellow catfish was reported as the XY system. Two fragmental sequences had been proven to be associated with sex-specificity, including one 8102-bp male-specific sequence and another 5362-bp female-specific sequence. Meanwhile, three male-specific markers and eight female-specific makers have been identified before [72]. In our current study, these sequences were downloaded from NCBI, and they were aligned against the yellow catfish genome assembly by using the Blastn program. We filtered the results with a threshed of 100% match and one hit.









Supplementary Materials


The following materials are available online at http://www.mdpi.com/2072-6651/10/12/488/s1. Figure S1: GC content and sequencing depth of the yellow catfish genome. Figure S2: Comparisons of GC content between the yellow catfish and other seven fish species. Table S1: Summary of the next-generation sequencing data from an Illumina X-Ten platform. Table S2: Summary of the third-generation sequencing data from a PacBio Bioscience Sequel platform. Table S3: Genome-size estimation based on the 17-mer frequencies. Table S4: The detailed repetitive elements in the yellow catfish genome. Table S5: Statistics of gene annotation from the genome assembly of Chinese yellow catfish. Table S6: Functional assignments from the genome assembly of Chinese yellow catfish. Table S7: Information of the fish species used for phylogenetic analyses. Data S1: The short-length toxin proteins in the yellow catfish. Data S2: The medium-length toxin proteins in the yellow catfish. Data S3: The long-length toxin proteins in the yellow catfish. Data Availability: The genome assembly of Chinese yellow catfish has been deposited at the NCBI Genbank under the project ID of PRJNA494039.





Author Contributions


S.Z., Q.S., W.B., and X.C. conceived and designed the project; M.W., L.Z., S.T. and Y.L.; performed the experiments; J.L., Y.Y., C.B., X.Y., and Y.H. performed the bioinformatics analysis; S.Z., Q.Q., W.L., and Y.Y. wrote the manuscript; R.G. and J.X. contributed to the planning of the whole project. J.L., S.Z., and Q.S. revised the manuscript.




Funding


This research was funded by Major Project for New Cultivar Breeding of Jiangsu Province (No. PZCZ201742), China Agriculture Research System (No. CARS-46), Major Project of Hydrobios Resources in Jiangsu Province (No. ZYHB16-3), Shenzhen Dapeng Special Program for Industrial Development (PT20170302), and Yunnan Innovation and Enhancement Program of Provincial Science and Technology Department (No. 2016AB024).




Acknowledgments


We are grateful for the instructive comments of two anonymous reviewers. The genome assembly of Chinese yellow catfish has been deposited at the NCBI GenBank under the project ID of PRJNA494039.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kim, L.O.; Lee, S.-M. Effects of the dietary protein and lipid levels on growth and body composition of bagrid catfish, Pseudobagrus fulvidraco. Aquaculture 2005, 243, 323–329. [Google Scholar] [CrossRef]

	



Wang, Q.; Cheng, L.; Liu, J.; Li, Z.; Xie, S.; De Silva, S.S. Freshwater aquaculture in PR China: Trends and prospects. Rev. Aquac. 2016, 7, 283–302. [Google Scholar] [CrossRef]

	



Xie, B.; Huang, Y.; Baumann, K.; Fry, B.; Shi, Q. From Marine Venoms to Drugs: Efficiently Supported by a Combination of Transcriptomics and Proteomics. Mar. Drugs 2017, 15, 103. [Google Scholar] [CrossRef] [PubMed]

	



Xie, B.; Li, X.; Lin, Z.; Ruan, Z.; Wang, M.; Liu, J.; Tong, T.; Li, J.; Huang, Y.; Wen, B.; et al. Prediction of Toxin Genes from Chinese Yellow Catfish Based on Transcriptomic and Proteomic Sequencing. Int. J. Mol. Sci. 2016, 17, 556. [Google Scholar] [CrossRef] [PubMed]

	



Duda, T.F.; Palumbi, S.R. Molecular genetics of ecological diversification: Duplication and rapid evolution of toxin genes of the venomous gastropod Conus. Proc. Natl. Acad. Sci. USA 1999, 96, 6820–6823. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kini, R.M. Accelerated evolution of toxin genes: Exonization and intronization in snake venom disintegrin/metalloprotease genes. Toxicon 2018, 148, 16–25. [Google Scholar] [CrossRef] [PubMed]

	



Modahl, C.M.; Mrinalini; Frietze, S.; Mackessy, S.P. Adaptive evolution of distinct prey-specific toxin genes in rear-fanged snake venom. Proc. R. Soc. B Biol. Sci. 2018, 285. [Google Scholar] [CrossRef]

	



Kordiš, D.; Gubenšek, F. Adaptive evolution of animal toxin multigene families. Gene 2000, 261, 43–52. [Google Scholar] [CrossRef]

	



Casewell, N.R.; Wüster, W.; Vonk, F.J.; Harrison, R.A.; Fry, B.G. Complex cocktails: The evolutionary novelty of venoms. Trends Ecol. Evol. 2013, 28, 219–229. [Google Scholar] [CrossRef] [PubMed]

	



Kajitani, R.; Toshimoto, K.; Noguchi, H.; Toyoda, A.; Ogura, Y.; Okuno, M.; Yabana, M.; Harada, M.; Nagayasu, E.; Maruyama, H.; et al. Efficient de novo assembly of highly heterozygous genomes from whole-genome shotgun short reads. Genome Res. 2014, 24, 1384–1395. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ye, C.; Hill, C.M.; Wu, S.; Ruan, J.; Ma, Z. DBG2OLC: Efficient Assembly of Large Genomes Using Long Erroneous Reads of the Third Generation Sequencing Technologies. Sci. Rep. 2016, 6, 31900. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Walker, B.J.; Abeel, T.; Shea, T.; Priest, M.; Abouelliel, A.; Sakthikumar, S.; Cuomo, C.A.; Zeng, Q.; Wortman, J.; Young, S.K.; et al. Pilon: An Integrated Tool for Comprehensive Microbial Variant Detection and Genome Assembly Improvement. PLoS ONE 2014, 9, e112963. [Google Scholar] [CrossRef] [PubMed]

	



Boetzer, M.; Pirovano, W. SSPACE-LongRead: Scaffolding bacterial draft genomes using long read sequence information. BMC Bioinform. 2014, 15, 211. [Google Scholar] [CrossRef] [PubMed]

	



Boetzer, M.; Henkel, C.V.; Jansen, H.J.; Butler, D.; Pirovano, W. Scaffolding pre-assembled contigs using SSPACE. Bioinformatics 2011, 27, 578–579. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Yu, C.; Li, Y.; Lam, T.W.; Yiu, S.M.; Kristiansen, K.; Wang, J. SOAP2: An improved ultrafast tool for short read alignment. Bioinformatics 2009, 25, 1966–1967. [Google Scholar] [CrossRef] [PubMed]

	



Nadalin, F.; Vezzi, F.; Policriti, A. GapFiller: A de novo assembly approach to fill the gap within paired reads. BMC Bioinform. 2012, 13 (Suppl. 14), S8. [Google Scholar] [CrossRef] [PubMed]

	



English, A.C.; Richards, S.; Han, Y.; Wang, M.; Vee, V.; Qu, J.; Qin, X.; Muzny, D.M.; Reid, J.G.; Worley, K.C.; et al. Mind the gap: Upgrading genomes with Pacific Biosciences RS long-read sequencing technology. PLoS ONE 2012, 7, e47768. [Google Scholar] [CrossRef] [PubMed]

	



Sim, A.F.O.; Waterhouse, M.R.; Ioannidis, P.; Kriventseva, V.E.; Zdobnov, M.E. BUSCO: Assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210–3212. [Google Scholar] [CrossRef] [PubMed]

	



Zdobnov, E.M.; Tegenfeldt, F.; Kuznetsov, D.; Waterhouse, R.M. OrthoDB v9.1: Cataloging evolutionary and functional annotations for animal, fungal, plant, archaeal, bacterial and viral orthologs. Nucleic Acids Res. 2017, 45, D744–D749. [Google Scholar] [CrossRef] [PubMed]

	



Albertus, D.L.; Seder, C.W.; Chen, G.; Wang, X.; Hartojo, W.; Lin, L.; Silvers, A.; Thomas, D.G.; Giordano, T.J.; Chang, A.C.; et al. AZGP1 autoantibody predicts survival and histone deacetylase inhibitors increase expression in lung adenocarcinoma. J. Thorac. Oncol. 2008, 3, 1236–1244. [Google Scholar] [CrossRef] [PubMed]

	



Zelanis, A.; Huesgen, P.F.; Oliveira, A.K.; Tashima, A.K.; Serrano, S.M.T.; Overall, C.M. Snake venom serine proteinases specificity mapping by proteomic identification of cleavage sites. J. Proteom. 2015, 113, 260–267. [Google Scholar] [CrossRef] [PubMed]

	



Madrigal, M.; Alape-Girón, A.; Barboza-Arguedas, E.; Aguilar-Ulloa, W.; Flores-Díaz, M. Identification of B cell recognized linear epitopes in a snake venom serine proteinase from the central American bushmaster Lachesis stenophrys. Toxicon 2017, 140, 72–82. [Google Scholar] [CrossRef] [PubMed]

	



Stocker, W.; Grams, F.; Baumann, U.; Reinemer, P.; Gomis-Ruth, F.X.; McKay, D.B.; Bode, W. The metzincins--topological and sequential relations between the astacins, adamalysins, serralysins, and matrixins (collagenases) define a superfamily of zinc-peptidases. Protein Sci. 1995, 4, 823–840. [Google Scholar] [CrossRef] [PubMed]

	



Moura-da-Silva, A.M.; Butera, D.; Tanjoni, I. Importance of Snake Venom Metalloproteinases in Cell Biology: Effects on Platelets, Inflammatory and Endothelial Cells. Curr. Pharm. Des. 2007, 13, 2893–2905. [Google Scholar] [CrossRef] [PubMed]

	



Gutiérrez, J.M.; Rucavado, A.; Escalante, T.; Díaz, C. Hemorrhage induced by snake venom metalloproteinases: Biochemical and biophysical mechanisms involved in microvessel damage. Toxicon 2005, 45, 997–1011. [Google Scholar] [CrossRef] [PubMed]

	



Senff-Ribeiro, A. Translationally Controlled Tumor Protein (TCTP/HRF) in Animal Venoms. In TCTP/tpt1 Remodeling Signaling from Stem Cell to Disease; Telerman, A., Amson, R., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 193–200. [Google Scholar] [CrossRef]

	



Jimenez-Charris, E.; Montealegre-Sanchez, L.; Solano-Redondo, L.; Castro-Herrera, F.; Fierro-Perez, L.; Lomonte, B. Divergent functional profiles of acidic and basic phospholipases A2 in the venom of the snake Porthidium lansbergii lansbergii. Toxicon 2016, 119, 289–298. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Lei, D.; Jiang, T.; Yang, L.; Zheng, L.; Zhao, J. Nerve growth factor from Chinese cobra venom stimulates chondrogenic differentiation of mesenchymal stem cells. Cell Death Dis. 2017, 8, e2801. [Google Scholar] [CrossRef] [PubMed]

	



Liberato, T.; Troncone, L.R.P.; Yamashiro, E.T.; Serrano, S.M.T.; Zelanis, A. High-resolution proteomic profiling of spider venom: Expanding the toxin diversity of Phoneutria nigriventer venom. Amino Acids 2016, 48, 901–906. [Google Scholar] [CrossRef] [PubMed]

	



Gacesa, R.; Chung, R.; Dunn, S.R.; Weston, A.J.; Jaimes-Becerra, A.; Marques, A.C.; Morandini, A.C.; Hranueli, D.; Starcevic, A.; Ward, M.; et al. Gene duplications are extensive and contribute significantly to the toxic proteome of nematocysts isolated from Acropora digitifera (Cnidaria: Anthozoa: Scleractinia). BMC Genom. 2015, 16, 774. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Liu, C.-C.; Lin, C.-C.; Hsiao, Y.-C.; Wang, P.-J.; Yu, J.-S. Proteomic characterization of six Taiwanese snake venoms: Identification of species-specific proteins and development of a SISCAPA-MRM assay for cobra venom factors. J. Proteom. 2018, 187, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Van Vaerenbergh, M.; Debyser, G.; Smagghe, G.; Devreese, B.; de Graaf, D.C. Unraveling the venom proteome of the bumblebee (Bombus terrestris) by integrating a combinatorial peptide ligand library approach with FT-ICR MS. Toxicon 2015, 102, 81–88. [Google Scholar] [CrossRef] [PubMed]

	



Adade, C.M.; Carvalho, A.L.O.; Tomaz, M.A.; Costa, T.F.R.; Godinho, J.L.; Melo, P.A.; Lima, A.P.C.A.; Rodrigues, J.C.F.; Zingali, R.B.; Souto-Padrón, T. Crovirin, a Snake Venom Cysteine-Rich Secretory Protein (CRISP) with Promising Activity against Trypanosomes and Leishmania. PLoS Negl. Trop. Dis. 2014, 8, e3252. [Google Scholar] [CrossRef] [PubMed]

	



Koludarov, I.; Jackson, T.N.; Brouw, B.O.D.; Dobson, J.; Dashevsky, D.; Arbuckle, K.; Clemente, C.J.; Stockdale, E.J.; Cochran, C.; Debono, J.; et al. Enter the Dragon: The Dynamic and Multifunctional Evolution of Anguimorpha Lizard Venoms. Toxins 2017, 9, 242. [Google Scholar] [CrossRef] [PubMed]

	



Butzke, D.; Machuy, N.; Thiede, B.; Hurwitz, R.; Goedert, S.; Rudel, T. Hydrogen peroxide produced by Aplysia ink toxin kills tumor cells independent of apoptosis via peroxiredoxin I sensitive pathways. Cell Death Differ. 2004, 11, 608–617. [Google Scholar] [CrossRef] [PubMed]

	



OmPraba, G.; Chapeaurouge, A.; Doley, R.; Devi, K.R.; Padmanaban, P.; Venkatraman, C.; Velmurugan, D.; Lin, Q.; Kini, R.M. Identification of a novel family of snake venom proteins Veficolins from Cerberus rynchops using a venom gland transcriptomics and proteomics approach. J. Proteome Res. 2010, 9, 1882–1893. [Google Scholar] [CrossRef] [PubMed]

	



Philipp, S.; Flockerzi, V. Molecular characterization of a novel human PDZ domain protein with homology to INAD from Drosophila melanogaster. FEBS Lett. 1997, 413, 243–248. [Google Scholar] [CrossRef][Green Version]

	



Patra, A.; Kalita, B.; Chanda, A.; Mukherjee, A.K. Proteomics and antivenomics of Echis carinatus carinatus venom: Correlation with pharmacological properties and pathophysiology of envenomation. Sci. Rep. 2017, 7, 17119. [Google Scholar] [CrossRef] [PubMed]

	



Atoda, H.; Hyuga, M.; Morita, T. The primary structure of coagulation factor IX/factor X-binding protein isolated from the venom of Trimeresurus flavoviridis. Homology with asialoglycoprotein receptors, proteoglycan core protein, tetranectin, and lymphocyte Fc epsilon receptor for immunoglobulin E. J. Biol. Chem. 1991, 266, 14903–14911. [Google Scholar] [PubMed]

	



Ullah, A.; Masood, R.; Ali, I.; Ullah, K.; Ali, H.; Akbar, H.; Betzel, C. Thrombin-like enzymes from snake venom: Structural characterization and mechanism of action. Int. J. Biol. Macromol. 2018, 114, 788–811. [Google Scholar] [CrossRef] [PubMed]

	



Martinez Barrio, A.; Lamichhaney, S.; Fan, G.; Rafati, N.; Pettersson, M.; Zhang, H.; Dainat, J.; Ekman, D.; Höppner, M.; Jern, P.; et al. The genetic basis for ecological adaptation of the Atlantic herring revealed by genome sequencing. eLife 2016, 5, e12081. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Zhong, L.; Bian, C.; Xu, P.; Qiu, Y.; You, X.; Zhang, S.; Huang, Y.; Li, J.; Wang, M.; et al. High-quality genome assembly of channel catfish, Ictalurus punctatus. GigaScience 2016, 5, 39. [Google Scholar] [CrossRef] [PubMed]

	



You, X.; Bian, C.; Zan, Q.; Xu, X.; Liu, X.; Chen, J.; Wang, J.; Qiu, Y.; Li, W.; Zhang, X.; et al. Mudskipper genomes provide insights into the terrestrial adaptation of amphibious fishes. Nat. Commun. 2014, 5, 5594. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chen, S.; Zhang, G.; Shao, C.; Huang, Q.; Liu, G.; Zhang, P.; Song, W.; An, N.; Chalopin, D.; Volff, J.-N.; et al. Whole-genome sequence of a flatfish provides insights into ZW sex chromosome evolution and adaptation to a benthic lifestyle. Nat. Genet. 2014, 46, 253–260. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wu, C.; Zhang, D.; Kan, M.; Lv, Z.; Zhu, A.; Su, Y.; Zhou, D.; Zhang, J.; Zhang, Z.; Xu, M.; et al. The draft genome of the large yellow croaker reveals well-developed innate immunity. Nat. Commun. 2014, 5, 5227. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Nakamura, K.; Oshima, T.; Morimoto, T.; Ikeda, S.; Yoshikawa, H.; Shiwa, Y.; Ishikawa, S.; Linak, M.C.; Hirai, A.; Takahashi, H.; et al. Sequence-specific error profile of Illumina sequencers. Nucleic Acids Res. 2011, 39, e90. [Google Scholar] [CrossRef] [PubMed]

	



Vij, S.; Kuhl, H.; Kuznetsova, I.S.; Komissarov, A.; Yurchenko, A.A.; Van Heusden, P.; Singh, S.; Thevasagayam, N.M.; Prakki, S.R.S.; Purushothaman, K.; et al. Chromosomal-Level Assembly of the Asian Seabass Genome Using Long Sequence Reads and Multi-layered Scaffolding. PLoS Genet. 2016, 12, e1005954. [Google Scholar] [CrossRef][Green Version]

	



Xu, S.; Xiao, S.; Zhu, S.; Zeng, X.; Luo, J.; Liu, J.; Gao, T.; Chen, N. A draft genome assembly of the Chinese sillago (Sillago sinica), the first reference genome for Sillaginidae fishes. GigaScience 2018, 7, 9. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.-Q.; Xing, T.; Rong, T. The muscular nutritional components and flesh quality of farmed Pelteobagrus fulvidraco yearlings. Acta Hydrobiol. Sin. 2015, 39, 193–196. [Google Scholar]

	



Tong, J.; Sun, X. Genetic and genomic analyses for economically important traits and their applications in molecular breeding of cultured fish. Sci. China Life Sci. 2015, 58, 178–186. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gui, J.; Zhu, Z. Molecular basis and genetic improvement of economically important traits in aquaculture animals. Chin. Sci. Bull. 2012, 57, 1751–1760. [Google Scholar] [CrossRef][Green Version]

	



Peng, C.; Yao, G.; Gao, B.-M.; Fan, C.-X.; Bian, C.; Wang, J.; Cao, Y.; Wen, B.; Zhu, Y.; Ruan, Z.; et al. High-throughput identification of novel conotoxins from the Chinese tubular cone snail (Conus betulinus) by multi-transcriptome sequencing. GigaScience 2016, 5, 17. [Google Scholar] [CrossRef] [PubMed]

	



Lluisma, A.O.; Milash, B.A.; Moore, B.; Olivera, B.M.; Bandyopadhyay, P.K. Novel venom peptides from the cone snail Conus pulicarius discovered through next-generation sequencing of its venom duct transcriptome. Mar. Genom. 2012, 5, 43–51. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Nelson, J.S. Fishes of the World, 3rd ed.; John Wiley & Sons: New York, NY, USA, 1994. [Google Scholar]

	



Liu, B.; Shi, Y.; Yuan, J.; Hu, X.; Zhang, H.; Li, N.; Li, Z.; Chen, Y.; Mu, D.; Fan, W. Estimation of genomic characteristics by analyzing k-mer frequency in de novo genome projects. Quant. Boil. 2013, 35, 62–67. [Google Scholar]

	



Xu, Z.; Wang, H. LTR_FINDER: An efficient tool for the prediction of full-length LTR retrotransposons. Nucleic Acids Res. 2007, 35, W265–W268. [Google Scholar] [CrossRef] [PubMed]

	



Jurka, J.; Kapitonov, V.V.; Pavlicek, A.; Klonowski, P.; Kohany, O.; Walichiewicz, J. Repbase Update, a database of eukaryotic repetitive elements. Cytogenet. Genome Res. 2005, 110, 462–467. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N. Using RepeatMasker to Identify Repetitive Elements in Genomic Sequences; John Wiley & Sons, Inc.: Hoboken, NY, USA, 2004; pp. 4.10.11–14.10.14. [Google Scholar]

	



Stanke, M.; Keller, O.; Gunduz, I.; Hayes, A.; Waack, S.; Morgenstern, B. AUGUSTUS: Ab initio prediction of alternative transcripts. Nucleic Acids Res. 2006, 34, W435–W439. [Google Scholar] [CrossRef] [PubMed]

	



Burge, C.; Karlin, S. Prediction of complete gene structures in human genomic DNA. J. Mol. Biol. 1997, 268, 78–94. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pevsner, J. Basic Local Alignment Search Tool (BLAST); John Wiley & Sons, Inc.: Hoboken, NY, USA, 2005; pp. 87–125. [Google Scholar]

	



Birney, E.; Clamp, M.; Durbin, R. GeneWise and Genomewise. Genome Res. 2004, 14, 988–995. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-Seq. Bioinformatics 2009, 25, 1105–1111. [Google Scholar] [CrossRef] [PubMed]

	



Elsik, C.G.; Mackey, A.J.; Reese, J.T.; Milshina, N.V.; Roos, D.S.; Weinstock, G.M. Creating a honey bee consensus gene set. Genome Biol. 2007, 8, R13. [Google Scholar] [CrossRef] [PubMed]

	



Bairoch, A.; Apweiler, R. The SWISS-PROT protein sequence database and its supplement TrEMBL in 2000. Nucleic Acids Res. 2000, 28, 45–48. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hunter, S.; Apweiler, R.; Attwood, T.K.; Bairoch, A.; Bateman, A.; Binns, D.; Bork, P.; Das, U.; Daugherty, L.; Duquenne, L. InterPro: The integrative protein signature database. Nucleic Acids Res. 2009, 37, D211–D215. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 27, 29–34. [Google Scholar] [CrossRef]

	



Li, H.; Coghlan, A.; Ruan, J.; Coin, L.J.; Hériché, J.-K.; Osmotherly, L.; Li, R.; Liu, T.; Zhang, Z.; Bolund, L.; et al. TreeFam: A curated database of phylogenetic trees of animal gene families. Nucleic Acids Res. 2006, 34, D572–D580. [Google Scholar] [CrossRef] [PubMed]

	



Ronquist, F.; Teslenko, M.; van der Mark, P.; Ayres, D.L.; Darling, A.; Höhna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck, J.P. MrBayes 3.2: Efficient Bayesian Phylogenetic Inference and Model Choice Across a Large Model Space. Syst. Biol. 2012, 61, 539–542. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yang, Z.; Rannala, B. Bayesian estimation of species divergence times under a molecular clock using multiple fossil calibrations with soft bounds. Mol. Biol. Evol. 2006, 23, 212–226. [Google Scholar] [CrossRef] [PubMed]

	



Jing, J.; Wu, J.; Liu, W.; Xiong, S.; Ma, W.; Zhang, J.; Wang, W.; Gui, J.F.; Mei, J. Sex-Biased miRNAs in Gonad and Their Potential Roles for Testis Development in Yellow Catfish. PLoS ONE 2014, 9, e107946. [Google Scholar] [CrossRef] [PubMed]

	



Dan, C.; Mei, J.; Wang, D.; Gui, J.F. Genetic differentiation and efficient sex-specific marker development of a pair of Y- and X-linked markers in yellow catfish. Int. J. Biol. Sci. 2013, 9, 1043–1049. [Google Scholar] [CrossRef] [PubMed]








[image: Toxins 10 00488 g001 550] 





Figure 1. The 17-mer distribution of Chinese yellow catfish. Sequencing data from the Illumina short-insert libraries (200, 500, and 800 bp) were used for this analysis. The x-axis is the sequencing depth of each unique 17-mer, and the y-axis is the percentage of unique 17-mers. The peak depth was 57, and the percentage for peak (0.638%) was based on the total k-mer number (410,049,532,138). 
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Figure 2. The BUSCO assessment of genomes from Chinese yellow catfish and other fish species. The genome-level benchmarking value of Chinese yellow catfish was C: 94.8% (containing S: 90.9%, D: 3.9%, F: 1.7%, M: 3.5%, n: 4584), and the corresponding protein-level benchmarking value was C: 84.4% (including S: 79.6%, D: 4.8%, F: 8.7%, M: 6.9%, n: 4584). Abbreviations: C, complete; S, Complete and single-copy; D, duplicated; F, fragmental; M, missed; n: total BUSCO groups for searching. 
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Figure 3. The phylogenetic tree of yellow catfish and other 14 related fish species. The red dot nodes have been validated based on the TimeTree (http://www.timetree.org/). Numbers represent the estimated divergence times. 
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Figure 4. A phylogenetic classification of the nine subgroups of medium-length toxin genes. Two other genes “Q6T269-D1” and “Q8AY75-D1,” however, do not belong to any subgroup. 
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Figure 5. A phylogenetic classification of the 21 long-length toxin genes. Three other genes “P81428-D1,” “F8S101-D1,” and “Q92035-D1,” do not belong to the classified six families. 






Figure 5. A phylogenetic classification of the 21 long-length toxin genes. Three other genes “P81428-D1,” “F8S101-D1,” and “Q92035-D1,” do not belong to the classified six families.



[image: Toxins 10 00488 g005]







[image: Toxins 10 00488 g006 550] 





Figure 6. Distribution of a female specific marker and other sex-related/toxin genes in the Contig326_pilon. Two toxin gens, “Q9PS06-D1” and “Q8AY81-D3,” were presented in dark green. The female specific marker, located in the intron26 of inad gene, was 42 bp in length. The left circos atlas represents the entire Contig326_pilon. Its rings from outside to inside include: (A) nucleotide sequence of the Contig326_pilon, (B) percentage of GC content in 10-kb non-overlapping windows, and (C) percentage of repeat elements in 10-kb non-overlapping windows. In the Contig326_pilon, faint yellow ribbons represent “+” orientating genes, while grey ribbons represent “−” orientating genes; sex-related genes and inad were drawn with a red ribbon. 
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Table 1. Summary of the assembled genome in each procedure.
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Step

	
Software

	
Contig N50 (bp)

	
Maximum Contig (bp)

	
Minimum Contig (bp)

	
Scaffold N50 (bp)

	
Maximum Scaffold (bp)

	
Minimum Scaffold (bp)

	
Total Size (bp)






	
Contig assembling

	
Platanus

	
1054

	
49,678

	
109

	
-

	
-

	
-

	
1,010,987,672




	
DBG2OLC

	
707,335

	
6,076,047

	
268

	
-

	
-

	
-

	
706,928,086




	
Polishing round 1

	
Pilon

	
705,180

	
6,050,085

	
270

	
-

	
-

	
-

	
702,622,905




	
Scaffolding

	
SSPACELongRead

	
982,636

	
6,050,085

	
270

	
1,109,190

	
7,365,535

	
270

	
706,306,982




	
SSPACE_Standard

	
705,180

	
6,050,085

	
270

	
3,655,204

	
19,552,289

	
270

	
712,893,760




	
Gap filling

	
Gapcloser

	
813,785

	
11,966,130

	
270

	
3,655,204

	
19,552,617

	
270

	
712,834,712




	
GapFiller

	
859,168

	
11,966,116

	
270

	
3,655,204

	
19,552,752

	
270

	
712,901,309




	
PBjelly

	
962,661

	
14,953,314

	
270

	
3,655,300

	
19,560,773

	
270

	
714,800,876




	
Polishing round 2

	
Pilon

	
970,098

	
15,455,883

	
277

	
3,653,474

	
19,544,699

	
277

	
713,824,612
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Table 2. Evaluation the completeness of gene regions in our genome assembly by assembled transcripts.
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Dataset

	
Number of EST Clusters

	
Total Length (bp)

	
Coverage Rate by the Assembly (%)

	
with >90% Sequence in One Scaffold

	
with >50% Sequence in One Scaffold




	
Number

	
Percentage (%)

	
Number

	
Percentage (%)






	
>0 bp

	
78,225

	
57,694,186

	
98.1907917

	
73,167

	
93.53404

	
77,222

	
98.7178




	
>200 bp

	
60,258

	
54,613,314

	
98.2312921

	
56,311

	
93.44983

	
59,575

	
98.86654




	
>500 bp

	
30,229

	
45,487,954

	
98.32383756

	
28,117

	
93.01333

	
29,963

	
99.12005




	
>1000 bp

	
17,675

	
36,547,853
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